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Abstract

Real-time multitasking systems represent a -lass of complex, dedicated computer
systems whose designs require careful analysis and involve several tradeoffs. Two
of the main phases in the development of such systems are defining the required
functional characteristics of the system, and then translating these requirements into
a working design. A substantial amount of progress has been made in systematizing
the functional specification phase but the more traditional ad-hoc approach is still
largely used in the design phase of these systems. The purpose of this thesis is to show
the feasibility of apply'ng development tools and imposing a structured methodology
to this design phase of the development process. It is assumed that such a systematic
approach to the design phase will reduce development time and cost and result in
more reliable and efficient systems. To meet these objectives, this thesis describes
the main factors that must be considered in the design of multitasking systems. It
also introduces a design prototyping tool that has been specifically designed to gather
application specific information pertaining to these factors. Finally, a methodology

is proposed that uses this tool to assist in formulating a final design.

iv
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Chapter 1
Introduction

As the benefits of computer controlled systems have become more and more apparent
to a wider range of application engineers, the inevitable has happened in that these
systems have become pervasive in all areas of modern society. As these systems gain
acceptance in a wider range of applications, there is a push to add more functionality,
improve reliability, increase performance, and reduce their cost. However, there is a
seeming contradiction in these demands. In many cases, system designers have been
resigned to the idea that as system complexity or system performance are increased,
reliability can be expected to decline and development and maintenance costs can be
expected to increase.

In the past, these sentiments have been justified as most systems were designed in
a relatively ad-hoc manner. The application engineer or end user of the system would
meet with the designer or design team in order to convey the system requirements.
Because this information transfer could not always be conveyed in a precise manner,
the specification was prone to inconsistencies. An added complication would occa-
sionally arise if a marketing group played the intermediary between the end user and
the designers thus adding an extra opportunity for specifications to become changed
or garbled. Once the design team had the requirements, they would use standard
hardware and software components employed in other similar sysiems to come up
with a working design. If these standard components were not exactly suitable to the

required system, they would be modified to better meet the current needs. As more



functionality was required in the system, more modifications were needed to be made
to “make all the pieces fit”. Often, these modifications would be unstructured and
awkward and would result in inefficient usage of processing time and resources. This
in turn, meant a reduction in performance and reliability. Further, development and
maintenance costs increased as it became more and more difficult to determine the
internal workings of these systems.

In realization of these shortcomings, attempts were made to systematize the entire
development process. Much of the work in this area has been devoted to formalizing
the process of coming up with a functional requirements specification. The most
promising approach taken in this area has been in using formal languages to describe
these specifications. The use of a formal language allows the specification to be
modelled as a prototype system because the formal language is executable. As such,
a relatively wide variety of tools and languages have become available to assist the
system developer in producing and refining an executable functional specification
[Zav82)[ KHLSS).

However by their very nature, functional specifications lack low level details and
are often unusable for determining how the system should be implemented. They are
used only for checking the behavior of the proposed system before implementation.
Once the functional specification is complete, it is necessary to transform it into
the implementaiion components. While advances in functional specification tools
have served to greatly improve the specification phase of the development process,
the analogous tools to assist in the transformation to the design specification are
comparatively nonexistent.

The design level decisions seem to be made largely based on what hardware and
operating system are convenient, readily available, or have been used in the past
rather than on what would be best suited for the particular application. Because of
this practice, many of the benefits gained from the advances in the functional spec-
ification are lost in the design specification. What is needed is a design tool and

methodology that is capable of taking a functional specification, transferring it to a



design specification (by implementing it at a lower, more detailed level), and provid-
ing the designer with immediate feedback on the consequences of the basic design
decisions (number of processors, system partitioning, task to processor allocation,
scheduling policy, intertask communication, etc.). In this way, the designer can select
a system platform that is tailored to the application at hand and thus allows the
system to perform at its highest level. This thesis presents such a tool and design
methodology for multitasking systems.

The purpose of the thesis is to provide a feasibility study of applying tools and
general systemic methods to the design aspects of complex computer controlled sys-
tems. This involves identifying the design aspects common to a wide range of such
systems, providing a tool to model and evaluate the particulars of each aspect, and
finally integrating these models and evaluations into a concrete design specification
process. While the thesis proposes a particular modelling and simulation tool that
can be used to assist designers in coming up with a proper design specification, it
does not advocate that this tool is the best suited for all applications. Similerly it
does nat suggest that the proposed design methodology can be followed in all cases
nor that following this methodology guarantees an optimal design.

To meet the above goals, chapter 2 introduces and provides the background for
the class of computer controlled systems refered to as “real time systems”. These
real time systems will be the focus of the design tool and methodology presented
in this thesis. As such, chapter 2 also serves to introduce the terminology that
will be used throughout the thesis. Specifically, following a general description of
real time systems, the special requirements of operating systems used to control real
time applications are presented along with a discussion on how some “off the shelf”
systems address these requirements. Chapter 2 concludes with a discussion on the
difficulties faced in designing such systems and presents an overview of the traditional
and modern development approaches.

Chapter 3 narrows the focus of the systems to be discussed by introducing the mul-
titasking platform. The multitasking platform refers io the system design approach

involving the division of application software into a number of fairly autonomous



units (tasks) that perform the functional operations under the management of a sim-
ple operating system kernel. The multitasking platform is divided into four main
components: the hardware platform, system partition, intertask communication sys-
tem, and event-response scheduling. Each of these system subcomponents is discussed
in detail.

Chapter 4 follows this description of the multitasking platform with a discussion
on how its individual subcomponents should be designed. This discussion is divided
into two parts. The first part identifies the options available and the design level
decisions that must be made in the definition of each of the subcomponents for any
application. The types of decisions discussed have been chosen so that they are
generally applicable to a large class of applications. The second part of the chapter
identifies the statistical indicators that can be used in making each of these decisions
assuming the proposed system can be modelled. No assumptions are made regarding
the manner in which the modelling is done in order to gather these statistics.

Chapter 5 presents a specific prototyping tool (the Multitasking Design Assist
or MDA tool) that can be used to model a proposed sytem in order to gather the
statistics discussed in chapter 4. These siatistics are then used to make the proper
design decisions. Chapter 5 also presents many of the high level details of the tool
including the structure of its prototyping language, its run-time environment and the
manner in which it gathers statistics.

Chapter 6 has two main purposes. The first is to incorporate the ideas of chapters
3, 4, and 5 into a design methodology that is applicable to most types of real time
systems. The second purpose is to illustrate the use of the MDA tool in this method-
ology. These two goals have been combined by using a concrete example (the low level
design of a telephone switching node) as a case study in the use of the prototyping
tool and in the definition of the methodology.

Finally, this is followed by a brief conclusion in chapter 7, and by two appendices.
Appendix A is a user guide for the MDA tool while appendix B contains the source
program listings for the prototypes developed as part of the analysis of chapter 6.
These listings are in the prototyping language defined by the MDA tool.



Chapter 2
Real Time Systems

This chapter serves to provide a general background to the concepts used in the design
of real-time systems. It describes the characteristics of such systems and presents a
description of the current trends in the design of operating system kernels for their
control. In addition, the terminology used throughout the thesis is defined in the
following sections.

The first section describes the general characteristics and requirements of real-time
systems. This is followed by a discussion of the individual components of such systems
and how they are affected by the timing constraints placed upon them by the real-time
environment. The requirements of an operating system kernel for such an environment
are then examined along with some current strategies for their implementation. The
chapter concludes with a discussion on the merits of using prototyping methods in

the design of real-time systems.

2.1 Real-Time System Characteristics

The terms “real-time systems”, “embedded systems”, and “discrete event systems”,

have all come to describe a set of related computer controlled systems. Often these

terms are used synonymously with one another but in reality, they each encompass

overlapping subsets of such systems.



Discrete event systems can be described as being a class of systems that interact
with the environment by accepting external events (generated by the environment)
and then performing a set of related actions to provide an appropriate response to
each event. One type of discrete event system are transaction based systems, An
example of such a system is the automatic teller machines (ATM) located in many
financial institutions. These transaction type systems respond to requests initiated
by the user in the form of card insertions or keypad input. Each event causes an
appropriate response such as the ejection of cash, a transfer of funds, or some other
financial transaction. These devices differ slightly from embedded systems in that
transaction type systems are man-oriented. That is, their main interactions are with
human operators as opposed to embedded systems which interact on a continuous
basis with physical processes.

Embedded systems are also referred to as reactive systems or behavior intensive
systems, They can then be described as a subset of discrete event systems in which
the computer is embedded in another system whose operation it monitors and controls
in an ongoing fashion. In the general form of an embedded application, there are two
distinct entities, the environment and the discrete event system. The environment is
generally a complex dynamic system which includes a multiplicity of physical devices
that have to be controlled. The discrete event system is the computer based control
system that has to coordinate the operation of a number of the physical components
by accepting and responding to external events in a prescribed time order. Process
control applications provide good examples of embedded systems. Once process con-
trol software is started, it must not take arbitrarily long to run. Also, the program
must keep pace with the process that it controls. As a result, the process imposes
timing constraints on its control program.

J ue;t as embedded systems are a subset of discrete event systems, real-time systems
are & subset of embedded systems as demonstrated in figure 2.1. Real-time systems
take the concepts of embedded systems one step further by introducing time as a pa-
rameter. Although embedded system must also take time into account by sequencing

activities in a given order, in real-time systems, time becomes a critical factor, In
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the real-time world, tasks must be performed quickly, at the right time, and in the
right sequence. Thus, system correctness depends not only on the logical result of
an operation but also on the time at which the result is produced. Avionic control
systems are examples of real-time systems.

Formally, a real-time computer system may be defined as “one which controls
an environment by receiving data, processing them, and taking action or returning
results sufficiently quickly to affect the functioning of the environment at that time”
[Sto87]. To deal with the different types of time constraints placed on such systems,
they have been subdivided into “hard” and “soft” real-time systems. In hard real-
time systems no single failure to meet its demands on time can be tolerated whereas
in soft real-time systems, not meeting demands on time can sometimes be tolerated
at some cost.

The remainder of this thesis deals with real-time systems as defined in this chapter.
Whenever the term embedded sysiem is used, unless otherwise noted, it refers only to

that subclass of embedded systems that are considered to be real-time.

2.1.1 Environmental Events and System Responses

Real-time systems, embedded systems, and discrete event systems are all character-

ized by a number of features that make them distinct from other types of computer



systems. Perhaps their most significant attribute is that in these systems, the com-
puter is not the master entity. Rather, it acts as the slave to the environment which
dictates the types and times of responses that must be generated by the computer.
Thus the computer must react to the occurrence of sensor detected environmental
events, and must respond to them at appropriate instances via actuators.

Because of the nature of real-time applications, the correct timing of responses is
critical in providing safe operation of the system. For example, in a process control
application, if a response closes a valve after the entire contents of a tank of hazardous
chemicals is allowed to escape, the valve might as well not have been closed at all. In
this case, the response itself (the closing of the valve) would have been entirely correct.
However its mistiming would have rendered it completely useless. Additionally, in
some applications, it is essential that things happen close to specified times {i.e. with
little jitter) because providing a response too early can be as bad as providing it too
late [Gen85].

In many cases, response timing requirements are not as clear cut as this example
might indicate. Usually there are many different responses that are required from
the system. Some of these may be more critical than others and their degree of
urgency may vary with time. In some cases responses need to be produced in a
prescribed order at fixed time intervals. These periodic responses are characterized
by some period p meaning that they must be produced exactly once every p time
units. In contrast, sporadic responses may be required at odd unpredictable times.
Because most real-time systems are characterized by the requirements for both types
of responses, the embedded controller must also be able to handle both types.

Embedded systems can be specified at various levels of abstraction. At the highest
level the system is defined as being composed of event responses, each corresponding
to a response to the occurrence of an environmental event. As stated above, the re-
quirement for interactions with the environment gives rise to two types of responses:
periodic and sporadic. Unlike the periodic responses, a sporadic response can be

invoked at any time as a result of an event occurrence. These types of responses



are initiated at unpredictable times thereby introducing an element of nondetermin-
ism into the system. Periodic responses typically arise from sensor data or control
loops while the sporadic load component arises from operator actions or asynchronous
events. A real-time system model M is then composed of the set of periodic responses
M, and the set of sporadic response M,.

In real-time systems, each response is assigned a deadline relative to the time that
it is triggered. The consequences of missing this deadline will vary depending on
whether the response has hard or soft time constraints. If a hard deadline is missed,
then the tardiness of the response will cause a critical system error. A tardy response
to a soft deadline may cause one of two things to occur. First, the missing of the
deadline may render the response useless but still allow the system to survive without
appreciable loss in functionality. An example of such a scenario could be the missing
of a single periodic temperature reading in a process control application. The second
thing that may occur in the case of a tardy soft real-time response is that the response
will still be acceptable although it may degrade the system to some degree.

From this discussion, it is evident that each response i is characterized by a number
of timing parameters. The nature of the parameters varies depending on whether the
response is sporadic or periodic. A sporadic response is characterized by the time at
which its triggering event occurs e;, the time at which the event is accepted a;, the
time at which the response begins b;, the deadline by which it must complete d;, and
its computation time ¢;. As a result, each sporadic response may be represented as a
six tuple R; = (i, e:, a4, by, ¢, di) [LASO].

Similarly, a periodic response is characterized by its begin time b, its deadline d;,
its period p;, and its computation time ¢;. The time of event occurrence is implicit in
the period of the response. For each periodic response i, the following relation must
hold ¢; £ d; — b; < pi.

In both the sporadic and periodic cases, time constraints may be placed on any
one or more of these parameters. These time constraints may be either hard or soft.
The various timing parameters associated with responses is illustrated in figure 2.2.

The controller is designed to reflect the attributes of the environment so that
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an inherent correspondence develops between the environment's events and the con-
troller's responses. The special characteristics of the controlled entity have a very

strong influence on the design of the system controller.

2.1.2 Real-time Software Structure

In embedded applications responses must be provided to a number of environmental
events, many of which may be occurring simultaneously. To handle these conditions,
embedded software must be structured and specified differently from other computer
applications.

Each system response is composed of a number of atomic entities called activities
which are defined as contiguous operations that once started, can be executed from
beginning to end without having to wait for data (or other information or resources}
from other activities. An event response then corresponds to a set of activities which
must be executed in a given precedence relation in order to provide the required re-
sponse to an external event. In addition, the response may have resource requirements
which must be met in order to ensure its correct operation.

Event responses, or more simply responses, can be further categorized as being
either simple or complex. A simple response may be either a single activity or be
composed of a set of aclivities that have a purely sequential precedence relationship.

For example, let us consider a soft drink bottling process in which empty bottles are

10



moved along a conveyor to become filled and sealed. At the filling station, the event
occurrence would be the arrival of an empty bottle and the response would be the
filling of the bottle. The activities might be: stop conveyor, open fill valve, close fill
valve, start conveyor. Each of these activities must be done in strict sequence and so
the response is simple.

Now consider a multi-jointed robot arm whose end effector must be moved through
a three dimensional space and positioned above some object when a button is pressed.
In this case the event is the detection of a pressed button and the response is the
appropriate arm movement. The individual activities may be: move joint #1 =
degrees, move joint #2 y degrees, and rotate the gripper z degrees around its z
coordinate. Each of these activities could be done in sequence but the same response
could be achieved much faster if all of the activities were done in parallel. The
concurrent nature of activity execution defines a complez response. Another variation
of the robot arm may require the arm to move only in a restricted trajectory that
requires the individual activities to be done in parallel in 2 specific complex precedence
relation. This type of response in which activities must be done concurrently is also
categorized as being complex.

When the abstraction of the response-activity model is ported to a real software
environment, the concurrencies present in complex responses are used to provide the
parallel actions needed by these responses. In addition, concurrencies may be ex-
ploited to achieve faster response times. The vehicle used to provide concurrency
in real-time systems is the task. Tasks are a set of related activities defined in an
ordered requence which define a single (sequential) thread of control within the pro-
gram. Multiple tasks running concurrently are used in the embedded application to
implement the natural paralellism within and between event responses. The task
concurrency is achieved by either using multiple processors or by interleaving task
execution on a single processor, or both. A task can then be defined as being a self
contained block of code that performs a single service for the system.

In the case of the simple response, all activities would thus be placed into a single

task. However in the much more common complex responses such as the robot arm,
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concurrent activities are placed in different tasks so that they have the potential to
run in parallel. Hence the definition of the simple response can also be “a response
which is composed of a single task” and that of & complex response is “a response
that is composed of multiple tasks”.

An embedded program then consists of a set of tasks interacting with the envi-
ronment and communicating among themselves. Intertask communication is required
because in most cases, the tasks comprising the various event responses are not inde-
pendent of one another. They ma~ need to send data or signal amongst themselves,
to synchronize with each other, or to request actions from one another. In most cases,
the communication and synchronization between two cooperating tasks is related to
the precedence constraints between their constituent activities. These constraints are
such that the completion of some activities of one task enables some activities of the
other task to be ready for execution.

A large amount of research has been done on the various methods of directly
partitioning a system into its constituent tasks in order to maximize concurrency,
minimize the overhead associated with intertask communication, and minimize the
contention for shared resources between competing tasks [Woo86] [DD86] [Gen85)
[Gen81] [Boc77]. A somewhat lesser amount has been similarly devoted to first defin-
ing the activities and then grouping them into tasks [KHL88] [PS87] [Sha86]. An
effective allocation of activities to tasks must try to achieve a number of goals: max-
imize system concurrency, minimize intertask communication, and meet the resource

needs of all activities. This is only one aspect of the design of real-time systems.

2.1.3 The Design Problem

The development of real-time systems is a fairly complex process which is fully de-
scribed later in section 2.4. In this introductory section, a few of the peculiarities of
real-time design are outlined.

The emphasis in embedded applications is on the physical system that the com-

puter must monitor, respond to, and control. Interacting with the real world which
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is outside the computer and thus beyond the programmer’s control is a fundamen-
tal characteristic of these applications. Since the overall behavior of the embedded
system is dictated by the unpredictable behavior of the physical world, a mathemat-
ical analysis of system behavior is always incomplete and never completely accurate
[Gen85]. This situation can be attributed to three main factors. Firstly, the controlled
entity is not easily described by ordinary or partial differential equations because the
environment changes in time as a function of complex interactions of timed discrete
events. Nevertheless, attempts at such an analysis have been made as in Glynn’s
Formalism for Discrete Event Systems [Gly89).

Secondly, the embedded controller itself consists of a number of hardware and
concurrent software components whose interactions are difficult to model. Still, moed-
elling attempts have been made by representing the environment as a black box and
then using various forms of queuing theory and flow models such as Petri Nets to
predict controller behavior [Sur89, CMQVS89]. While these approaches provide rea-
sonable models, they all have certain drawbacks. For example, while queuing theory
does provide a good stochastic foundation, its analysis is useful only for average long
term evaluation. It can not begin to do a complete detailed step-by-step system
analysis. Petri Nets are better at providing such an analysis, but their behavior is
deterministic and therefore unsuitable for the random nature of embedded systems,
These methods model either the controller or the environment but they do not close
the loop to demonstrate the interactions between the two entities.

The third difficulty lies in the fact that the embedded controller has only limited
access points to the environment via a finite number of sensors and actuators. As a
result, it can only track some aspects of the real world but can not be in complete
control and therefore can not even theoretically provide a provably perfect solution
that will account for all environmental states and conditions [Gen85].

While it is not possible to do a full analysis of any but the simplest embedded
systems, a feel for system behavior can be gotten through the use of simulations
and prototypes. However, because these models are never perfect, additional mea-

sures must be taken to ensure a high degree of correct system behavior. One of
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these measures is the introduction of multiple processors for increased reliability and

performance.

2.1.4 The Requirement for Multiple Processors

Despite the difficulties encountered in their modelling and in proving their correct-
ness, real-time systems must still be extremely reliable because of the nature of the
applications that they control. For this reason, these systems must incorporate fault
tolerance strategies that ensure fail-safe or fail-soft operation. The most common of
these methods is the distribution of control across several processing elements. If
one of the processors fail, the others are able to fully or partially compensate for the
faulty unit. This distribution of control can be configured in one of several ways. In
some cases, all processors are active at all times and when & fault occurs in one of
the processors, the remaining units are able to take on the load of the failed unit.
This is known as & load sharing mode. Alternately, duplicate processors operate in
hot standby mode in which the extra processor mimics the actions of the active pro-
cessor and takes over operation whenever the active processor develops a fault. In a
third possible configuration, several processors are dedicated to performing identical
operations. If they come up with different results for the operations, the dissent-
ing processor is overruled by the majority result. The common thread among all of
these fault tolerant strategies is that the reliability requirements can only be achieved
through the redundancy and reconfigurability provided by multiple processors.

In addition, the performance requirements of real-time or embedded systems of
any complexity require multiple processor implementations [Gen85). Because of the
asynchronous and parallel nature of event occurrences in the environment, many
embedded systems require real concurrency in order to provide responses in parallel
as opposed to apparent concurrency in which responses are provided in an interleaved
fashion. This real concurrency can only be achieved through the use of multiple
processor systems. When there are many different kinds of external events to which
responses are required within specified times, it is far easier to dedicate processors

to the different classes of events rather than having to analyze response interactions
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within a common single processor schedule [Gen85]. Also, the functional requirements
of many embedded systems are such that they require the use of different specialized
processors rather than the use of a single high-performance system.

The main difficulties that arise in implementations of multiple processor real-time
applications are the movement of information in a timely fashion (i.e. moving re-
quired data from one processor to another while still being able to meet response
time constraints) as well as software synchronization and scheduling across difierent
processors. The methods provided by the operating system to exchange information
between processors are highly dependent on the underlying architecture of the mul-
tiple processor system. There are many ways in which real-time multiple processors
may be interlinked but they can be broadly categorized into two classes.

One of these classes is known as the shared memory model in which two or more
processors access common data. This model may be implemented in one of three
ways. There may be a single common memory to which all processors have access
or each processor may have its own local memory to which the other processors also
have access. The difference between the two is in the number of processors that will
be contending for the same memory system at any one time. In the third variation
of the shared memory model, each processor may also have a private local memory in
addition to the shared global memory. '

The other class is referred to as the message passing or distributed model. In these
systems, individual processors can not directly access each other’s memories. They
must interact through some communications protocol. Unlike the shared memory
model, both the sending and receiving processor must be aware of any interprocessor
data exchange and both must take an active part in it. To simplify the message
passing model somewhat, this discussion assumes the communications protocol en-
sures error-free point to point communication. This interlink class is also sometimes
referred to as “loosely coupled” in contrast to the “tightly coupled” shared memory

systems.

While there are significant differences between the two models, they both are
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essentially a collection of processing components physically and logically intercon-
nected possessing varying degrees of decentralized system-wide resource control and
executing application programs in a coordinated manner [Sha84].

Finally, multiple processor systems are also attractive in that they are modular
which makes them easier to implement, upgrade, and maintain [FK83]. As a result
real-time systems are usually characterized by multimicroprocessor implementations
because they afford the following advantages: high system performance, high avail-
ability and reliability, graceful degradation, and ease of modular incremental growth.

The way in which processors of a system are linked, the manner in which the
application tasks are allocated to the processors, and the way in which activities
are grouped into tasks all have ramifications on the requirements of the real-time
operating system used to oversee the application. The nature of these application
characteristics is used by the operating system in doing task scheduling and resource
management. Thus the structure and specification of the application tasks must
be considered when designing intertask communication primitives, doing resource
management, and defining a scheduling policy.

The main objective of real-time computing is to meet the individual timing re-
quirements of each of the responses and to make the system as reliable as possible.
Proper system partitioning helps in meeting this objective but the main burden of
coordinating the individual tasks so that these system objectives can be fully realized

is borne by the real-time operating system.

2.2 Real-time Operating System Requirements

Modern general purpose operating systems are designed to provide a multitude of
features including protection, security, accounting, reliability, interactive responsive-
ness, and virtual memory ([KRL86]. However, for real-time applications, many of
these features are extraneous. When one considers that embedded applications are
typically compact and required to provide responses in real-time, it is apparent that

the operating system must also be a very small and very efficient package. For this
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reason, real-time operating systems are often divided into several functional units
which can be individually included in a system as required. These systems typically
include a small run time support system known as the kernel which is responsible
for providing concurrency in the system, for task creation/deletion, scheduling, and
intertask communication and synchronization. These systems may also include an
1/O subsystem and a communications subsystem (in loosely coupled applications).

In real-time systems, the hardware and the application software are more tightly
intertwined than in regular general-purpose systems due in large part to the special-
ized I/O devices that must be directly manipulated by real-time applications software.
These interactions between the hardware and the application occur via the kernel.
The kernel is defined as being the lowest part of the operating system that is directly
accessible to the application software and that directly interacts with the underlying
hardware. It is a compact “central” subset of an operating system - usually compact
enough to be coded onto a single ROM chip. Typically, kernels occupy less than 50
Kbytes of memory while complete operating systems can require several megubytes
[Elp89]. The kernel includes the essential features of a viable operating system, but
does not include the “outer layers” and utilities. The small size and minimum func-
tionality mean that facilities such as virtual memory, security, large address spaces,
and general timesharing are not supported. Such support is unnecessary because
these features conflict with the general philosophy of embedded systems. These are
compact dedicated systems running trustworthy application software that does not
require a complete “hand holding” operating system.

While the kernel is designed to be fairly simple, the overall system may be quite
complex when the application is considered. Real-time system complexity depends on
both the number of tasks and the degree of interaction among tasks. In most applica-
tions, these tend to increase together, and therefore the number of tasks determines
complexity. Applications with very many tasks force designers to use multiprocessing
strategies to limit the complexity of individual system components and to maintain

acceptable event response times. As a result, real-time operating systems must have
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the ability to support multiple processor applications based either on the shared mem-
ory or loosely coupled interlink schemes. Several common aspects must be considered
in providing this support.

Firstly, in multiple processor systems, adding computing power can be done by
adding more processors only if the OS has been designed to make use of as many
processors as are available, Even so there is a danger that the overhead incurred in co-
ordinating tasks across several processors will reduce much of the benefit gained from
the added components. Ideally the system should show essentially linear throughput
improvements as processors and related hardware are added.

To achieve this ideal, the operating system must coordinate the application tasks
to keep the amount of network traffic or bus contention low by retaining as much
locally required information as possible on the local node. Attention must also be
given to an efficient communication system, methods for distribution of control, task

migration between processors, support for fault tolerance, and the handling of I1/0.

2.2.1 Resource Management

In addition to merely providing support for multiple processor implementations, the
real-time operating system must also be able to efficiently allocate the processing
resources. Because environmental events tend to occur asynchronously and often in
parallel, it is necessary that the event responses also be provided in a concurrent
fashion. To achieve this end, the real-time OS must support interleaved execution of
tasks on each processor in the system in addition to the support for multiple processor
task execution. Because of the cost of some resources and as 2 means of increasing
utilization and throughput, resources such as the CPUs, memory, I/O devices and
drivers, program segments, and data are shared by these concurrent tasks. The
dependencies and requirements for shared resources among concurrent tasks in turn
imposes the need for resource management from the OS.

To prevent interference with each other, not more than one operation modifying a
shared resource (including a data resource) can be performed at one time. Operations

on shared resources must be programmed as critical sections (a set of operations on a
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common structure which exclude one another in time) [Sta82]. This means that the
operating system must allocate resources among the con.lpeting tasks in a manner that
prevents interference between tasks but still allows event responses to be produced
at their appropriate times.

Resource management techniques in existing operating systems are limited to
some form of prioritized task scheduling. That is, each task has a specific (possibly
fixed) priority. Whenever a task of higher priority than the currently executing task
becomes ready to run, the current task may be preempted in favor of the higher
priority task. This type of resource management alone is not enough to guarantee
a response’s critical timing constraints. Timing cotrectness entails ensuring that the
response(s) to each event is produced by the time it is required by the environment.
In order to acheive this goal, it is necessary that some sort of time-driven allocation
policies [TWW8T], in which the urgency of the resource requirements of a particular
task vary according to the time at which they are requested, be applied. Further, the
emphasis must be placed on meeting the timing constraints of complete responses and
not on their constituent tasks or activities as is the current practice. This approach is
required in light of the fact that the environment interacts with the embedded system
in terms of events and responses and not in terms of tasks or activities. Most exisling
systems lose sight of the fact that it is the environment that is being catered to by
the embedded system and not vice versa.

In addition to resource management, the management of tasks, I/O devices, mem-
ory, and time are also important kernel functions. Task management involves pro-
viding means for creating, destroying, querying, modifying and migrating tasks. The
dynamic creation and destruction of tasks is considered by many to be important in
today’s embedded applications because changes in the environment may necessitate
changes in the number of active tasks. However this functionality imposes a signif-
icant overhead in the operating system. In most cases, the time penalties incurred
because of dynamic tasking are too severe for it to be implemented in real-time sys-
tems. The alternative is to allocate all possible tasks and the start on all the required

processors. While this approach requires more memory, it may be acceptable because
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of the reduced time overhead. Similarly, the ability to modify and query task param-
eters such as priority is necessary in the ever changing system. Task migration is a
useful feature in multiple processor systems as it allows better load sharing and hence
improved response times and is also a must for system reliability.

Time management is an important operating system function required to meet
exact timing requirements of embedded systems. This function includes providing real
time clock facilities such as delay/resume primitives, special alarms, timeouts, and
the ability to keep loosely coupled processors synchronized with each other. The delay
and resume primitives provide application tasks with direct control over their timing
requirements while alarms and timeouts are useful for fail-safe and fail-soft software
operation. Interprocessor synchronization is very important in multiple processor
systems as many activities are related in time but are run on different processors. To
ensure the correct activity sequencing, all processors must maintain a common time

base.

2.2.2 Intertask Synchronization and Communication

In order that the intertask data dependencies which dictate response timing may be
realized, an efficient intertask communication (IPC !) facility that can transfer data
within real-time constraints is required. These IPC facilities are implemented in a
variety of ways and are usually provided in the form of primitive functions.
Intertask communication mechanisms serve three main functions: they allow tasks
to interact through explicit exchange of information; they allow tasks to synchronize
with each other; and they allow tasks to share resources with mutual exclusion re-
quirements. To provide these functions, real-time operating systems support a num-
ber of primitives which the application software may invoke directly. A call to such a
primitive may cause the application task to be temporarily blocked from continuing

execution until the requested operation is completed. In the tasking model, activities

!The acronym IPC actually stands for InterProcess Communication. Many publications use the
term process interchangeably with task thus giving rise to IPC. Since IPC is the well known term
in the literature, it will also be used in this thesis. However in this context, it should be read as
InterTask Communication,
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within a task correspond to the sequence of instructions executed between potentially
blocking synchronization or communication primitives. These primitives may be im-
plemented through a variety of different concurrent programming mechanisms with
each focusing on one or more of the three aspects of task interactions.

In designing mechanisms for exchanging data between tasks, it is important to
first examine the interlink scheme of the multiple processor system. The facilities
required in a shared memory system are quite different from those in a loosely coupled
system. In the shared memory model, the information exchange is accomplished by
the data being placed into an area of shared memory from which it is accessed by
both tasks using simple read and write operations. In order to ensure the correctness
of this transaction, the operating system must provide facilities to ensure that the
producing task is allowed to complete its memory operation before the consuming
task is granted access to the data. In shared memory systems, this mutual exclusion
is provided by semaphores, monitors, or critical region primitives [MOO87].

With loosely coupled real-time sysiems however, the operating system can not
play such a passive role in intertask data exchange. The loosely coupled architec-
ture forces communication between tasks on different processors to be done through
a communications network in the form of discrete bundles of information known as
messages. (These messages can also be used for communication between tasks on the
same processor.) In such architectures, the operating system must provide primitives
that hide implementation details and manage the underlying storage and communi-
cations media. Typical messaging primitives always include some form of send and
receive functions. To present a uniform intertask communication interface to the ap-
plication software, the operating system does not differentiate between interprocessor
and intraprocessor messaging although the underlying implementations are different.
Another reason for using the messaging model in all types of communications is that
it can directly support a number of multitasking abstractions such as the client-server
model, agent pools, and the proprietor model [Gen81].

Synchronization is required in a system for arbitrating access to shared resources

and for satisfying precedence relations. It is the synchronization mechanisms that
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determine the order in which activities are to be executed within the system. The
operating system mechanirms used purely for synchronization purposes come ina
variety of forms including semaphores and event sequencers [MOOS8T]. These mecha-
nisms are provided to the application tasks so that they can impose execution order
restrictions on each other. These restrictions are necessary because tasks often need
to wait for other tasks to perform specific operations before proceeding.

The third intertask communications function, the ability to share resources which
bave mutual exclusion requirements, is related to synchronization. These types of
resources require that only one task be allowed resource access at a time or one task
completes its operation on the resource before it is released. To fulfill this stipulation,
tasks must be coordinated so that if one of them is using such a resource, all other
tasks will be blocked from its use. To meet these requirements, real-time operat-
ing systems provide constructs such as critical regions [MOOB87] which selectively or
unselectively lock out other tasks.

In most instances, the three functions provided by IPC mechanisms are not in-
dependent of each other. Rather there is a logical coupling between synchronization
and communication. In order to provide a response, the activities making up the
response must be executed in a predefined precedence relation. Also, before any ac-
tivity is executed, certain other conditions may need to be met. In many cases these
zrtivation conditions required for activities to proceed come in the form of data items
and/or resources required from other system elements.

This coupling of IPC functions must be reflected in the communication primitives
provided by the OS. Many of these primitives explicitly include synchronization with
data exchange in some form of a blocking protocol in which either the task sending
the data, the task receiving the data, or both are blocked until the data transfer is
deemed to be completed. The conditions necessary for completion also vary among
the different types of communication primitives. The Harmony primitives send, re-
cetve, try_receive, and reply are used to implement a blocking protocol in which the
completion of a communication transaction requires a two way handshake. A task

invoking the send primitive is blocked from executing until the target task receives
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the data and explicitly unblocks the sender by means of the reply primitive. A task
wishing to get data from another task calls the receive primitive and becomes blocked
until data is sent to it. Alternatively, a receiving task may choose not to be blocked if
data is not readily available by using the try receive primitive. The ADA rendezvous
elso combines synchronization with data exchange in that the task sending the data
can not proceed until it is released by the receiving task.

The main problem with existing communication and synchronization primitives
is that they do not explicitly address real-time constraints and their use doesn’t give
system designers confidence that the system will meet its real-time needs. It is hard
to predict how tasks invoked dynamically will interact with each other and where
(and for how long) blocking over resources or data will occur. IPC mechanisms are
needed that take a more system-wide approach to synchronization and that consider
interactions between entire event responses rather than simply their constituent tasks.
IPC primitives must work closely with the operating system’s scheduler in order to

best manage system resources and task coordination.

2.2.3 Meeting Real-time Constraints

Because embedded systems typically control time critical applications, it is impor-
tant that the amount of overhead introduced by the operating system be kept to
a minimum. The overhead must be contained by avoiding any unnecessary saving
and restoring of task states during context switches and interrupt handling and by
minimizing the time spent doing scheduling and executing system calls. In real-time
kernels running on today’s microprocessors, context switching speeds of around 100
microseconds and an interrupt response time of around 30 wucroseconds are typi-
cal. This contrasts with context switch times from 350 microseconds to hundreds of
milliseconds and also slower interrupt response times for many general purpose time-
sharing systems such as Unix [Elp89). The real-time operating system cost should
be localized so that performance of simpler functions is not degraded because of im-
plementing more complex functions. This is similar to the RISC philosophy in the

design of microprocessor architectures.
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The abandonment of complex functions and the requirements for speed tend to
preclude most memory management functions in real-time operating systems. In these
systems there is no time for accessing mass storage devices or for doing dynamic task
creations and deletions. As a result, the software is always resident in main memory
and there is no need for virtual memory support. Therefore, in terms of memory
management, the only provisions are for the dynamic allocation and deallocation of
memory and for memory protection. To protect the integrity of tasks from accidental
corruption, the OS may need to support the memory access functions of a memory
management unit.

Flexibility is another important OS attribute for a number of important reasons.
Firstly, in many real-time systems unique site tailoring is often required when an
application is installed at many different locations. Secondly because of their long
lifetimes, real-time applications must have ongoing support for years or decades. This
may require modifications to existing applications or perhaps additional functionality.

Finally, it should be emphasized that embedded operating systems are very spe-
cialized and they are not designed to provide the facilities required for a software
development environment. As a result, cross development of real-time applications is
the norm in that the development system is very often different from the target sys-
tem. However, the development system may still require the services of the run-time
0S in order to allow small scale simulations, etc. For this reason, the OS should be
able to function in both the development and target environments with little modifi-
cation. As a result, the OS must be able to function in different system configurations
by providing a small set of facilities that are flexible enough to support evolving ap-
plications. In addition to being flexible, these functions must also be compact and
efficient.

It is evident from this discussion that operating systems designed for use in em-
bedded environments must have special characteristics to make them viable. The

attributes presented are summarized below in point form.

1. Allowances for timing constraints to be specified and met in terms of complete

event responses instead of their constituent tasks or activities.
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7.

Support for multiprocessor implementations.
Support for the concurrent execution of event responses.

Provisions for the management of shared resources.

. Provisions for intertask communication and synchronization (IPC) primitives

suitable for the particular application.

. Reduced OS size and increased efficiency attained by providing only a limited

number of oft-used streamlined features (not general purpose).

System portability across sites and installations.

This thesis proposes an integrated approach to the design of application software

and selection of kernel functions such as scheduling, intertask communication, and

resource allocation. Improved design methods should allow individual event responses

to be produced at appropriate times in a flexible and predictable manner. In order

to improve on system design, it is necessary to examine some of the kernel policies

employed by some existing real-time systems.
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2.3 Current Operating System Strategies

The required characteristics of an operating system tend to vary depending on the
nature of the application. The choice between a simple run-time kernel and a full
operating system implementation usually balances speed against flexibility. Because
real-time applications are usually very specialized and because reducing response
times is paramount, they are most often implemented using kernels.

In many existing systems, attempts to meet the needs of real-time applications
have given rise to kernels that are basically optimized versions of general-purpose
operating systems. These systems simply include support for concurrent program ex-
ecution without considering the specific requirements of the application. An example
of this practice is the V-system [Ber86] which supports parallel task execution but
is overburdened by features that are extraneous for embedded applications. These
include fairness in resource allocation, support for graphics interfaces, and support
for secondary storage. While this approach does allow the system to be used for a
larger range of concurrent applications, it fails to provide an integrated solution to
the problems brought on by the concurrent time-consirained and resource constrained
nature of embedded application tasks.

When designing a run time support system for any embedded application, the
objectives of the kernel must always be kept in focus. Real-time kernels are employed
only to provide the minimum set of facilities required to: support concurrent task
execution, support intertask communication, monitor and respond to peripheral de-
vices, and schedule task execution. The first of these (support for concurrency) is a
basic atiribute of all kernels and is implemented in a more or less uniform manner.
All operating systems that support concurrency allow multiple tasks by interleaving
them on the available processor(s). However the remaining three kernel attributes
(IPC, handling of peripherals, and scheduling) are all handled in a number of different

ways by a variety of kernels. Each of these functions is now briefly considered in turn.
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2.3.1 Intertask Communication

The nature of the facilities provided for intertask communication varies depending
on whether the kernel is designed primarily for loosely coupled systems or for shared
memory systems. Systems such as VRTX which are designed for uniprocessor or
shared memory multiprocessor implementations make extensive use of shared memory
constructs such as semaphores in their intertask communications {Rea86). When a
VRTX task needs to exchange data with another task, it uses the VRTX mailbox or
queue constructs. Both of these are based on general counting semaphores in which
the data to be exchanged is stored in a common memory to which access is arbitrated
through the semaphores. The VRTX kernel provides a number of high level IPC
primitives that perform the low level semaphore manipulations for the application
tasks.

At the other extreme, kernels designed for use only with loosely coupled architec-
tures such as the V-kernel achieve network transparency by using a message based
IPC system [Ber86]. The kernel employs synchronous message passing in which the
sender of data waits until the data has been received before continuing execution. The
messages are of a fixed length of 8 words and can be exchanged between tasks and
also between groups of tasks. Also, to emulate some aspects of the shared memory
model, V-kernel messages can be used to give the receiving task access to the memory
space of the sender task. The primitives CopyTo and CopyFrom are provided to the
receiver task to hide the network communication details that may be required for
these operations.

The SPRING kernel, like the V-kernel, is designed for a loosely coupled system
architecture and uses messaging for its IPC [SR87). However, unlike the V-kernel,
it uses asynchronous messaging in which neither the sender nor the receiver wait
for message reception. The sender is allowed to proceed as soon as the message
gend primitive completes. Similarly the receiver is allowed to proceed even if the
receive primitive does not find a pending message. In either case however, a blocking
primitive with a timed wait is also provided. In the case of message reception, a

maximum waiting time can be specified so that a task will be blocked until 2 message
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is available or until the specified wait time period has elapsed. In the case of message
transmission, the maximum waiting time specifies how long the sending task is willing
to wait before a message is received. While this asynchronous approach does increase
the amount of concurrency in the system, it also imposes an overhead in that messages
now need to be queued by the kernel.

The HARMONY operating system is designed to be independent of the underlying
hardware architecture and as a result makes no assumptions about the nature of the
physical communications medium. Because it it easier to adapt messaging based
IPC to shared memory systems rather than to adapt shared memory primitives to
loosely coupled systems, the IPC method used by HARMONY is synchronous message
passing [Gen83}. The messaging primitives can easily be implemented using either
the shared memory model or the loosely coupled model.

A fifth run-time support system, REX, handles intertask communication in a
somewhat different manner still. REX is designed for use in shared memory configu-
rations [BS86). Intertask communication is done through structures called datasels.
Tasks {or processes in REX) are able to allocate and deallocate areas of memory
that are used to fulfill their individual memory requirements. These areas are the
datasets. Datasets may be shared among several different tasks or among several
instances of the same task but they may be accessed only with formal parameters
through system primitives. Thus it is these system primitives that arbitrate access
to shared data. This is similar to any other shared memory IPC scheme except that
in REX, a centralized executive has a priori knowledge of the dataset requirements
of each task and so arbitration to the shared data can be simplified by staggering the
executions of the competing activities (or tasks in REX).

While all of these IPC schemes serve the purpose of exchanging data throughout
their target architectures, they do not address the temporal aspects of intertask com-
munication that are dominant issues in real-time systems [BCMM86]. The SPRING
kernel attempts to minimize unnecessary IPC delays by supporting a nonblocking
mechanism but it still has no provisions to specify response deadlines and there are

no guarantees that interprocess messages will be delivered so that real-time needs
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may be met. All of the other kernels discussed use blocking mechanisms. These

mechanisms make no attempt at coordinating the communications between tasks in

order to minimize the time a task stays blocked, etc.

2.3.2 Event Handling

The second important attribute in kernel design is the handling of peripherals. 1/O
devices are the means by which the control system interacts with its environment.
Interacting with peripheral devices involves two related functions: acknowledging the
device (servicing its interrupt) and the managing of the device. Interrupt servicing
(saving of system state and collection of volatile data) is done by the kernel while
device management is usually left to the application.

The V-kernel handles all devices by treating them as readable or writable files.
The system provides operations for opening, reading, writing, querying, and closing
devices which can be managed as files. Devices that don’t fit the file model yet
still need kernel support are handled by the addition of new device specific kernel
operations.

Embedded systems often need to interface to a variety of different peripheral
devices. Because of this, it is important for a kernel to be flexible enough to accom-
modate different types of I/O devices without the modifications that are required by
the V-kernel. In realization of this fact, HARMONY does not perform any device
handling on its own but rather provides the Await.Interrupt primitive that allows
an application task to suspend itself until the occurrence of the specified interrupt.
So that volatile data associated with the interrupt should not be lost by the time
the blocked task is once again prepared for execution, the Await_Interrupt primitive
allows the pecification of a specific interrupt handler that is to be invoked as soon as
the interrupt is raised. However to avoid conflict with the currently executing task,
the interrupt is recognized only if it is of higher or the same priority as the current
task; otherwise it is ignored [Gen83].

VRTX provides almost identical interrupt handling services as HARMONY with

one exception. VRTX provides the UIEzit primitive the causes a return from the
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interrupt service routine. This primitive explicitly checks to see if the interrupt ser-
vicing caused any new tasks to be readied for execution. If this is the case and if the
new task has higher priority than the current task, then the current task is immedi-
ately preempted in favor of the new higher priority task. If the UILEzit primitive is
not used, then the interrupted task is allowed to continue until it executes a blocking
primitive.

The method employed by REX for device management is also similar to that of
HARMONY and VRTX. Interrupts are always serviced by interrupt specific handlers
whose main function is to ensure that data is not lost. If an application task is re-
quired to work on the interrupt data, then it is scheduled for execution according to
its priority. Because activities are nonpreemptable in REX, the current interrupted
activity is always allowed to complete as soon as the interrupt data is saved. In all
of VRTX, HARMONY, and REX the kernel simply provides a means for applica-
tion tasks to be notified of the occurrence of device interrupts. The actual device
dependent management of the interrupt is left up to the application [Rea86).

Although the SPRING kernel also follows this philosophy of allowing application
tasks to directly control I/O devices, it differs somewhat in the manner in which
the model is implemented. I/O devices are categorized as fast or slow depending on
their timing needs [SR87]. All slow devices are handled by a single processor running
the VRTX kernel with one driver task running for each device. In contrast, each
fast I/O device is allocated a dedicated processor running a single driver task. This
dedication of resources is done to simplify the scheduling of device handling tasks.
The scheduling of interrupt handling routines is often difficult in real-time systems
because the assumption that the handling of a particular I/O device is more critizal

than the currently executing task is not necessarily valid.

2.3.3 Scheduling

The third important kernel function is scheduling. Its main purpose is to satisfy the
precedence constraints of each activity in the system and also to satisfy the timing

constraints of each response. Further, the scheduler itself must be very efficient so
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that it does not introduce a large system overhead. These conflicting requirements
make scheduling one of the most complex aspects in the design of a kernel.

The VRTX, V-kernel, and HARMONY systems all employ a priority based pre-
emptive scheduling scheme. In this method, each task is assigned a priority when it is
created. This priority is supposed to reflect the relative urgency of the task. When a
number of tasks are eligible to run on any particular processor, the scheduler always
selects the one with the highest priority. In addition, whenever a new task is made
eligible to run, it may preempt the execution of the current task if the newly ready
task has a higher priority. This is to ensure that the highest priority task begins to
run as soon as it becomes ready. This is a fairly simple scheduling technique but it
leaves it up to the application designer to assign meaningful task priorities.

The REX system also has priority based scheduling but it is implemented in a
slightly different manner. In REX, each task’s attributes are organized into a task
table [BS86]. Among these attributes are the task priority, the sequence relations
between the task’s component activities, and the period of the task (if it is periodic).
Scheduling in REX is divided among three modules: the REX scheduler, the resource
allocator, and the dispaicher. The REX scheduler determines when a task (whether
periodic or sporadic) becomes ready to run. The REX resource allocator maintains a
prioritized list of the ready tasks. The REX dispatcher then assigns processors to the
ready tasks based on their priorities and their resource requirements. The resource
allocator computes the priority of a task based on the task’s initial static priority and
on the length of time that the task has been eligible to run. Higher priority is given
to those tasks which have been waiting for longer periods.

While all of these systems provide many levels of priorities, they are static prior-
ity levels which are appropriate only if the entire system can be completely analyzed
during all possible environmental states so that meaningful priorities may be assigned
that would be valid under all environmental and system load conditions. Unfortu-
nately such an analysis is infeasible even for the simplest of systems unless all tasks
are periodic. In these cases, a predefined cyclic scheduling scheme can be used. Sys-

tems containing sporadic tasks can also be scheduled in this manner by limiting the
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system to contain only periodic tasks. In this scheme, all critical tasks are made
periodic and each is given a guaranteed cyclic time slice on the processor. The major
problem with this is that if the task is really sporadic, the time slices allocated to
that task are wasted when the task is not active. This is the price of predictability.

In terms of timing constraints, real-time kernels are often divided into two groups:
those that support the concept of hard real-time and those that do not. VRTX, the
V-kernel, HARMONY, and REX fall into the latter category whereas the SPRING
kernel does support hard real-time scheduling.

In order to meet deadlines, traditional hard real-time systems tend to discard any
new tasks that can not be scheduled so that the deadlines of already scheduled tasks
are met. The SPRING kernel is no different in this respect. It employs a pre-run-
time scheduler that schedules all known periodic tasks so that their deadlines will
be met. Any sporadic tasks introduced into the system are handled by a small run-
time scheduler that attempts to “squeeze them in” if possible [FP88]. Any sporadic
tasks that can not be scheduled (fit in among the periodic tasks) by the local node
schedulers are given to a system-wide scheduler to determine if it can find a processor
that has the time to execute them [SR87]. The assumption is that if a task does not
meet its deadline, then there is absolutely no value in running it. For this reason,
all hard real-time tasks are periodic while the soft real- time tasks are sporadic. The
system is configured to ensure that all periodic tasks can be scheduled to meet their
deadlines but any sporadic task initiations may disrupt the predefined scheme.

While this strategy tends to maximize the number of responses that do meet their
deadlines, it is unacceptable if the abandoned task(s) served some critical function.
This approach assumes that the system consists of a closed set of tasks and a closed set
of event possibilities. However, in many complex real-time systems it is not possible
to predict all of the task instances that may arise during the lifetime of the system.

The other major problem with scheduling in current operating systems is that
all time constraints such as priorities and deadlines are associated with individual
tasks [SR87, BOCMMS86, Sap86} or activities [PS87] except in specific multiactivity

32



systems[KHL88]. The time constraints of the complete event responses nre never ex-
plicitly addressed. A certain scheduling algorithm may allow individual task deadlines
to be met but some of the higher level responses may still not be produced at the
proper times. These methods are appropriate only for simple (single task) responses.
In all other cases, it is the responses and not the individual tasks that have real world
deadlines to meet. For complex (multiple task) responses new approaches are required
for designing real-time schedulers that consider the overall response constraints and
the importance of the response to the overall operation of the system. These schedul-
ing policies must be able to dynamically vary the priorities of the schedulable entities
rather than attempting to precalculate timing requirements for tasks that display
dynamic behavior [SR87]. Finally, the scheduling policy must be applied not only in
arbitrating CPU access, but also in allocating system resources, in accessing shared
data, and in assigning the priorities themselves. The real-time design methodology
proposed in this thesis outlines how various indicators can be used to identify the
needs for such scheduling strategies. In hopes of improving this design method, it is

necessary to first examine the system development process.

2.4 The Development Process
Treditionally, the system development process has been comprised of four phases:
1. Functional Requirements Analysis
2, Functional Specification
3. Design Specification
4, Implementation

The first phase involved the end user and the system designer defining what types
of actions the proposed system was to perform. The second phase involved the devel-
opment of a requirements specification which typically described the expected system

behavior without regard to how it would be attained. This specification was usually
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in a natural language such as English. Often, this lack of formalism resulted in a gep
between the requirements specification and the eventual design specification. The
functional specification phase was followed by the design phase which determined the
internal structure of the system. It involved functional decomposition into software
modules, selection of the run- time environment (including the system software and
the hardware platform), and meeting the required performance constraints. Finally,
the fourth phase, implementation, would involve turning the design into executable

code, integrating all parts of the system, and doing acceptance testing.

2.4.1 Traditional vs. Modern Development

There are several problems with this traditional approach but the main one is that
progress reports on the correctness of the system come very late in the development
cycle. An alternative approach involves keeping the same four development phases
but making each an iterative cycle of its own with validation through simulations and
prototyping at each stage. During the specification phase, a requirements specifica-
tion is formulated which specifies the system in terms of implementation independent
structures which are capable of showing the behavior of the specified system. This is
possible only if the specification is described by a formal language which is executable
by an interpreter.

The specification phase is distinct from the design phase because the specification
language structures are independent of any specific hardware or software resource
configurations. They do not refer to any specific run-time environments and are
chosen only for modifiability and human comprehension. The main difference between
the traditional specification phase and this modern specification phase is that the
former treats the development process as a monolithic process whereas the latter
requires testing and validation at each development phase by use of new design tools.

The functional specification partitions the system into subunits on the basis of
functionality alone. These subunits say nothing about the code structure of the
system to be developed. Only in the design phase are there concerns about how

the subunints are to be realized on a small number of physical processors. The
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specification coming out of the functional phase may be realized by any one of a wide
range of possible designs.

Once the functional specification is complete, the structures of the specification
must be mapped or transformed into the implementation components. This transfor-
mation is the main task of the design phase. According to Zave, a major shortcoming
of this type of approach is that the transformation from formal specification to actual
implementation is a new and undeveloped technology and that it may be difficult
to guide such transformations for even moderately complex systems [Zav84]. The
main issues in the design phase consist of selecting the proper hardware and software
platforms on which to run the application. In terms of hardware, decisions must
be made on the number of processors to be used, the interlink scheme to be used
between processors, and identifying any specialized hardware that may be required.
The software design decisions that must be made are whether to use a multitasking
or multiactivity [KHL88] approach, how to partition the software into schedulable
entities, what scheduling scheme should be used, how to assign tasks or activities to
processors, and what type of communication and synchronization protocol to use.

The implementation phase in the modern approach is the same as that of the
traditional approach in that it involves turning the design into executable code, in-
tegrating all parts of the system, and doing acceptance testing. However, this final
stage is a much smaller part of the overall modern development process. There are
two reasons for this. The first is that the degree of testing at this stage is greatly
reduced due to the iterative testing done at each of the functional specification and
design specification phases. Once the implementation phase is reached, there is rea-
sonable certainty that the overall design is correct. The only aspect that remains
to be tested is that the actual coding and hardware implementation of the design
was done properly. The second factor that simplifies the implementation phase is
the nature of the design tool presented in this thesis. This tool requires the later
refined iterations of the design to be specified in a language whose constructs are
very similar to those of popular implementation languages such as PASCAL and C.

This is in sharp contrast to many functional specification languages that ure geared
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towards simplifying user comprehension without paying regards to the limitations of
actuel implementation languages as in [Zav82]. Adding the middle design tool allows
the specification to be mechanically translated to the implementation language.

The modern development cycle is summarized as follows:
1. Requirements Analysis
2. Functional Specification

(=) Functional description.

(b) Division into functional subunits.

(c) Use interpreter/simulator/prototype to verify logical correctness. Revise
and repeat if necessary.

3. Design Specification

(a) Make design decisions regarding system primitives, scheduling, task par-
titioning and processor allocation, number of processors, processor inter-
linking.

(b) Simulate design decisions using design prototyping tool and validate for

performance and temporal correctness.

(c) If results unacceptable, revise design decisions.
4, Implementation
(a) Coding, hardware development, integration, and testing.

As both the traditional and the modern development scheme demonstrate, any
approach to system development can be described as a sequence of decisions leading to
a target system. Inevitably, somewhere in this process, it is necessary to back up and
remake earlier decisions and repeat subsequent phases. In order to do this properly,
it is necessary to gain adequate feedback on the workings of the current design. The
most efficient way to achieve this is to construct executable models of the system

and observe their workings. This prototyping allows rapid and thorough evaluation
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of the system as it stands at a particular time. If the prototype fails to behave as
expected, the problems are identified and the functional or design (depending on the
phase of development) specifications are modified and a new prototype built to reflect

the modifications.

2.4.2 System Prototyping

In order to determine the feasibility of various system aspects it is necessary to con-
struct an executable model of the proposed system. Today the word “prototype” is
used in many ways in the literature. In the scope of this thesis, a prototype is a
first model on which later versions may be patierned. The early prototypes are used
to experiment with and learn about a system prior to commitment. The prototype
includes only those attributes necessary for meeting the requirements of the critical
parts of the system. The final product of a prototyping activity is a working model
that can be used for feasibility study and behavioral specification of a design [Luq89}.
The prototype serves only as an aid in analysis and design rather than as a productive
system.

In the initial conceptual phase of system design, identifying behavior using accu.
rate prototypes is more efficient than implementing new ideas directly in real applica-
tions. The prototype is easier to refine and modify than a full blown implementation
if the system initially fails to behave as expected. This is because the interactions
within the system are described in terms of simple high level behaviors, and the in-
ternal details of many components are not important in the initial stages. As the
design develops, these component details may be refined to progressively obtain a
more accurate model. Further, prototyping provides continuous feedback informa-
tion on the system as rapidly and efficiently as possible. So by using & number of
different prototypes, enough data can be obtained about the system to allow later
implementation in an optimal manner.

In the case of this thesis, the system prototype is used as a modelling and sim-
ulation tool that tests the effectiveness of proposed software partitioning methods,

processor interlink schemes, and kernel functions under varying conditions.
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The potential benefits of prototyping depend critically on the ability to modify
the prototype’s behavior with substantially less effort than required to modify the full
implementation production software. To be able to do this, & good system prototyp-
ing language is required. The prototype description language is used to construct a
model or prototype of the proposed system. In general, the language should provide
the designer with a uniform conceptual framework and a high level description of the
system. For operating system kernels, the language should provide a set of building
blocks suitable for constructing system components with real-time constraints. Fur-
ther, the language translator must be able to gather operational statistics so that the
designer can determine how the proposed system behaves during its run time.

While prototypes offer special opportunities compared with actual implementa-
tions, there are limitations to their applicability. It is true that using system models
allows all experimental conditions to be completely under the control of the designer
allowing him or her to reproduce a previous result precisely. However, a major prob-
lem is that modelling techniques abstract away from the implementation but in fact
it is the implementation and the environment which provide the true liming con-
straints. The prototype can only meet its timing constraints with respect to linearly
scaled simulated time [Luq89]. Further, the prototype may not include all aspects of
the intended system and it may not be able to handle the full workload of the intended
system. Nevertheless, the emphasis in this type of modeling is on proof of concepts
rather than on accurate performance measurements. The modern development cycle
incorporating the use of prototyping is demonstrated by the flowchart in figure 2.3.

In order to validate the methods presented in this thesis and gauge their effective-
ness, a system prototyping language has been designed to facilitate the modeling of

real-time kernels and their application tasks.

2.4.3 Requirements for Design Phase Tools

The use of a high level prototyping language allows quick turnaround time in building
the new prototype thereby making the modern development cycle feasible. Addition-

ally, the use of a prototype allows exhaustive testing under varying circumstances
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throughout the entire development cycle. This type of verification may be able to
detect hidden errors in the design that would otherwise have been missed in the stan-
dard final testing procedures. If the specification is done using a formal language,
then the specification itself can be used as a prototype because it is executable. It
is beneficial to be able to interpret or execute functional specifications because often
they must be developed by successive refinements of understanding with each itera-
tion benefitting from the knowledge gained from the previous ones until the correct
behavior is attained. However by its very nature, the functional prototype lacks low
level details and is often unusable for determining the performance or temporal cor-
rectness of the system or for determining how the system should be implemented.
Functional specification prototypes are used only for checking the behavior of the
proposed system before implementation.

While a relatively wide variety of tools and languages are becoming available
to assist the system developer in producing and refining an executable functional
specification [Zav82](KHL8S], the analogous systems to assist in the design phase
of the modern development cycle are nonexistent. The design level decisions such as
number of processors, system partitioning and task to processor allocation, scheduling
policy, etc. seem to be made largely based on what hardware and operating system
are convenient or readily available rather than on what would be best suited for
the particular application. Due to this ad-hoc practice, many of the benefits gained
from the advances in the functional specification phase are lost in the design phase.
What is desperately needed is a design tool and methodology that is capable of
taking a functional specification, implementing it at a lower, more detailed level,
and providing the designer with immediate feedback on the consequences of each of
the above mentioned design decisions. In this way, the designer can select a system
platform that is tailored to the application at hand and thus allows the application to
perform at its highest level. This thesis presents such a tool and design methodology
for message based multitasking systems. Analogous work is also being carried out for

mulliactivity systems.
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System aspects such as software decomposition into functional units, synchro-
nization and communication between these units, the number of processing units,
and the interconnection schemes between processing units together comprise the im-
plementation platform on which the system is to run. Because most of the decisions
made regarding the implementation platform are done during the design phase of
the development process, it is imperative that the design specification tool fit the
implementation platform. Two alternative platforms can be considered: the multiac-
tivity platform and the multitasking platform. The multiactivity approach uses fine
grain schedulable software units called activities whereas the multitasking approach is
based on the ideas of communicating finite state machines or Hoare's communicating
sequential processes. The next chapter considers in detail the multitasking platform

ag it is the basis of the proposed design tool.
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Chapter 3

The Multitasking System
Platform

Due to the complex nature and environmental interactions of real-time systems, many
factors must be considered during their development. In these systems, it is difficult to
separate the operating system from the application and from the underlying hardware
because they are so closely intertwined. Traditionally, application software has been
developed around independently designed “off the shelf’ operating systems. With
the increasing demand for system reliability and added functionality, it has become
necessary to update this design philosophy. Instead of designing the application
around the hardware and system software (or vice versa), all three must be considered
together during the design phase of the development process.

This chapter provides a description of the hardware and software system aspects
that must be considered when designing 2 particular real-time application and how
these aspects lend themselves to system prototyping. The following sections pro-
ceed to describe how factors such as application software partitioning and hardware
configuration affect system functions such as synchronization, communication, and
scheduling and how these factors must be integrated in the development of the com-

plete system solution.
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3.1 The Hardware Platform

In designing a real-time application, there are three main aspects that must be con-
sidered when selecting the appropriate hardware. These are: the number and types
of processors that are required to provide adequate performance and reliability, the
operating system support facilities provided by the chosen processors and most im-

portantly, the type of interlinking scheme used between the processors.

3.1.1 Number and Types of Processors

Building prototypes allows the designer to model diflerent event arrival rates and
to determine with reasonable accuracy, the required number of processors for the
expected load. In practice, prototyping gives only a good approzimation of this value
for a particular application because this number depends on several factors including
expected variations in the event arrival rate, the nature of the interlinking mechanism,
the number and types of I/O devices, the degree of reliability required through slave,
standby, or watchdog processors, and the structure of the operating system. The
operating system must be considered because it is the main factor in determining
the point at which the overhead associated incorporating an extra processor would
outweigh the potential benefits.

The operating system overheads associated with increasing the number of proces-
sors are due largely to the increased complexity of task communication, synchroniza-
tion, and scheduling. Interprocessor communication and scheduling can take up a
significant amount of processor time which in turn reduces the application processing
capacity of the multiple processor systems. As the number of processors (and conse-
quently the system complexity) increases the result is often a mismatch between the
communication capacity of the interlinking medium and the processing capacities of
the individual processors. That is, the bottleneck is shifted from the shared commu-
nication medium to the individual processors [AA82]. One solution to this problem
is to relieve the processors of some of these operating system functions by providing

hardware support for communication and scheduling.
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3.1.2 Hardware Support Facilities

Hardware support for communications and scheduling functions in the form of hard-
ware protocol handling and multiple contexts through register windows generally re-
sults in the speed up of low level communication and scheduling functions [A A82][Sha84).
Another alternative is to dedicate specific processors to handling the majority of oper-
ating system functions leaving the rest of the system free to do application processing,
In the architecture proposed by Ahuja, a separate processor {SSP - Signalling and
Scheduling Processor) is used to manage all intra and inter processor communication.
In addition, it also handles the scheduling of activities and their assignment to exe-
cution processors. The SSP provides for reliable transport of messages over channels
that connect the various processing nodes. Because execution of application software
has been separated from the functions of scheduling and communication support, the
execution processors do not have to support a large local operating system. How-
ever, because all scheduling and message handling pass through a central node for a
given number of execution processors, the SSP may become a bottleneck at times of
high volume [AA82]. The SPRING kernel proposed by Stankovic also uses a similar
scheme to offload system functions to dedicated processors [SR87].

The type of hardware support needed for a specific application is an important
aspect of the design phase and must be systematically examined when a functional
specification is to be translated into a practical design. However, the most important
aspect of the hardware platform that must be considered is the way in which the
individual processors are to be physically interlinked. This decision has a great impact
not only on the other system hardware aspects (max. number of processors, types of
OS hardware support, etc.) but also on the performance and structure of the system

software.

3.1.3 Processor Interaction Schemes

When considering multiple processor systems that work in parallel (MIMD execution),

it is useful to categorize them by their interactions with other processors. This type of
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categorization gives rise to two major system models, the loosely coupled model and
the shared memory model as discussed in section 2.1.4. These represent two extremes
that have various gradations between them. The choice of the model best suited for
a particular application is very important and is dictated by several factors including
the expected degree of interactions between tasks, the number of processors required,
and the type of IPC scheme used. The effects of the various models on each of these
factors is best demonstrated through the use of prototypes. A system prototype is
an essential design tool in determining which multiple processor model is best suited
for a particular application. Before such a tool can be realized, the characteristics of
the models must be defined. '

3.1.3.1 The Shared Memory Model

Shared memory model systems are also called multiprocessor systems and are char-
acterized by some variation of the assumption that all data should be accessible to
all processors. It is not a strict requirement that all memory be directly accessible
to all processors although this is the extreme of the model. In mosi circumstances,
each processor has is its own private memory and access to some amount of shared
memory. This shared memory can come in the form of local memory and common
memory. Access to the local memory is faster than to the common memory because
there is generally no need for bus arbitration in the local memory. Each processor is
free to access its local memory unless there is an access operation in progress by a
remote processor. Thus private memory access is the fastest followed by local mem-
ory access. Common memory access or access to another processor’s local memory is
slowest because of contention. The lack of arbitration hardware for private memory
makes it cheaper and its access time more predictable. The private/shared memory
compromise is used also because coprocessors may be effective only with fast private
memories [Gen85). Additionally the private memory can make use of a cache without
providing additional hardware to solve the cache consistency problems that would oc-
cur with the shared memory. However the private/shared memory compromise does

create problems with cache consistency in the shared memory and with determining
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Figure 3.1: A Shared Memory Model

the best type of addressing scheme to use for accessing the various types of memory.
A graphical representation of this shared memory model is given in figure 3.1.

This mixed form of the shared memory model also creates some complications
when it comes to deciding on what data items and/or program segments shouid be
placed in which memory. Due to the costs incurred in arbitration hardware and in
access time, shared memory is an expensive and thereby scarce resource 80 only items
that must really be shared are located there. This situation creates some problems
at tun time with respect to dynamic memory allocation. In some instances, it may
difficult to determine from which memory space should be allocated if it is not known
what data will need to be shared. Consequently, the designer must be able to predict
what data and/or code must be shared.

In extreme cases where the processors are more or less autonomous and the shared
memory is very limited, it may be necessary to swap items from private to shared
memory only when they need to be shared by two or more processors. After the
sharing is done, that shared memory atea is free to be overwritten. This type of data
swapping could however cause a serious overhead in the operating system. In this
situation, the loosely coupled model is more appropriate. Also, when memory needs
to be shared only among specific processors (ex. between nearest neighbors adjacent
on a ring), the loosely coupled model is more appropriate [Gen83].

The decision on whether or not to use some variation of the shared memory model

depends heavily on available information on the types of data that must be shared
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in the system, how often that data is shared, and among what processors the data
is shared. For systems of any reasonable complexity, it becomes quite arduous if not
impossible to keep track of all the data interdependencies without some automated

design aid such as that presented subsequent chapters.

3.1.3.2 The Loosely Coupled Model

Systems using the loosely coupled model are also referred to as mullicomputers, In
this model, the individual processors are not able to directly access each other’s mem-
ory. Instead they have to communicate through some kind of communications system
that requires the active participation of both the sending and ine receiving proces-
sors. This communication system consists of 2 high level data transfer protocol over
an interconnection network. The model assumes that the communications system is
completely reliable but no assumptions are made about its nature. The interconnec-
tion network could be a serial or parallel link, bus couplers connecting processors’
local buses, emall blocks of shared memory, or contentionless LAN hardware {Gen85).
However, the common assumption is that the communications system ensures error
free communication. A graphical representation of the loosely coupled model is given
in figure 3.2. The implications of this setup is that because both processors are active
in the communication, performance is slower. In order to offset this degradation, the
software must be designed differently than in the shared memory model.

In the loosely coupled model, an active software module must be provided to han-

dle the reception of communications and to determine when interprocessor requests
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need to be made. The complexity of this module varies depending on the sophisti-
cation of the communications system. The communications module may be required
to cache data locally so that redundant remote requests are avoided or instead of
requesting individual items, blocks of relevant data may be requested at one time
in anticipation of their subsequent use. In most cases, this communication module
will be part of the operating system software but its design will be influenced by the
nature of the application software. For instance, the size of the block or cache area
will be determined largely by the sizes of the data structures used by the application.
Overall, this type of planning of communications leads to a more complex program
than that required by the shared memory model.

Although the loosely coupled model adds a degree of complexity to the system
software structure, it does have its redeeming features. Its main advantage over the
shared memory model is that it reduces contention for common memory so that
although individual processors may be degraded, overall system performance is im-
proved. This is especially true if data is shared only between specific processors (ex.
nearest neighbors}. With a monolithic shared memory, all processors may be left
waiting for one set of interprocessor interactions to complete. This is not the case
in the loosely coupled model as each set of interactions can be carried out concur-
rently if the interconnection network allows. Additionally, the loosely coupled model
makes it easier to incorporate heterogenous processors into the system as not all the
processors’ memory accesses need to be done in the same way.

The loosely coupled model’s assumption of an error free interprocessor communi-
cation path may appear to be somewhat artificial in that communication errors not
corrected by the hardware remain undetected. However the loosely coupled model
typically limits itself to simple discrete message communications. Any logical errors
in received messages are detected by the application software which is in the best
position to decide on an appropriate course of action.

At this stage, it is necessary to differentiate between the loosely coupled model and
computer network systems used in distributed computing. Unlike the loosely coupled

model, the individual processors in the network are not considered to be parts of a
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single machine working on a single job. They are individual units that can be started
or stopped autonomously, Although computer networks have fairly widespread use,
their communications overheads and unpredictability make them impractical for use
in most real-time applications.

The implications of the system design desicions made in terms of hardware con-
figuration come up time and time again in other areas of the design phase. The
hardware platform has & major influence on software partitioning, response schedul-
ing, event handling, and especially on intertask communication and synchronization,

These influences are discussed in the following sections.

3.2 Synchronization and Communication

In real-time systems using the multitasking platform, individual tasks are allowed
to proceed in parallel. To avoid the problems associated with concurrent access to
shared resources and data, and to ensure proper precedence sequencing between the
tasks, there is a need for synchronization between them. Also, since the tasks in
the system are never completely autonomous, facilities must be provided to allow
some kind of intertask communication. In contrast to the multiactivity platform, the
multitasking platform has no centralized controller that explicitly performs all of the
synchronization and communication duties. Rather, it is left to the application tasks
themselves to determine when and with what other task(s) they need to synchronize
or exchange data. To facilitate this process, the operating system must provide
utilities or primitives that can be used by the tasks. The nature of these primitives

is influenced by a number of factors including the chosen hardware platform.

3.2.1 Hardware Model and IPC Correspondence

The characteristics of the proposed IPC scheme are influenced to a large extent by
whether the hardware platform is loosely or tightly coupled. It should be noted that
the hardware platform influences only interprocessor communications because com-

munications between tasks on the same processor do not require any data movement
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outside the processor’s own memory.

Using shared memory for interprocessor communications allows efficient data ex-
change between units of the system because the time required to copy data from one
processor’s private memory to the other's is eliminated. However, in order to avoid
damage to the data through interrupted memory accesses, the common memory used
for exchanging data must be protected as a shared resource. Using shared memory
immediately suggests doing the required synchronization using semaphores because
they are, by their nature, shared memory constructs. Semaphore operations in a
shared memory environment require a global lock variable which is checked by all
processors before manipulating the semaphore data structures. Mutual exclusion on
the lock variable is provided by some sort of atomic test and set (TAS) instruction
that allows an indivisible read/modify operation. A processor is prevented from ma-
nipulating the semaphore until the currently accessing processor ir Snished. This
process is illustrated in figure 3.3.

However, in a real-time environment, even this type of communication requires
more than just shared memory between the interacting processors. If a process
blocked on one psocessor is to avoid busy waiting on a semaphore variable, inter-
processor interrupts are needed in order for one processor to signal the other. If there
are more than twe processors sharing the same memory and more than one is waiting

on a particular semaphore variable, the signalling processor must determine which
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waiting processor is to be interrupted. As a result, system overhead and complexity
rise as the number of processors is increased in this scheme. Oftentimes it becomes
necessary to route all such synchronization interrupts through some master processor
which can be interrupted by any procesor and which can also interrupt any other
processor. Although this provides a simpler, more uniform interface to the commu-
nicating processors, the centralized signalling processor could become a bottleneck
during periods of high communications traffic.

Intertask communication using shared memory techniques is useful in an environ-
ment where the task interactions are limited either to tasks on the same processor
or to only a few communicating partners for tasks on different processors. However,
as individual tasks are required to communicate with many different pariners on
different processors, the scheme can become quite problematic. While all commuui-
cation paradigms using shared memory must contend with this issue of synchronizing
memory access, the situation can be relieved somewhat by providing distinct areas of
shared memory to be used by specific communicating partners thereby reducing the
number of competing tasks. This process can be made more systematic by overlaying
a message passing paradigm on the shared memory model. While the underlying
interaction structure remains the same, all communications occur via discrete data
packets (messages) which are managed by the operating system. This presents the
communicating partners with a standard interface as all the low level synchronizations
are performed by the OS primitives. Although the nonessential messaging layer adds
some degree of overhead in shared memory communications, in systems with large
numbers of tasks, it pays dividends in terms of application simplicity and uniformity.

A major benefit of message based communication is that the same paradigm can
also be used in loosely coupled systems. In fact, messaging is a natural part of such
systems. In loosely coupled systems, for interprocessor communications, messages
must be copied from the sending processor to the receiving processor. This overhead is
missing in the tightly coupled systems but the compensating factor is that there are no
memory contention problems in the loosely coupled model (although the bandwidth

of the interconnection medium may become a limiting factor). Because the message
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passing concept is applicable to both of the interlink models and because it enjoys
widespread popularity in existing real-time systems, it will be the main focus of

subsequent discussion.

3.2.2 Message Based IPC

A message based communication system has some distinct advantages over semaphore
based or procedural (monitor) based communications. Because messages are treated
as independent pieces of data that can be transferred throughout the system tasks,
messaging provides for good modularity and process independence thereby enhancing
software understandability and maintenance. Messages allow a great flexibility in the
type of sequence control flow that can be implemented as opposed to the standard
procedural flow of control. The order in which messages are sent, received, or replied
to can be easily modified depending on individual system circumstances.

Although the messaging concept is based upon the standard principle that commu-
nication is done via discrete packets of data that are logically or physically transferred
between two or more entities in a system, there are many variations of this central
theme. When a system is to be designed using message passing IPC, several design
phase decisions must be made about what types of message passing characteristics
are appropriate for the intended system. Decisions must be made about task synchro-
nization for IPC, the means of identifying communicating partners, and the format

that the messages should take,

3.2.2.1 Synchronous and Asynchronous Messaging

Every message communication involves at least two communicating partners: the
sender and the receiver. Because tasks are relatively independent entities, the receiver
can not know when it is about to receive a message. Similarly, the sender does not
know when its message will be acted upon. Depending on the type of system desired,
some type of synchronization between the sender and the receiver may be required.
This situation has given rise to two basic modes of message based communication:

synchronous and asynchronous.
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In synchronous communications, the sending tesk is made to wait either until the
receiving task has received the message or until the receiving task explicitly frees
the sender via an acknowledgement. This type of protocol (see figure 3.4) assures
the sender that its message has actually been accepted when it resumes execution.
Additionally, because the sender is blocked until the message has been received, the
sender can not continue to send subsequent messages and thereby possibly overrun
the receiver. This type of flow control is implicit in synchronous systems. Its effect is
that it eliminates the need for buffering of messages. The major disadvantage of this
approach is that it limits the degree of concurrency. In its extreme form, the system
may behave in a manner similar to a sequential procedural system in that tasks are
constantly waiting for their message requests to be completed by other tasks and are
prevented from doing any useful work.

Asynchronous communication can be described as message exchange without ac-
knowledgement. The sending task is no longer blocked waiting for the receiving task
to accept its message (figure 3.5). This allows the sender to proceed with other
operations in parallel with the servicing of its message. Because there is no task syn-
chronization in this approach, the sender has no assurance that its request message
has been acted upon. In these cases to provide tolerance for lost messages, the sender

may retransmit messages to receivers which may then repeat their execution. This
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duplication of actions should be avoided in general but may be occassionally necessary
in the asynchronous system. The situation can be tolerated only if the application is
designed such that the receiver’s multiple executions have the same effect as a single
execution. If this is not feasible, the communication mechanism must ensure that only
one execution is performed. Also, the lack of flow control in this approach creates
the need for buffering of messages that have been sent but not yet accepted. Thus
the asynchronous approach provides a high degree of concurrency and also reduces
message traffic by eliminating the need for acknowledgement messages. The price to
be paid for this added concurrency are polling {in the case of nonblocking receive)
and the overhead associated with buffering.

Even in synchronous systems (as well as in asynchronous), messages must be stored
somewhere between the time they are sent and received. This buffering can be done
either in the operating sysiem or in the users space. Buffering in the operating system
rather than assigning individual buffers to individual tasks in user space has the
advantage of flexibility in handling uneven buffer usage. For instance if a particular
task is involved in many communications, its user buffers will be quickly filled up
while another task which is noncommunicating at the time will have idle user buffers.
This waste of buffer space can be avoided by kernel buffering.

A major disadvantage of kernel buffers is the allocation problem that arises when
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kernet buffers are depleted. In an asynchronous environment, a single overaclive task
can quickly use up all of the kernel buffers thereby starving other perhaps equally
important tasks. Buffer allocation policies must somehow limit the unrestrained
production of messages. One way to do this is to limit the number of buffers a
single task may use at any one time. This method works best if all of the tasks
have similar buffer requirements. The buffer requirements of individual tasks can
be predicted from system prototypes. These types of design phase tools can also be
used to determine what type of buffering strategy and what type of synchronization
strategy is most applicable to a particular application.

When internode message communications are considered, the issue of buffering
becomes more involved. In internode communications, the kernel must do some sort
of internal buffering of messages to account for the delay during physical reception
and subsequent placement in the user buffer. To allow this, the kernel has to allocate
2 small number of internal buffers to store messages incoming from other nodes.

Because the number of kernel buffers is limited, some type of allocation policy
must be employed to arbitrate their use. The Charlotte system [ACF84] presents a
good example of such a policy. In Charloite, when an incoming message is received
by the kernel, the internal buffer is emptied and freed right away if a receive call is
pending for the incoming message. Otherwise, the full internal buffer is marked as
being free but it is placed at the end of the free internal buffer queue and will be
overwritten only if there are no other free buffers available. Thus there is a good
chance that the buffer information will still be available intact when the matching
receive request does occur. This process is illustrated in figure 3.6. If the buffer has
been overwritten the originating kernel is notified that the message was not received
and the originating kernel must retransmit the message. With this policy, the kernel
guarantees successful message reception but incurs some retransmission overhead. An
alternative would be to simply notify the receiving task that it has lost a message and
allow it to decide whether or not retransmission is warranted. The optimal number of
kernel buffers depends largely on the application software and may best be determined

by using a prototype of the application. Also, the prototype is essential in determining
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the effectiveness of any buffer allocation policy for a particular application.

3.2.2.2 Identification of Communication Partners

Another design phase decision that must be made when using a message based IPC
system involves the identification or addressing of the communicating tasks. There
are several options when deciding on an addressing scheme. In one approach the
communication relationships between tasks can be strictly restricted to a one to one
relationship and is established when the tasks are created. This simplifies addressing
in that the source and destination tasks do not have to be identified al run-time as
all of the connections are “nailed-up”. Of course this is 2 very limiting approach in
that any particular task is allowed to send only to one other task and receive from

one other task.
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A somewhat more flexible approach allows the specification of a source and des-
tination task pair to be used until a subsequent selection is made. This approach is
useful if the communication partners are liable to cirange but not at a rapid rate. It
incorporates the simplicity benefits of static addressing but is not as restrictive. If
the application requires that few messages be exchanged with various different tasks,
rather than numerous messages or an uninterrupted sequence of messages with the
same correspondent, then for each message the communicating partners need to be
specified explicitly (dynamic addressing). Usually, it is not necessary for the receiver
to specify acceptable senders. This receive-any paradigm allows any task to use the
services of another task. Similarly, a broadcast send can be used that doesn’t specify a
receiver and the message is received by the first task (perhaps in some set) attempting
to receive or by all tasks.

The desired addressing characteristics are thus heavily dependent on the nature
of the expected communications. The type of task interactions that can be expected
for a particular application are an important design aspect that can be determined
from data collected during a system prototyping activity.

If a dynamic addressing approach is used, another aspect of addressing that must
be considered is obtaining and using the name of the correspondent task. This be-
comes especially important in an environment which is required to support dynamic
task creation and deletion where the correspondent identifiers may not remain con-
stant over time. In this case, it may be necessary to introduce a librarian task that
maps services to current task names.

An alternative to using task names as addresses is to use links or channels instead.
These links may be dynamically established between tasks and the send destinations
refer to the links rather than the actual task identifiers [Gen81]. The advantages
of directing messages to task names rather than links is the simplicity of usage,
the minimun kernel support in not having to maintain tables of dynamic virtual
communications channels, and the possibility of compile-time consistency checking.
The disadvantages are its difficulty supporting replicated or dynamic tasks and lack

of protection in that any task can communicate with any other task at any time.
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Althongh this situation may be desirable in some applications, it could for example
allow low priority tasks to tie up a service task when it is needed by more urgent
users.

To alleviate this situation, some systems may require the ability to have multiple
queues for each task. In this case, the sender must specify the queue in addition to
the destination task and the receiver must specify the queue from which it wishes
to receive a message. This may be useful in cases where one message must take
precedence over other waiting messages. However in this situation, the designer must
consider whether the same result could be achieved more efficiently if implemented
with receive-specific addressing or by using separate tasks to receive different classes
of messages; for example, by having higher priority messages handled by the higher
priority task. Again in this situation, a design prototyping tool such as the one pre-
sented in the next chapters is invaluable in deciding whether multiple tiered messages
are warranted, how they should be implemented, and how their priorities should be

assigned.

3.2.2,.3 Message Format

Choosing the precise syntax and semantics for message communication is difficult
because unlike the existing models for message protocol or addressing, there are no
standards for message format. The physical message typically consists of three fields:
header, msg text body, and the trailer. The header typically consists of routing
information, and the trailer is used for error detection and correction of the message
body. It is the text body that contains the actual data that it to be exchanged
between the communicating partners.

A major consideration with respect to the message body is deciding whether the
messages should be of a fixed length or of variable length. There are implementation
advantages to using fixed length messages especially when messages must be moved
between different address spaces such as those between different processors without
shared memory or between different memory maps on a single machine. With fixed

size messages, there is no need to extract the length of the message from the header
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as the same number of bytes are always transferred. This provides for a fixed reliable
transfer time for all messages. Similarly, if the application uses mostly very short
messages, it can be much faster to move a fixed number of words which may not
all be needed than to incur the overhead of variable sized messages. Fixed length
messages also avoid requiring the receiving task to know how much space is required
to store the received message [Gen81]. One of the advantages of variable length
messages is that they can reduce the number of messages in the system by being able
to accommodate large messages. In the fixed sized format, such messages would need
more than one message transfer.

It is apparent that many factors must be considered in the design of a messaging

system for a particular application. The next section describes how these factors can

be amalgamated into discrete messaging primitives.

3.2.3 Defining Messaging Primitives

The literature on real-time operating describes many different types of intertask
synchronization and communication primitives {SR87][Sha84|{P587][Ber86][Rea86].
While these primitives all have some unique properties, they all perform the same

basic functions. These functions can be grouped as follows:

1. SEND a message
2. RECEIVE a message

3. WAIT for synchronization

o

. ABORT a message

5. CHANGE communication partners

It is important to note that not all of these functions are required in all message
based systems. Only the first two are deemed to be essential while the last three
may or may not be required, depending on the nature of the system. The send

and receive functions are used for the actual exchange of data. The wait function is
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required if the system uses an asynchronous message passing scheme but the tasks
still require occasional explicit synchronization. The abort function is used to nullify
messages that have been sent but not yet accepted. It may be useful in any messaging
environment. Finally, the change function is used in systems that employ semi-static
links between communicating partners. The change function is used to modify these

links.

3.2.3.1 Send and Receive Operations

In the design of an intertask communication scheme, the send and receive primitives
are so closely tied together that they can not be considered individually. One is
complementary to the other. After the issue of using a blocking (synchronous) or
nonblocking (asynchronous) protocol has been decided, the required actions of the
send and receive primitives can be defined. A request for a send operation must
specify & destination task or link (for dynamic addressing only) and a block of data
to be transmitted. In the case of a blocking send, the sending task is blocked until the
sent message is accepted by the receiving task or until the receiving task explicitly
frees the sender through some type of reply primitive. If the send is a nonblocking
operation, the block must be stored in the designated area (either in kernel space or
user space) until the corresponding receive operation is performed. A nonblocking
environment may use either a blocking or a nonblocking receive. In the blocking
version, if there is no pending message, the receiving task is blocked until a message
is sent to it. In the nonblocking version, the receiver is not blocked if there is no
pending message and therefore must poll for incoming messages. If a blocking receive
primitive is used, the send primitive can be made conditional in that it sends its
message only if the receiver is already blocked waiting, otherwise it returns a failure
indication. This type of conditional send effectively eliminates the need for buffering
in an asynchronous environment. If as in this case, details about the success of the
send operation are to be made available to the sending task, the send primitive must
provide a space to store a completion or error code of the send operation when it is

completed.
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The receive primitive is used to copy data from the sender’s buffer (or from a ker-
nel buffer) into the receiver's buffer. If the receiving buffer is too small, the primitive
may be required to return a warning to the sender and/or the receiver as the opera-
tion completion result. If the system uses dynamic addressing, the receive primitive
can be called either with a specific task name (link) or with an any_task (any link)
parameter which allows reception from any source. The receive specific primitive al-
lows discriminatation in the kinds of messages that a task is willing to receive at a
particular time. However this capability does pose a problem. The messages from
sending tasks that are not currently eligible to be received must either be rejected
or queued. If they are queued, the situation may arise where a receiving task is ha-
bitually waiting for messages from a particular task while messages from other tasks
continue to pile up. This type of situation must be detected in the design phase so
that the need for appropriate restructuring and buffer capacities can be identified.

To provide some semblance of flow control in the asynchronous environment, upper
bounds must be placed on the message queue sizes or the communicating tasks must
be supplied with some additional synchronization primitives. Restricting the sizes
of message queues has the effect of complicating the send primitive to handle the
full queue situation. For this reason it is desirable to allow the application tasks to

manage their own flow control.

3.2.3.2 The Wait Operation

The wait operation is intended not only as a means of flow control on message pro-
duction, but also as a means of satisfying precedence constraints between tasks. This
type of primitive is necessary in an asynchronous messaging environment. To provide
synchronization, the wait primitive must be tied to some type of identifiable action
such as the transmission or reception of a message. When used in this manner, wait
must be called with a specific task name or link identifier. When the primitive is
called, the calling task is to be blocked until a message is received from the specified
task or link. It may also be desirable to design the wait primitive such that a sender

may block itself until its message is received.
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VAR synch ; Synchronization Variable

TASK 1 TASK 2
WHILE (work left to do) DO Perform Data Calculatiomns
process work Perform Hardware Access

. IF access problem THEN
ENDWHILE CAUSE{synch)
ENDIF
WAIT(synch)
Continue Processing
Process Fault Condition

Figure 3.7: Cause/Wait Synchronization

The separation of the synchronization primitive from the communication primi-
tives provides an added degree of flexibility in that blocking is done only when needed
rather than at every communication. Another variation of wait removes communi-
cation from synchronization altogether. This requires the introduction of signalling
variables and a corresponding cause primitive. If two tasks wish to synchronize, one
would issue a wait request on a specified signal. The wait primitive would then block
that task until some other task performs a cause operation on the same signalling
variable, This set of primitives allow synchronization without the added overheads

of messaging. Their use is demonstrated in figure 3.7.

3.2.3.3 The Abort Operation

The abort operation is used to cancel messages that have been sent but have not
yet been accepted. This may not seem to be a very important function but it may
be useful in some cases where time of message response is an important factor. For
example, if a task has sent a request message to another task and sufficient time

has elapsed such that the response would no longer be useful, the sending task could
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call the abort primitive to prevent the receiving task from wasting processing time
on the now useless response. This course of action is feasible only in a nonblocking
environment. If the ebori primitive is made unrestrictive in allowing any task to
cancel any pending message in the system, the abort primitive could also be useful in
a blocking environment that contains watchdog tasks. If the watchdog tasks are able
to detect deadlock situations, they could relieve the deadlock by preemptling messages

that have not been received and thereby freeing the sender. The abort primitive is

nonblocking in all cases.

3.2.3.4 The Change Operation

The change operation is necessary when dynamic links are used in the system to
explicitly specify communication partners at some particular instance in time. This
might be necessary if the communication needs of the system require occasional chang-
ing of the communication partners or if the system has dynamic task creation and
deletion where task names can not be explicitly specified. When a request to change
a link is issued, the kernel may be required to inform another node of the change
request if the change involves partners on different processors. After any pending
communications have been completed, the receiving kernel (if appropriate) must ac-
knowledge the change request. The calling task is blocked during this time (until
the acknowledgement is received) to prevent further send operations on the link, Of
course this method eliminates only one direction of communication. A decision must

be made on when the link may actually be freed. This can occur after one of several

possibilities:
1. Immediately after one partner requests the change,

2. After the other partner is notified that the link was changed at the request of
task X,

3. After all of the pending messages buffered on the link have all been received,

4. Only after both partners have requested a change operation on the link.
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The first two of these do not allow the receiving task to examine any messages that
may be queued waiting to be received. Also in approaches 1 and 3, if the nonchanging
task attempts to perform an operation on & link to which it is no longer connected,
it will get an error even though it may not be responsible. The last approach avoids
this scenario and ensures that errors depend on a task’s own behavior and not on
circunistances beyond its control. However it does incur an overhead in the operating
system as it would be necessary to keep track of all pending change operations on
each link.

This section has shown how various alternative IPC schemes can be used in the
design of a multitasking system. The manner in which the communication and syn-
chronization scheme is designed has a large bearing on the structure and partitioning

of the application software that will eventually use the facilities.
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3.3 System Partitioning

System partitioning in a multitasking system involves two aspects: assigning operat-
ing system functions to the individual processors and grouping application activities
into tasks as well as assigning them to available processors. Often, these aspects are
glossed over in system design but it is a very important aspect in determining the
overall efficiency of the system. Improper partitioning can create bottlenecks both
at the interprocessor communication medium and at the interfaces of the application
tasks.

Proper system partitioning helps to reduce the amount of unnecessary communi-
cation across processors and between tasks on the same processor. At the same time,
the partitioning process must avoid restricting system concurrency. It is necessary to
strike a balance between these two often conflicting requirements. The partitioning
process consists of determining how the operating system functions are to be dis-
tributed across processors, how the different activities are to be grouped into lasks,

and how the tasks are to be distributed among the processors.

3.3.1 Distribution of Operating System Functions

In terms of the operating system, it is possible to have varying degrees of distribution
in a multiple processor environment. At one extreme is the master /slave implementa-
tion in which a single master operating system oversees the functions of slave kernels
running in each application processor. The opposite extreme is characterized by a
fully distributed operating system in which each processor runs a complele kernel
which is independent of all the other kernels. In practice, the second extreme is quite
difficult to achieve in that most implementations require at least some type of cen-
tralized control in the form of global task name tables, or central task scheduling, for
example.

In determining what degree of autonomy to grant to each processor’s kernel, sev-
eral factors must be considered. A more distributed kernel is less prone to failure

because of the lack of centralized services. Required services are available locally so

65



local processes are not dependent on remote processors for system services. How-
ever this may be an acedemic consideration as the local processes may still require
the services of the applications running on the disabled processor. As this applica-
tion coupling is inherent in embedded multiple processor systems, the distribution
of system functions is not important for reliability. However, distribution does have
significant implications on system performance.

Some of the literature has advocated dedicating separate system processors to
performing some of the operating system functions that are common to all applica-
tion processors. These include the global scheduling of responses and communication
between tasks [SR87][AA82). This increases the performance of the application pro-
cessors as they are now relieved from performing system duties. In addition, this
centralized approach allows performance enhancing features such as dynamic load
balancing and global task scheduling to be performed. These features would incur
unacceptable communication costs if they were distributed across several kernels.
Also, because these features are rather computationally expensive, they would be
infeasible if they shared processing resources with application software.

An undesirable consequence of the centralized approach is that it tends to increase
the complexity of the operating system and during times of heavy load, it may create
a bottleneck. If one single processor is now responsible for all system scheduling,
interprocessor communication, and the initial stages of interrupt handling, it will very
quickly be overrun in larger applications. Depending on the nature of the interactions
within the application, the solution may be to centralize some of the common kernel
functions such as dynamic load balancing in a dedicated system processor and to
duplicate the other oft-used kernel functions such as local node scheduling and the
handling of intertask communication. This approach is illustrated in figure 3.8. This
design requires a copy of the kernel running in each processor with communication
links between the kernel copies. Intertask messages across different nodes require the
assistance of both kernels whereas an IPC message within a single node needs only a
single kernel. In neither case would the system processor be involved.

The design phase decisions regarding the partitioning of the operating system
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functions can be eased again through the use of a design prototyping tool. The
prototyping tool could be used to determine the point at which an application becomes
too complex to use a centralized kernel. If this is deemed to be the case, the prototype
can assist in deciding which kernel services are used often enough by the application to
warrant duplication on each processor. Similarly, decisions could be made regarding
which sets of nodes require direct interprocessor connections for communication. The
assistance provided by the design prototyping method is not limited only to operating
system partitioning. It also extends to the partitioning of the application software as

well.

3.3.2 Application Software Partitioning

Most real-time applications can be broken down into a number of activities to be
executed in required precedence relations. Ideally these activities can be identified
and grouped into logical tasks which can run concurrently with one another. Each
task may control data or resources of which it is the primary user. However, it
will likely also need to use data and/or resources that lie in the domain of other
tasks. It is this need for outside data and resources that gives rise to interactions
with other tasks. The nature and the number of these interactions is determined by
how the application is partitioned. At one extreme, the entire application could be
designed as a single task. This would alleviate the problem of the task needing to
access data or resources outside its domain, but it would also limit perforinance by
eliminating any concurrency. Even at the other extreme (one task for each activity),
concurrency would be limited by each of the numerous tasks colliding in their external
data/resource requests. The actual partitioning must be a compromise between these
two extremes.

Today, application partitioning is often done without a complete analysis of the
system’s constituent activities and is based only on resource usage. Without this
type of analysis, it is possible to run into problems such as overconstraining the
order of activity execution and thereby prohibiting parallelism through subroutining

[Gen81]. Subroutining occurs in a blocking environment in which one task sends
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a request message to a second task and is blocked until the request is completely
finished. The same execution effect would occur if the sending task had simply called
a subroutine to perform the required request ¢perations. In such cases, the programs
execute correctly but unnecessarily inefficiently. This type of design error tends to
occur when different activities are sequentially dependent on one another but the
application has been partitioned in such a way as to allow them to run in parallel.
The added concurrency in this case provides no performance advantage. Instead, it
often tends to degrade overall performance by unnecessarily increasing the number
of tasks in the system. Similar performance errors can be found in the design of
nonblocking systems as evidenced by long pending message queues full of unserviced
requests. To better distribute control over resources and to prevent such errors, the

client-server model is extensively used.

3.3.2.1 The Client-Server Paradigm

A systematic approach to the partitioning of an application involves designating tasks
to perform a particular service or to oversee the usage of a particular resource. This
serves to control access to resources by encapsulating them within individual tasks.
Thus individual application tasks become associated with particular services or re-
sources. This allows all of the work to be done by the application to be specified
explicitly in terms of the messages that are passed between the tasks. This leads to
a server-oriented [Gen81)] design viewpoint.

The application software thus becomes data driven at the task level with activities
being performed based on the messages being passed in the system. Mutual exclusion
of shared resources or data follows directly from the server task having only a single
thread of control. Synchronization follows from the server having complete control
over the time at which it chooses to service a particular request. Concurrency is
introduced by using nonblocking primitives and allowing the server to examine more
than one work request at a time.

In this client-server model, client tasks can perform operations on resources or

access shared data by sending messages to the server requesting it to do the operation
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Figure 3.9: Client-Server Interactions

on their behalf. This approach is shown in figure 3.9 using Buhr's task notation
{Buh84]. The client’s message contains information about the details of the request
such as the requested operation and perhaps a deadline by which the request should
be completed (or its relative urgency) if it is known. For an often used critical service,
it may be necessary to provide a number of duplicate server tasks. If this is the case,
a mailing system in which request messages are sent to a single intermediate buffer or
mailbox from which they can be accessed by the first available server task may prove
useful as shown in figure 3.10.

In these terms, the entire application can be viewed as a series of servers and
clients requesting operations from each other to provide the required responses. Al-
though it is fairly straightforward, the basic client-server partitioning model does have
its limitations. If a blocking message passing scheme is used, concurrency is limited
as the requestor is blocked until the request (or critical portion thereof) has been
serviced. This limitation can at times leave high priority requests waiting for previ-
ously sent lower priority requests to be serviced. In a real-time system, this situation
is unacceptable. The situation can partially be remedied by assigning priorities to

queued request messagss hut this still does not allow a high priority request to start
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while a lower priority one is in the process of being serviced. Thus the main problem
with the model is that it handles requests only in the order that they arrive and that
it can handle only one request at a time.

In hopes of remedying this situation, Gentleman has introduced a variation of the
client-server model known as the administrator which oversees a number of worker
tasks (as shown in figure 3.11). The worker tasks are used to increase concurrency
by handling multiple :equests to the administrator in parallel. Even in a blocking
message environment, the administrator task is designed so that it is never blocked.
Rather it is the worker tasks that are blocked waiting for work assignments. This
guarantees that requests will be serviced as soon as they arrive provided that enough
worker tasks are available. If all of the worker tasks are busy, the administrator must
again queue further work requests until a worker task is available. Mutual exclusion is
guaranteed because the administrator does not release workers unless their activities
are disjoint.

In deciding on the best way to partition an application, a tradeoff may have to
be made between the client-server and administrator models. Since an administrator
hides its workers, it also hides the number of instances of each kind of worker. In

some situations, there could be a very lerge number of worker tasks, most of which
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would be blocked most of the time waiting for something to do. So while the admin-
istrator increases system concurrency, it also creates large numbers of tasks which
gerve to increase system overhead in terms of space limitations and queue and task
management.

A design prototyping tool is extremely useful in determining when a single server
type task is not good enough to achieve required performance. In this case, it could
ascertain how many duplicate servers are required to adequately service the needs of
the application or when the administrator concept should be used to clear a system
bottleneck. If the administrator is deemed to be necessary, the tool can assist in
determining the optimal number of worker tasks that should be used to maintain
adequate parallelism and concurrency for the expected load conditions. In addition,
the design tool can be used to catch such performance bugs such as subroutining

which can arise in the application partitioning process.

3.4 Event Handling and Response Scheduling

The final aspect of the design phase in which a design prototyping tool is essential is
in the making of decisions regarding the type of task scheduling and event handling

that is best suited for a particular application. In making this type of decision, several
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factors must be considered. This section introduces some of these factors but they
are treated more in depth in the context of applying design tools to their resolution
in the following chapters.

An embedded system must deal with different types of environmental events.
Some may be periodic and some may be sporadic. Each such event triggers a series of
actions which are typically implemented within a set of application tasks, The actions
of these taske ultimately lead to a response to the environment. The environmental
events may occur asynchronously and the internal actions triggered by these events
will generally vary depending on the current state of the system. For this reason,
it is necessary to implement some form of task scheduling scheme that can properly

sequence the internal actions based on immediate system requirements. -

3.4.1 Initial Event Handling

The first phase of initiating a response to an environmental event is the handling of
the event itself. Typically, real-time systems are characterized by a wide range of
1/0 devices used to convey information between the environment and the controller.
Because of this large variety, it is usually the application tasks that are responsible
for servicing a particular device. The interactions between these devices and the
controller are usually implemented by way of processor interrupts and in general, it is
impossible to schedule a servicing task to run immediately when its device interrupt
occurs. There is a time overhead associated with performing a context switch which
may result in the loss of data associated with the interrupt. In addition, the scheduling
algorithm may not see fit to preempt the currently executing task in favor of the
service task. For this reason, event occurrences are always recorded first by interrupt
handlers, whose primary responsibility is to ensure that data is not lost.

To achieve device independence, these handlers are implemented in the applica-
tion software and buffers are provided between the tasks and the interrupt handlers
for temporary event data storage. If the interrupt calls for further servicing by an
application task, the handler signals the scheduler of the event occurrence. At this

point a scheduling decision may be made regarding when the application task that is

73



principally responsible for initiating the response should be run. Thus the interrupt
handlers may preempt a task but the preemption is transparent to the task as the

handler execution times are short and they do not modify any relevant data.

3.4.2 Difficulties in Real-time Scheduling

Each application task can be characterized by the processor time it requires to com-
plete its operations and also by the hardware and software resources that it requires.
The amount of time required by a task for completion is a very difficult quantity to
accurately predict. Each task may provide one of a number of different actions each of
which may take a different amount of time. In addition, each of these actions can have
timing variations in the form of communication delays, DMA cycle stealing, operating
system overhead, bus contention, and the time required for actuators, motors, and
other physical devices to work must all be considered where applicable in determining
the exact timing requirements. Since this is not feasible in 2 dynamic environment, an
estimate of the worst case task time is one measure used to characterize the task. The
hardware requirements of the task refer to the specialized (possibly shared) resources
that it may require in the course of its execution. Similarly, its software requirements
refer to the task’s need for data or services provided by other tasks in the system.
The scheduler therefore must be able to deal with many nondeterministic factors
including task execution time and the possibility of the occurrences of more critical
events requiring high priority servicing. If there are significant differences in the ur-
gencies of different responses or if the response deadlines have a very limited degree of
laxity, real-time scheduling schemes must implement some type of resource and pro-
cessor preemption so that high priority tasks are not kept waiting for lower priority
tasks that are currently executing. These preemption schemes must be implemented
in 2 manner that not only considers the immediate requirement of servicing the high
priority task but also the longer term impacts of the required preemption. For exam-
ple, in the case of an I/O channel, if a low priority task is preempted during the late
stages of data transmission, the entire message will have to be retransmitted at some

later time. This incurs additional overhead in the retransmission of the already sent
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bytes. In the case of this resource preemption, in the overall performance picture it
may be desirable to let the current lower priority user complete its operation rather
than immediately preempting the resource in favor of the high priority user.

The overall efficiency of the system is determined to a large extent by the way in
which priorities are assigned to the tasks in the system. In many cases, priorities are
assigned based on the perceived importance of a particular function. In fact, many
additional factors must be weighed in assessing task priorities. A service task that
petforms some background operation may not be considered to be very important but
it may warrant 2 high priority if it is used by many client tasks and could therefore
cause & potential bottleneck. Similarly one must be careful in assigning a high priority
to a relatively important operation that takes a very long time to complete. In a static

priority system, this long term task may starve smaller slightly lower priority tasks.

3.4.3 Static and Dynamic Scheduling

The perceived importance of a particular operation may not be constant in time.
The priority may have to be adjusted dynamically to account for changing system
conditions. This complicating factor has given rise to a variety of dynamic scheduling
algorithms which are used to accommodate changing conditions by changing the order
in which tasks are scheduled to run. In contrast, static scheduling schemes simply
base all execution schedules on task priorities that are constant throughout the life
of the system.

Because of the typically large number of tasks involved in an application (large
combinations of which may be active at a given time) and the continually changing
demands on the system, it is generally impossible to determine static priorities for
each task that guarantee the required system responsiveness. This is the rationale
behind using dynamic scheduling. However, while dynamic scheduling may provide
better adaptations to changing system conditions, it does come with a time overhead.
Because static scheduling simply arranges tasks ready for execution in order of their
priorities, there is very little computation time involved in scheduling. Dynamic

scheduling however may have to compute things such as least slack time, which task
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will complete the fastest, etc. depending on the dynamic scheduling algorithm to be
used.

The scheduling policy of the SPRING kernel [SR87] even takes task resource
requirements into account and attempts to avoid conflicts by identifying tasks which
contend for exclusive use of a given resource and scheduling them for different times.
While this type of scheduling saves time by reducing the number of context switches
and by reducing the amount of idle processor time, the extra computations take
processor time away from the application tasks. If there are a very large number of
tasks in the system, the added overhead may become significant, depending on the
computational complexity of the algorithm.

The added overhead may be acceptable if the operating system has been par-
titioned in such a way that the dynamic scheduling algorithm is run on dedicated
operating system processors. This a.pproachrhas been required in the SPRING kernel
in which the scheduling functions have been separated from the application. In this
system, each application processor is paired with a system processor in which a local
scheduler continuously updates the execution schedule for its application node. In
addition, there is also a global scheduler which can schedule tasks to be run on any of
the local nodes. A task that can not be adequately scheduled by a local scheduler is
passed to the global scheduler in the hopes that it can find another node in the system
to run the task. For this type of scheme to be feasible, the system configuration must
be such that tasks are duplicated across processors.

This brief introduction to response scheduling in a real-time environment serves
to illustrate the complexities that must be faced in this part of the design phase,
Analytical modelling of the scheduling problem does serve to provide some insight
into which approach should be implemented but an approach more customized to
a particular application is what is really needed. The concrete design aspects of
scheduling involve assigning actual priorities to particular tasks; determining the
effectiveness of particular static and dynamic scheduling schemes for the application
at hand; determining if static scheduling is sufficient for all expected load conditions

or the whether the added overhead of dynamic scheduling will be worthwhile. These
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types of decisions can only be made after the behavior of the application in question
is observed and analyzed under each of the proposed schemes using an appropriate
design phase prototyping tool. While current scheduling schemes consider only the

scheduling of individual tasks, what is really needed is a scheduling policy based on

complete responses.

This chapter has served to describe the nature of real-time multitasking systems by
emphasizing the close ties between hardware configuration, intertask communication
schemes, system partitioning, and scheduling. It has also defined some of the problems
inherent in the detailed design of these systems. The next chapter outlines the specific
* design phase decisions that must be made in each of the areas of the multitasking
platform in order to come up with a working design. In addition, it specifies the type
of statistical factors that must be considered in making these decisions. These are

the first steps in defining a systematic design methodology.
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Chapter 4
System Design Aspects

The following three chapters combine to provide a methodology that allows design-
ers to systematically analyze a proposed system specification and make design level
decisions based on the analysis. At this stage, il is presumed that the funclional
requirements specification phase has been completed and the design phase of the
development cycle is about to be entered.

This chapter begins the process by summarizing the various design decisions that
need to be made at this stage and then discussing the types of data and statistics
required to make these decisions. This is followed in the next chapter by the intro-
duction of the Multitasking Design Assist (MDA) simulator that is intsrumental in
modelling the effects of these design decisions by gathering the data and statistics

described here.

4.1 Design Phase Decisions

At this stage, it should be quite clear that there are many ways in which to take a
functional specification and transform it into a viable design. The choices a designer
makes in realizing such a design are strongly influenced by what he or she perceives
to be its ultimate goals. These goals or objectives do not necessarily refer to the
system meeting its functional requirements, but more to the way in which it meets

these requirements. For example, two systems may be designed in such a way that
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they both meet their functional objectives but one may be deemed better than the

other because it is more reliable, more easily modifiable, uses fewer processors, etc.
Many of these goals and objectives are common to different types of real-time

systems as they all share a need for responsiveness and reliability. To this end, the

goals of the design phase of the development cycle can be summarized as follows:

1. Attempt to ensure system responsiveness in that responses are delivered at

appropriate or acceptable times (meet all timing constraints),

9. Reduce the amount of information that must be passed between the processors

in a multiple processor system,

3. Reduce or eliminate bottlenecks by identifying them and'providing duplicate

resources for their resolution,

4. Reduce the amount of time that application tasks spend in the ready to run

state for lack of a processing resource,

5. Maximize processor utilization by the application software by reducing the

amount of operating system overhead,

8. Provide some degree of reliabilty in the face of processor failure by being able

to predetermine and perhaps compensate for the effects of such failures.

The degree to which these goals are achievad depends heavily on the decisions
made regarding software partitioning, choice of hardware system, choice of IPC
schemes, and choice of scheduling schemes. It should be noted that these four areas
are extremely interdependent and that the choices made in any one of these areas will
have significant effects on the others. As such, these choices must be based not on
instinct or feeling, but on the careful analysis of specific system characteristics and
on how these characteristics are affected by a particular decision. The decisions to be
made at the design stage are summarized in figure 4.1 and detailed in the following

gections.
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4.1.1 Impact of Application Software Partitioning

As indicated in the previous chapter, software partitioning involves partitioning the
application into tasks and distributing system software among processors. This latter
aspect has been discussed in the previous chapter and this section focuses on appli-
cation software partitioning. The initial partitioning of application software is the
most fundamentel of the four classes of design decisions as it has a direct impact on
the other three. Software partitioning refers to grouping low level application activ-
ities into tasks., Improper system partitioning results in many types of performance

degradations. These are described in the following list.

1. One of the first decisions to be made deals with task granularity. Having tasks
with too fine a granularity (few activities and/or very small activities) serves
to increase the potential concurrency in the system but it also leads to a large
number of tasks. The greater the number of tasks, the greater is the operating
system overhead incurred in their management. This overhead takes the form
of memory consumption and time usage. Every task instance requires a fixed
amount of memory for its task control block as well as for its IPC structures.
In addition, if there are a large number of tasks in the system and each task is
responsible for only a few activities, it follows that a large number of context
switches will be required to do the complete job. This may be an acceptable
price to pay for the added concurrency if the chosen processor has special mech-

anisms to reduce the time involved in a context switch.

2. Having many fine granularity tasks does not in itself guarantee a high level of
concurrency. If the system is partitioned without paying proper attention to
the precedence relationships between activities, a situation may arise in which
in addition to the large overhead due to too many tasks, concurrency is also
restricted because activities that are sequentially related to each other have
been grouped into separate concurrent tasks. This kind of partitioning leads to

subroutining.
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3. Failure to group activities according to their data dependencies will also have a
detrimental effect on system performance. In this case, if activities that need to
exchange large amounts of data are grouped into separate tasks, syatem over-
head is increased as & result of the operating system having to handle larger
volumes of intertask data. If the activities are grouped into tasks on differ-
ent processors, the problem is compounded due to the increased usage of the

transmission medium or the increased shared memory contention.

4. Failure to group activities that share the same data or resources into separate
tasks has the effect of increasing the possibility of collision over the data or

resource and thereby resulting in a reduction of overall system concurrency.

5. If the tasks have too coarse a granularity (contain many activities and/or large
activities), the number of tasks in the system is reduced but the exploitation
of possible concurrencies may also be reduced. This concentration of function
may result in bottlenecks. In this situation, a particular task may be unable to
respond to service requests or external events at a fast enough rate due to the
large number of sequential activities that it must perform. This leaves other
tasks waiting for the completion of the bottleneck task. This situation also

arises if there is a large mismatch in the execution times of interacting tasks.

6. In addition to task granularitiy and data dependencies between activities, task
functionality must be considered in the partitioning process. If one type of
functionality is encapsulated into a single task, the system becomes vulnerable
to failure. This is particularly true in the case of service tasks which may be

required to support several different parts of the system.

These undesirable situations can be avoided by careful consideration of the char-
acteristics of the atomic activities and by determining how they interact with each
other. Once the activities have been initially grouped into tasks, the tasks must be

ported to a chosen hardware platform.
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4.1.2 Impact of Hardware Platform

The hardware platform includes the number and choice of processors used to imple-
ment the system as well as the scheme used to interlink the processors. A discussion
on the choice of microprocessors used to implement a particular system is beyond
the scope of this thesis as this type of decision is part of the implementation phase
and is more of a consequence of the design phase decisions. Occassional reference
is made only to general processor features such as processor capabilities (speed, the
availability of register windowing or special instructions for fast context switches,
etc.) which may influence some of the decisions made in the design process. Instead,

this discussion focuses on the two remaining components of the hardware platform.

4.1.2.1 Number of Processors

Choosing the correct number of processors for an application is influenced by a number
of factors. Many of the arguments relating to increasing concurrency through large
numbers of fine granularity tasks can also be applied to increasing concurrency by
adding additional processors. Depending on the nature of the task interactions, it is
true that adding additional processors can increase system throughput. However, this
must be balanced against the additional overheads incurred with greater numbers of
processors. Let us treat each of these aspects individually.

In any multitasking system, it is necessary to have some interactions between
the individual tasks. These interactions can be in the form of precedence relations
between the tasks, communication through messages, access of common data, or the
sharing of common hardware resources. Because there are these interdependencies
between tasks and because there may be very large numbers of tasks in a system, it is
necessary to perform some type of task to processor allocation (assuming there is no
dynamic tasking). If this allocation is done properly, it also determines the number
of processors required.

There are two main considerations in assigning tasks to processors: alleviation of
contention, and reliability. Contention occurs when one or more tasks are prevented

from running because the contended item is in use by another task. Contention comes
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Interdependent Interdependent
Task Group * 1 Task Group *2

Figure 4.2: Interdependent Task Allocation

in many forms including contention for processor time, other hardware resources,
data, and service task resources.

Contention for processor time manifests itself in the form of long ready to run
queues in which several tasks are logically able to proceed but they must wait for the
processor to become free. Improper task to processor allocation can create situations
in which some processors have a large number of tasks that are ready to run while
other processors are idling because all of their tasks are blocked waiting for something
other than the processor. This is a case of improper load balancing which can be
avoided by assigning interdependent tasks to the same processor as shown in figure 4.2.
In this case typically only a single task in the dependency set is able to run while the
other tasks in the set are waiting not for the processor, but for the currently executing
task.

In many cases, it may be difficult to alleviate contention for hardware resources
other than the processor (buses, memory, and 1/O devices) through different task al-
location schemes. Such resources are typically associated with one or more processors
in the system. Some of these resources are accessible only with specific processors in
the system or are less time consuming to access from these processors. As such, all
iasks that need to use these resources must be resident on the processor associated
with the resource. If all these tasks are concentrated in this manner, a large amount
of contention is inevitable. The only way in which to reduce this type of contention

is to duplicate the resource across several processors.
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In order to reduce the amount of contention for shared memory or for the inter-
processor communication medium, tasks that use the same data should be resident
on the same processor. Finally, a similar situation occurs in the case of service or
server tasks. If these tasks do not have specific hardware requirements, it is necessary
to allocate them to the san.c processor on which the majority of their client requests
originate. This not only serves to reduce the time required to service the request, it
also decreases the volume of interprocessor traffic.

After an initial task to processor allocation has been done, an assessment can
be made regarding the number and types of processors needed to provide adequate
system responsiveness. In some cases, even after appropriate load balancing has
been done, several processors may still consistently have large numbers of ready to
run tasks. This is the main situation that warrants the introduction of additional
processors into the system. As additional processors are introduced, the task to
processor allocation procedure must be repeated to ensure proper usage of the new
resources. This cycle of processor additions and task to processor allocation continues
until adequate event response times are achieved.

The other main reason for adding processors to a system is the need for reliability.
Ideally, the system is designed so that a single processor failure has only a localized
effect on system performance. Various schemes can be employed to reach this goal
but most of these rely on some type of duplication of functionality. This duplication
applies to both software and hardware and can be configured either in a standby mode,
2 load sharing mode, or some some variation of these modes. In the standby mode,
duplicate processors contain the same tasks and the additional nodes are inactive
as long the primary processor is functioning properly. In load sharing, tasks are
duplicated on different processors and both the primary and the backup node are
active but in case of failure, the remaining node is capable of handling the workload
of both nodes. In any of these cases, the main concern of the designer is to be able to
identify the consequences of a processor failure. Once the vulnerable functionalities
are identified, measures such as adding backup processors can be taken.

If the determination of the number of processors required for a particular system
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is not arrived at systematically, it is probable that extra processors will be needed
to compensate for the improper usage of the existing processors. However, just like
additional tasks, the inclusion of additional processors comes at a cost and must be
done only when necessary. As the number of processors in the system increases, OS
functions such as system-wide scheduling or arbitration of shared data and resources
become more time consuming. Also as more processors are added, there is an increase
in contention for shared memory or for the interconnection medium between them.
The degree of this degradation depends on the amount of interdependence between
the software tasks running on each processor and on the algorithmic complexities
of the corresponding software functions. At some point, the added concurrency of

the additional processors is nullified by the resulting slowdown due to the added

contention.

4.1.2.2 Processor Interlink Scheme

Once the number of processors required for a particular application has been deter-
mined, the other major hardware decision lies in selecting an appropriate way to link
the individual nodes. The two extremes of this decision are to have a single global
memory shared by all processors or to have no shared memory but rather to connect
all the nodes through some communications system.

The first step in this procedure must be to identify which of the processors in
the system are required to communicate with which other processors. Once this has
been established, several factors must be considered and weighed against each other
in arriving at o final scheme. The communication pattern might be such that several
clusters of nodes can be identified in which there is a high level of communication
activity within the clusters but much less between them. Or it may be that the
level of activity is constant between all nodes in the system. The first situation might
suggest using a heterogeneous linking scheme in which communication within a cluster
is carried out using shared memory while intercluster communication is done through
a communications system, or vice versa depending on the amounts of data that need

to be exchanged. In contrast, the second situation might suggest a homogeneous
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approach in which all communication is done via a global shared memory or via a
fully interconnected communications system.

In fact it is impossible to predict what is the best method by this type of super-
ficial analysis. The only way to gain reasonable certainty that a chosen method is
appropriate for a particular application is to model it and observe its effects on the
system. The consequences of the chosen interlink scheme must be considered in light
of the effects they will have on the overall responsiveness of the system. If memory
is shared between too many nodes, the delays incurred due to bus contention may
be substantial. In addition, if writes to the shared memory have to be echoed to
the individual processors’ private data areas, overhead is again increased. A partial
solution to these problems may be to divide the shared memory into several local
memories. The processor that makes the most frequent accesses to a local memory
will access it directly, relegating the other processors to access through some kind
of arbitrated access such as cycle stealing. The success of such compromises can be
measured by modelling the changes in the system and analyzing their results.

An analogous situation arises in the case of the communications system. Rather
than incurring the costs of a fully interconnected system with links between all pro-
cessors, the model should be analyzed to determine where traffic volumes justify a
communications link. However, it is not only the nature of the interprocessor inter-
actions that must be considered in deciding upon an appropriate interlink scheme.

The operating system aspects of the IPC primitives must also be considered.

4.1.3 Impact of Intertask Communications

In many cases the choice of IPC and other operating system primitives is not up to the
system designer. Very often, the new design is simply an add-on of new features to a
larger existing system. In such cases, relatively few decisions have to be made about
IPC mechanisms. However, in some cases the large project may be just beginning or
a small standelone system may need to be designed from the start. In these cases,
an examination of possible IPC schemes is warranted.

This examination consists of three main aspects: the identification of the needs
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for the various IPC primitives, the costs of using these primitives, and the influence

these primitives have on the structure of the application software.

4,1.3.1 Types of IPC Primitives

There are essentially two types of communications in a multiple processor system:
those involving tasks on the same processor and those involving tasks on separate
processors. To maintain consistency, it is desirable to have a uniform interface for
either type of communication. For this reason, the primitives are chosen to reflect
the nature of the underlying interlinking scheme between processors.

If this scheme implements a loosely coupled system, then the choice of primitives
is lin:ited to some variation of the send and receive message operations. Additional
flexibility is possible if the interlinking mechanism is 2 shared memory. In shared
memory systems, two tasks communicate through the use of global data. Because
the global data accesses are asynchronous, the IPC primitives in these systems serve
mainly to arbitrate and avoid conflicts over the shared resource. An additional mes-
sage layer can also be superimposed on top of the data arbitration constructs. This
additional layer serves only to provide a more natural syntactic IPC interface to the
application tasks. IPC involving tasks on the same processor is very similar to inter-
processor communication using a shared memory. In essence, the private processor
memory is shared between the various tasks in that processor.

Thus it follows that messaging constructs such as send and receive may be imple-
mented either on shared memory systems or on loosely coupled systems. In contrast,
shared memory constructs such as semaphores are easily implemented only on shared
memory systems or within the individual processors of loosely coupled systems. Hence
the choice of which class of IPC operations the system should support hinges to a
great extent on the choice of processor interlinking scheme. Because of their general
application, the remainder of this discussion will focus on messaging IPC constructs.

The major decision in terms of the send and receive primitives involves the se-
lection of a blocking or nonblocking protocol. A nonblocking protocol may help in

increasing the amount of concurrency possible in the system but it may also incur
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problems in flow control with one task flooding another with service request mes-
sages. As well, it also imposes the need for message queue management. A blocking
protocol on the other hand automatically takes care of the flow control problem. The
final decision as to which protocol best meets the needs of the system can be made
by prototyping each of the alternatives and examining what differing effect (if any)
each has on the system.

Apart from the send and receive functions, specific applications may have require-
ments for specific primitives. An abort type primitive serves to eliminate messages
that have been sent but not yet received. This primitive could be useful in nonblock-
ing systems in which unserviced request messages that have missed their deadlines
could be removed from the system by the requesting task. In dynamic tasking sys-
tems, other primitives such as create and desiroy may need to be considered. The
decision on whether to include such primitives must be made after the performance

benefits gained by its inclusion have been analyzed.

4.1.3.2 IPC Costs

If the operating system is to be designed along with the application, the costs asso-
cinted with various IPC mechanisms must be considered. IPC costs include things
such as: the number of copy operations associated with a send/receive primitive, the
amount of memory and time overhead needed for maintaining message queues, the
costs nssociated with saving and restoring contexts during context switches, and the
number of addressing identifiers that will be needed for the system.

While these costs of time and memory space may seem to be inconsequential, their
cumulative effect when measured over many repeated invocations, may be significant.

Again, prototyping represents a viable method by which to quantify such overheads.

4.1.3.3 IPC Effects on Application Software

The choice of messaging primitives included in the system has a direct effect on several
parameters in the realm of the application software. These effects deal mainly with

the required complexity of the application software and with message buffer sizes
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and fiow control in the asynchronous environment. If the OS provides only “bare-
bones” support for IPC, functions such as queue management may be shifted to the
application software. In any case, if nonblocking messaging is used, consideration
must be paid to allocating the proper amount of buffer space so that all anticipated
rates of message transmission can be handled.

This point is especially important in the case of interprocessor messages. For
these messages, each processor’s kernel must buffer them as they are in the process
of being received. In order to prevent all buffers from being in use while messages are
in the process of being received from several sources, the kernel must be allocated an
adequate number of buffers.

In a similar vein, intertask messages that have been sent but not yet received
must be buffered. The choice of an appropriate buffer size for each task is especially
important in systems that do not support dynamic memory allocation. In such static
systems, overestimating the buffer requirements results in wasted memory while un-
derestimates result in the loss or delay of message iransmission.

If the application software is based on the client-server model, one of the objectives
of intertask communication is to allow client tasks to delegate work to server tasks.
Since server tasks typically handle requests from many client tasks, their maximum
queue sizes must be chosen to be able to accommodate peak request instances. In
these cases, the sizes of the server message queues can also be an indication as to
the number of server tasks required to keep the request backlogs at acceptable levels.
Decisions must also be made on the number of required servers and on how to allocate
the requests among the available server tasks.

Since the client-server model allows different tasks to make use of common servers,
the situation may arise in which the requests of urgent tasks are delayed because of
an influx of requests from less urgent tasks. This situation can be alleviated by
providing the server task(s) with multiple message queues or by associating priorities
with messages. System prototypes can indicate whether a single mailbox messaging
approach provides better responsiveness than associating a message queue with each

server task. The decision on whether these types of modifications to the messaging
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system are warranted can again be made by examining system behavior through

prototypes.

4.1.4 Impact of Scheduling

The attributes of the scheduling scheme chosen for a particular system have a major
impact on the eflectiveness of the controller in providing timely responses to external
events. The decisions that need to be made concerning scheduling can be grouped
into four main categories: whether to use dynamic or static scheduling, how to assign
task priorities, whether to use preemptive or nonpreemptive scheduling, and whether

to use localized or global scheduling.

4.1.4.1 Static or Dynamic Scheduling

The major driving force behind the use of static scheduling in real-time systems is
that it has a very low overhead. In making the decision between static and dynamic
scheduling, one must consider the situations under which dynamic scheduling may
improve responsivenes. If the system is liable to undergo wide fluctuations in load
conditions then the added cost of dynamic scheduling may be compensated by its
performance benefits. Also, dynamic scheduling should not be considered as a single
type of scheduling. There are many dynamic scheduling algorithms and each has its
own complexity and its own optimal working parameters. The algorithm that works
best for a particular application under its range of load conditions and processor
configuration can be determined by observing its effects on a system prototype.

The costs associated with dynamic scheduling may be overcome somewhat by
transferring the scheduling functions to one or more dedicated system processors.
In this way, processing capacity is not taken away from the application tasks by
the scheduling algorithm. However, this will increase the amount of interprocessor

communications traffic in the system,
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4.1.4.2 Assigning Task Priorities

The assignment of priorities is most crucial in static scheduling as there are no al-
gorithms to dynamically compensate for poor judgement in initial prioritization. In
static scheduling, there must be some way to quantify the urgency or importance of
a particular task in relation to other tasks. As a result, decisions must be made on
how to distribute priorities among the tasks.

Task priorities must be assigned by examining factors such as the number of
responses with which a particular task is involved, the urgencies of these responses,
whether the task is mainly a client task or a server task, and the consequences of
assigning a low or high priority to the task. If a task it a server task or if it is a part
of many responses, it likely warrants a high priority to prevent bottleneck situations.
The consequences of such a bottleneck may be the introduction of significant delays
in many responses.

In addition, the role of a particular response must be considered when assigning
priorities. For example in a telephone switching system, call processing functionality
can not be sacrificed in favor of routine diagnostic or maintenance actions and so the
tasks involved in call processing are assigned a higher priority. Unfortunately, this
type of analysis is based purely on subjective measures and as such, this part of the
priority decision can not be aided by statistical analysis.

Nevertheless, apart from functional considerations, the effects of various task pri-
ority assignments can be observed through prototypes and modifications can be made

until satisfactory performance is achieved.

4.1.4.3 Preemptive or Nonpreemptive Scheduling

The decision on whether or not to use preemptive scheduling depends to a large
degreee on the nature of the application tasks themselves. Specifically, it depends
on the granularity of the tasks and on the time contraints of the responses. If the
tasks are of relatively fine granularity, it is likely that their processor requirements
will come in the form of short bursts. In such cases, a preemptive scheduling scheme

will have little added benefit as the time saved by the preeemption will be fairly small
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and will likely be nullified by the time required for the extra context swilch, Further,
if the time constraints on the individual event responses are not rigid, there may not
be any justification for preemptive scheduling.

If the application tasks are of coarse granularity and have relatively large pro-
cessing requirements between system calls, then a preemptive approach may be a
necessity. This preemptive approach may involve either switching tasks whenever a
higher priority one becomes ready or using time slicing to switch between tasks at
predefined intervals. If time slicing is used, a decision must be made regarding the
amount of time to allot to each slice. If conditions justify preemption, the overhead
of the extra context switch may be insignificant in comparison with the amount of
time that would have been required in allowing the current task to complete. The
problem is compounded if one or more responses have rigid deadlines by which they
must be completed. The tasks comprising these responses may not be able to afford

the delay in allowing the current task to complete.

4.1.4.4 Localized or Global Scheduling

The final major decision with respect to scheduling involves the level of distribution
of the scheduling functions. Localized scheduling refers to the situation in which
a scheduler is associated with each processor and schedules the tasks only on that
processor. In global scheduling, a single scheduler decides which task will be run next
on every processor in the system.

In making this design decision, load balancing, task duplication, communications
overhead, algorithmic complexity, and reliability must all be considered. The mein
motivation behind having a global scheduler is that such a scheduler, being aware of
the state of all tasks in the system, could increase the responsiveness of the system.
The major contributor to this enhanced responsiveness would be a more even load
balance across all processors. To achieve this load balance however, would require
the duplication of tasks across processors. This duplication increases the memory
requirements of the system.

The additional memory requirement is only one of the overheads of centralizing
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scheduling functionality. Because tasks are duplicated across various processors, the
amount of interprocessor communication increases along with the need to keep data
current across all task instances. In addition, the concentration of scheduling in it-
self increases interprocessor traffic as the scheduling commands must be conveyed to
each node from & central source. Another overhead may arise from the nature of the
scheduling algorithm itself. A scheduling algorithm with an exponential computa-
tional complexity may be acceptable for the small number of tasks associaled with a
particular node but may become completely unsuitable for managing a large number
of system-wide tasks. As such, the benefits gained from better load balancing are
surpassed by the processing overhead of the scheduler.

The final factor that must be weighed when deciding upon global scheduling is
system reliability. Concentration of system-wide scheduling functionality can lead to
complete system failure if the scheduling node is afflicted. In the case of localized
scheduling, the damage can be limited only to the afflicted processor by proper task
to processor allocation. Thus the benefits of dynamic load balancing on a partic-
ular system must be weighed against the possible problems brought on by global
scheduling.

It is quite likely that the effectiveness of each of the four major scheduling decisions
is different under different situations such as low and high event arrival rates or small
and large numbers of tasks. As with all of the described design phase decisions, the
correct choices must be determined by observing and statistically analyzing which
combinations allow the required responses to be completed by the time they are
needed. In order for the observations to be valid, they must be made under all

expected running conditions.
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4.2 Statistics and Data Interpretation

Many of the design decisions described in the previous section are highly dependent
on one another and often times there are conflicting results obtained due to the effects
of different decisions. For example, in assigning tasks to processors, task grouping
according to functionality tends to reduce interprocessor communications but it also
tends to make the system more vulnerable to single processor failure. The merits and
drawbacks of each decision must be weighed against each other to arrive at a proper
solution. Because the consequences of each decision are usually not obvious and often
affect several system factors, it is necessary to devise a yardstick or measure of their
“goodness”.

The best way to quantify the effects of these design decisions is to identify a
number of measureable factors that can be used as statistical indicators. The values
that these indicators take on as the result of a particular design decision serve to
provide feedback on whether or not the decision leads to a desirable outcome. By
examining the design phase decisions and analyzing the common requirements of all
real-time systems, a number of indicators that are instrumental in the design phase
can be identified.

The significance of each of these factors however varies depending on the charac-
teristics of the intended implementation. The statistics gathered from these factors
must be applied after considering particular system characteristics. For example, in
processors with register windowing, large number of context switches may be perfectly
acceptable due to the reduced switching time provided by the windowing. Similarly,
in shared memory systems, decisions that lessen the amount of interprocessor com-
munication may be favored in spite of the consequences of concentrating functionality
on a single processor. Different applications and configurations have different factors
that they wish to optimize. As such, the purpose of gathering statistics on each of the
indicators is not to say that one measure iz better than another or that one criteria
should be maximized while another is reduced. Instead, the purpose is to present
data that can be analyzed in a manner to suit the individual needs of any application

and its future implementation.
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The following sections describe the statistical indicators that must be considered
in making decisions relating to each of the four major design phase areas. It becomes
evident that a single indicator may be the basis for decisions relating o two or more
of these areas. As such, the discussion focuses on the relevance of each factor to a
particular area. Figure 4.3 correlates the various statistical factors with the decisions

that they influence.

4.2.1 Software Partitioning Factors

In order to analyze the characteristics of different activities and to determine the

effects of various activity to task groupings, it is necessary to collect data on a variety

of indicators. These are described in the following list.

1. Data and Precedence Relationships. These types of relationships between ac-
tivities help to define the maximum amount of concurrency possible in the
application. It involves identifying the activities that need to complete before

a particular activity can be started.

9. Percentage of Possible Parallelism Used. This measure is calculated by deter-
mining how many activities were actually started as soon as their precedence
and data constraints allowed, as a percentage of the total number that could
have been started. It is used to determine the effectiveness of the activily to
task grouping. In practice, this is a very difficult (if not impossible) indicator

to measure,

3. Message Queue Attributes. This indicator has several uses in determini.7 the
effectiveness of activity to task grouping. Large message queues can indicate
that too much functionality has been concentrated in one lask, thereby making
it a bottleneck. It may also show the need for multiple instances of server tasks.
If many or all tasks in the system develop large message queues, it may indicate
poor grouping in terms of data dependencies. The activities that need data

from each other have not been grouped into the same tasks.
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System Data
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Figure 4.3: Statistical Factors
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4. Activity Ezecution Time. This data can be used in the activity to task grouping
to ensure that no one task becomes a bottleneck by avoiding the situation in
which one task is assigned many time consuming activities. This is especially

important in the case of nonpreemptive scheduling,.

5. Number of Contezt Switches. This is an excellent indicator of the overhead

incurred by having large numbers of fine granularity tasks.

6. Average Number of Ready to Run Tasks. This indicator shows the effectivenes
of having a large number of fine granularity tasks. If the number of ready tasks
is consistently large, then thereis a possibility for a great deal of concurrency
but this concurrency can not be exploited due to the large number of relatively
independent tasks competing for the same processor. If all tasks must be resi-
dent on the processor in question, the amount of system queueing and context
switching overhead can be reduced by combining some activities into larger

tasks with little loss in actual concurrency.

7. Percentage CPU Usage by OS. As the number of fine granularity tasks grows,
this indicator can be used to monitor the corresponding increase in OS overhead

in terms of scheduling and queue managemeut.

8. Response Completion Data. This set of indicators include data on the number
and types of responses completed along with the times at which they completed.
These factors provide feedback on the effectiveness of the decisions made re-
garding software partitioning. Decisions that increase overhead without having

positive effects on this indicator must be avoided.

4.2.2 Hardware Platform Factors

The decisions regarding the proper task to processor allocation, number of proces-
sors, and the interlink scheme used to connect the individual nodes are slightly more

involved than the software partitioning decisions. As such, a larger number of factors
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must be considered in making this set of decisions. Again, task to processor allocation

and determination of the number of required processors will be considered together:

1. Task Data and Resource Requirements. Once these factors have been identified,
the tasks that use the same data and resources can be allocated to the same
processor. Also, the tasks using resources on specific processors can be assigned

to those processors.

9. Internode Messaging Data and Shared Memory Access Conflicts. These indica-
tors show the individual tasks that are responsible for most of the interprocessor
communications traffic. The volume of such traffic can be reduced by assigning

these interdependent tasks to the same processor.

3. Message Queue Atiributes. This indicator identifies the sources of all request
messages arriving at a server task. To reduce the amount of interprocessor com-
munication, the server task(s) should be made resident on the node generating

the largest number of requests.

4. Blocked State Data. This date identifies the reasons that a task was moved to
the blocked state. If this data shows many tasks habitually being blocked in
attempts to access some hardware resource, it may be necessary to duplicate

the resource to alleviate contention.

5. Task CPU Ulilization Time. This measure shows the processor requirements
of each task and can be used as a guide in task to processor allocation. To
avoid bottlenecks, tasks that regularly requires large amounts of processing

time should not be resident on the same processor.

6. CPU Idle Time. If this statistic consistently shows wide variations between
processors, it can be used to identify which processors are underused. Hence
load balancing can be improved by migrating tasks from busy processors to less

busy ones.

99



7. Average Number of Ready to Run Tasks. This statistic gives an indication of
the need for additional processors. If this indicator consistently takes on large

values, adding additional processors may increase total concurrency.

8. Percentage CPU Usage by OS and Shared Memory Access Conflicts. These two
indicators provide feedback as to the amount of additional system overhead that

is being introduced by adding more processors to the system.

9. Nonresident Dependent Tasks and Task-Response Mapping. These two factors
can be used in combination to determine the effects of a single processor failure.
The first indicator shows which tasks not resident on the failed processor would
be affected, whereas the second factor is used to identify the responses that
would be affected. This information can be used to determine the manner in
which tasks and processors should be duplicated for reliability. For example, it
may be desirable to duplicate a processor that contains tasks involved in many

different responses to prevent complete system failure.

10. Response Completion Data. This set of indicators provides feedback on the
effectiveness of the decisions made regarding task to processor allocation and
regarding the required number of processors in the system. Once the addition
of extra processors has no effect or a detrimental effect on this indicator, the

system has oo many processors.

The other aspect of the hardware platform that needs to be defined is the way
in which the individual nodes are interlinked. Again, several indicators must be

considered in making this type of decision:

1. Internode Messaging Data and Shared Memory Access Conflicts. These indica-
tors shows which of the processors in the system need to directly communicate
with which others. This defines the initial interlink topology regardless of the
method used in its implementation. The number of shared memory access con-
flicts also gives an indication as to the amount of bus contention that can be

expected in the chosen layout. Tle internode message data includes statistics
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on the rate of message transfer between nodes and thus can give an indication

as to the amount of bandwidth required in the communications medium.

2. Shared Memory Writes. The number of updates made to data contained in
shared memory may be of significance in systems that employ cache memory.
If this indicator takes on high values, it may indicate that individual processor
caching is of little use in the chosen interlink scheme due to the overheads

involved in maintaining cache consistency.

3. Response Completion Data. This set of indicators can be used to determine
whether or not the different interlink schemes have significant effects on system

responsiveness.

4.2.3 IPC Factors

Statistical indicators are used for a variety of purposes when applied to intertask com-
munications. They can be used to decide on the required nature of IPC mechanisms
in terms of protocol and flow control, to determine the costs of various mechanisms,
and to determine the effects of each mechanism on the application. Very often, a

single indicator provides insights into several such design decisions.

1. Message Queue Atiributes. The average and maximum sizes of each task’s
message queue assists in making several IPC related decisions. Firstly, the queue
sizes provide insight into the amount of memory that should be allocated for
the message buffers. Secondly, if many of the message queues routinely become
very large, it may signal the need for some type of flow control (perhaps through
the use of a blocking message protocol). Thirdly, if there are several common
server tasks in the system and they show wide variations in the average number
of request messages queued, it may indicate the need for 2 common mailbox to
more evenly distribute the work load. Fourthly, the queue lengths of individual

tasks can serve to identify bottlenecks in the system.
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2. Number of Delay Primitive Calls and Number of Context Swilches. A delay
type primitive is invoked by tasks that voluntarily suspend themselves because
they are unable to proceed at the time of invocation. Overuse of this primitive
is an indication of overconcurrency in the system. Tasks are made ready even
though they can not logically proceed. This increases the number of context

switches and indicates the need for a blocking IPC protocol.

3. Percentage CPU Usage by OS. In shared memory systems in which messaging
primitives have been overlaid, this indicator gives an idea of the cost of the extra
messaging layer. The system can be modelled both with and without the extra
layer. The difference in OS CPU usage is a measure of the added overhead.
If this indicator is broken down into percentage CPU usage by individual OS
components, it could also highlight the need for streamlining the messaging

and/or scheduling OS functions.

4. Interprocessor Messaging Data. This indicator provides the average and maxi-
mum number of messages coming into a node at any one particular time. This
information is very useful in determining the number of message buffers that

should be allocated to each processor kernel for interprocessor messaging.

5. Time Spent in Message Queue. This indicator shows the length of time a
message spends in a receiving message queue. If the data show that request
messages from high priority tasks are spending long periods of time in message
queues because of flooding by messages from lower priority tasks, it may indicate
the need for some type of prioritized messaging or the need for multiple receive

message queues for specific server tasks.

6. Response Completion Data. In addition to quantifying the success or failure
of specific IPC related decisions, this set of indicators can signal the need for
an ABORT type message primitive. If the data show that a large number of
responses are being completed well past their useful deadlines, the inclusion of
an abort message primitive may be justified. The abort primitive would reduce

time spent on servicing useless requests.
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4.2.4 Scheduling Factors

Of all the decisions to be made during the design phase, it is those that relate to
the scheduling of tasks and responses that make the greatest direct use of statistical
indicators. This is perhaps because the effects of scheduling decisions show up quite
clearly and conclusively in the indicators. Because there are many different aspects

1o scheduling, a number of indicators are required to provide adequate feedback:

1. Time Spent in Each System State. The objective of any scheduling scheme
is to reduce the amount of time each task spends in the ready to run state.
If this is not possible for all tasks, then preference must be given to the more
important tasks. This gives an indication of the effectiveness of the task priority
assignment scheme. The higher priority tasks should always spend less time in
the ready to run state. This indicator must be examined under varying load
conditions to get an idea of the merits of the chosen priorities. If the system
does not perform very well with changing loads, it may signify the need for a

dynamic scheduling algorithm.

9. Percentage CPU Usage by OS. This indicator can be used to measure the costs
of different scheduling schemes and specifically to determine the amount of over-
head associated with a dynamic scheduling algorithm. This is done by observ-
ing the difference in this statistic under static and various dynamic scheduling
schemes. To get a clear idea of the computational complexity of a particular
dynamic scheduling algorithm, this statistic must be taken over a wide range of

operating conditions.

3. Average Activity Time. This indicator gives an idea of the CPU time each
task uses between possibly blocking primitive calls. If many tasks have rather
lengthy activity times, it may indicate the need for time sliced scheduling or for

preemptive scheduling.

4. Number of Context Switches and Number of Task Preemptions. These measures

give an idea as to the cost associated with time sliced or preemptive scheduling.
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The use of this indicator requires measuring the number of context switches
without any type of preemption and then determining the increase when pre-
emptive or time sliced scheduling is used. The number of task preemptions gives
an indication as to the number of context switches attributable to preemption

or time slicing.

. Task - Response Mapping. This indicator identifies how many as well as which
responses are associated with a particular task. This information is instrumental
in assigning scheduling priorities to tasks. Tasks that are part of many different

responses or part of urgent responses should warrant higher priorities.

. Number of Ready Tasks. This indicator provides feedback on the effectivenes of
the current task priority assignments. If priorities have been properly assigned,
the average number of ready to run tasks should be quite small. As a rule,
tasks that are consistently ready to run should be considered high frequency

tasks and perhaps be assigned higher priorities to prevent bottlenecks.

. Message Queue Atiributes. This statistic identifies tasks which habitually have
large numbers of incoming messages queued. To prevent these tasks from be-

coming bottlenecks, it may be necessary to increase their priorities.

. Internode Messaging Data and Shared Memory Access Conflicts and CPU Idle
Time. These indicators serve to determine the effects of localized and global
scheduling. If global scheduling is implemented, the increase in internode mes-

saging or shared memory conflicts can be compared to the benefits gained in

terms of load balancing across processors.

. Response Completion Data. This set of indicators is the ultimate yardstick by
which the success or failure of specific scheduling decisions must be measured.
This set of statistics must be obtained under varying event arrival rates to
determine the applicability of a particular scheduling scheme to a particular set

of environmental conditions.
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The decisions that need to be made during the design phase of the development
cycle have been described along with the statistical indicators needed to substantiate
them. The next chapter describes how these indicators can be gathered in the most
realistic manner possible. That is, as close to actual running conditions as possible

through the use of a prototyping tool.
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Chapter 5

The Multitasking Design Assist

Simulator

In order to assess the effects of the various design phase decisions through the analysis
of indicators, it is necessary to model the proposed system and collect statistics on
its behavior. This chapter introduces a design prototyping tool and describes how it
can be used to perform this modelling and statistical analysis.

A prototyping tool that is to be useful for assisting in the design of a real-time
system must meet a wide variety of requirements and must take numerous factors
into consideration. The chapter begins with a discussion on these requirements and
focuses on the motivations for the development of the Multitasking Design Assist
(MDA) simulator. This is followed by an overview of each of the componenis of the
simulator. It should be noted that this chapter includes only a high level description of
the MDA tool including its major characteristics, and the reasons behind its manner

of implementation. A detailed user guide for the tool is included as appendix A.
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5.1 Motivation and Requirements

Over the years, many different tools and methods have been proposed to assist in the
development of real-time systems. Many of these tools are useful in defining the func-
tional requirements from the requirements specification and others are useful in veri-
fying that a proposed system will actually meet these functional specifications[Mur89,
Age79, Rae85]. Others such as Bubr's machine charts[Buh84] are useful in defining
the structure that a particular design will take. However, there is a general lack of
tools that can assist in the definition of the design phase details.

Attempts have been made at such tools through the use of discrete event simu-
lations which involve the building of an abstract model of the proposed system. In
this type of simulation, only those features and properties essential to the system’s
functions are abstracted while the rest are ignored to keep the model to a manageable
size [3GZ86]. For discrete event simulations, systems are modeled using a sequence of
countable events, assuming that nothing of interest takes place between events. While
this approach may have its merits in providing functional verification of a system, it
is of extremely limited use for modelling the effects of design level details. This is
especially true in light of the fact that it is precisely these details that are left out of
a discrete event simulation. What is required for making design phase decisions is a
tool that is capable of abstracting both the event occurrences as well as the actions
that they trigger within the system.

Because the application, operating system, and hardware components are so
closely interrelated in real-time systems, the main purpose of a design level simulation
tool is to provide an environment in which the functions of each of these components
can be monitored in an integrated fashion. To meet this end, the tool must furnish a
prototyping language, development system, and run-time environment that is capable
of modelling variations of each system component. This in turn, requires meeting the

following objectives:

1. Allow stepwise refinement to facilitate modelling at different levels of abstrac-

tion.

107



9. Provide a modelling language that uses familiar programming constructs and is

flexible enough to describe any system.

3. Provide a method that allows the system designer to customize various aspects

of the model to reflect application specific features.

4. Provide the designer with facilities to manipulate the prototype while it is run-

ning so that the effects of anomalous situations can be observed.

5. Collect applicable statistics on the effects of various design decisions imple-

mented in the prototype.

The first of these requirements stems from the fact that at different stages of the
design phase, different levels of detail will be known about the system. At the start
of the design phase, there is oniy a functional specification which is void of any lower
level details. In order to be able to later define these details, the language must allow
the initial high level design to be modeled. As the details become more evident from
the decisions made through observations of the higher level prototype, a new more
detailed prototype must be constructed. These iterations are continued until the final
prototype is very close to the level of the actual implementation.

In order to be effective in such a process, the prototyping tool must be capable
of constructing both coarse and finely detailed models as well as all the intermediate
gradations, Ideally, the tool should be such that at the finest level of refinement,
its representation of the system resembles closely that of existing implementation
languages so that relevent parts of the prototype can be easily ported to the final
system.

The second objective defines the attributes required in the design tool’s prototyp-
ing language. In order to be useful, this language should embrace some of the features
common to existing languages with which the designer might be familiar. These in-
clude high level control constructs, a variety of data types, and the provisions for user
defined data structures.

Because the language is going to be used to model a large variety of different

systems, each with their own processors, memory, and I/O devices, the language
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must he flexible and not make any assumptions regarding hardware configurations.
The easiest way to do this is to let the designer construct his or her own application
specific interrupt handlers and communication primitives using the basic building
blocks of the language. The prototyping language itself should provide low level
instructions as well as some high level facilities such as queue management routines
that are often used in real-time programming.

The design of models using a prototyping language should be no less structured
than that of actual systems using “real” languages. Structured designs of applica-
tion software often use a state machine model to represent the internal workings of
individual tasks. As such, this model should also be the basis of the prototyping lan-
guage. If well defined structure is enforced during the early stages of design, it will
inevitably carry through to the final implementation. Also, if the design prototypes
have structures that are similar to the intended final implementation, the behavioral
statistics gathered from the prototypes will be much closer and much more applicable
to the actual implementation.

The third objective goes beyond the prototyping language itself and refers to the
ability of the designer to be able to model various multiple processor configurations
as well as various kernel functions and primitives by changing elements of the run
time environment. These elements include the ability to limit shared memory access
to specific processors, the ability to associate specific event interrupts with specific
processors, and the ability to model the environment.

This last factor is particularly important in light of the close interactions that
a real-time controller has with its environment. A prototype that is constructed in
isolation from its intended environment is useless in predicting system behavior in the
real world. This is because the statistics gathered from such a prototype will not have
been influenced by conditions that will be encountered in the actual deployment.

The fourth objective also in part deals with the ability of the designer to model en-
vironmental conditions. It is not enough to model the simple expected environmental
occurrences to get a complete picture of how the proposed system behaves. In many

instances, it is necessary to change conditions while the system is running in order
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to observe its adaptability, to observe its reactions to unexpected spurious events, to
observe its reactions to partial or complete errors and failures, to analyze the causes
of incorrect behavior, and to confirm that correct observed system behavior is due to
proper internal functioning rather than to fortunate circumstances.

To simulate the spontaneous occurrence of errors and to analyze the internal oper-
ations of a system requires the ability to temporarily stop the model, examine and/or
modify some of its internal characteristics or some environmental characteristics, and
then continue the simulation from the point of interruption. To meet this require-
ment, the prototype tool must come with a reasonable man machine inteiface as well
as a good development support system.

The fifth design tool objective is perhaps the most important as the other objec-
tives serve only to allow the designer to easily acquire 2 complete statistical picture
of the proposed system. The ultimate reason for designing through prototyping is to

gain behavioral information prior to committment to a particular design,

5.1.1 System Limitations

The Multitasking Design Assit tool that will be proposed in this chapter meets all of
the above objectives but it also has its limitations. As with all simulations, it is im-
possible to acquire absolute performance statistics on any aspect of the design. This
is because such measures have extremely high degrees of variance depending on the
implementation hardware characteristics, on the chosen implementation language,
and on the way the actual code is written. In addition, since the MDA simulator
uses a single processor to model multiple processor systems and because all hard-
ware functions are simulated in software, it is impossible to get accurate time based
statistics. .

However, in realization of these limitations, the statistical focus of the MDA simu-
lator is not on time based indicators but rather on counters. Because it is impossible
to provide absolute timing statistics regarding items such as communications and
context switches, the MDA tool simply counts the number of times various system

events occur. The accuracies of the gathered statistics tend to improve greatly as
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more details are introduced into the prototype. If the actual timing statistics for a
particular hardware setup are available from manufacturer’s specifications, then the
counter values can simply be extrapolated using the hardware specific data.

Another current limitation of the MDA tool is that its main purpose is specifically
to model systems at the design phase of the development cycle. While it can also
be used to analyze a functional specification, it is certainly not the best tool for
this purpose. It would be of great advantage if the same tool can be used for all
phases of the development cycle: from the functional specification through to the final
implementation. This uniformity not only saves the designer {from having to learn
several different tools, but it also reduces the number and degree of discrepencies that
can arise in transferring a system from one toolset to another at each development
phase.

Because the MDA tool has been designed as a type of skeleton tool that can
be customized for any application, it could very well be extended or modified to
act as an executable functional specification tool. These modifications may include
a preprocessor that facilitates translation of functional specifications to the MDA
language. This thesis however focuses only on the feasibility of a design phase tool
and leaves the possibility of extensions for functional specifications to further research.

The MDA simulator consists of three related components: a prototyping language,
a development support system, and a run-time environment. These components are
discussed in the following sections starting with the run-time environment and the

general MDA architecture.

5.2 The MDA Architecture

The MDA tool provides a system composed of several virtual machines on which the
application and kernel software can run. All software is specified in a fairly high
level assembly language {(the MDA language) which is interpreted directly by the

virtual processors'. Each of these virtual machines is based on the uniprocessor model

15 this discussion, the term “virtual processor” is used to describe the processors defined in the
system prototype while the term “actual machine” refers to the real machine running the simulation.
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provided by the KASM (Kernel Assembler) system [Kar88]. All parts of the MDA
system have been implemented in UNIX/C and also in Turbo C. As such the tool
can be run both on DOS based machines as well as UNIX based machines. There are
three main aspects to the MDA architecture: the memory and address layout within
proceseors, the interlink scheme between processors, and the execution engine of the

system.

5.2.1 The Memory Structure

An MDA simulation is actually a two step process. The first step involves compilation
of the MDA language into an internal code structure that can be interpreted by the
MDA virtual machine. The second step is the actual interpretation process. To allow
fast simulation times, all of the compiled code for each virtual processor is resident
in the main memory of the actual machine at all times during the simulation. Thus
the number of tasks and virtual processors is limited only by the memory capacity of
the actual machine.

Fach virtual processor is logically divided into five separate memory areas:

1. Application code
2. Application data
3. Kernel code
4. Kernel data

5. Data global to processor

The application code consists of the instructions of all the application tasks resident
in the processor. The code for each task is loaded starling at address 0 and continues
until the end of the task code is reached or until address 1000 is reached. That is,
each task starts at logical address 0 and can have a maximum of 1000 instructions.
The maximum number of tasks per processor is a user modifiable constant.

Along with its memory requirements for code space, each task also has private

data associated with it. This data is accessible only to the task in which it is defined.
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As each task is loaded into the virtual machine, space is allocated for each of the
variables defined within the task. Each task is allotted its own local data space. The
MDA system does not provide any facilities for dynamic memory management. As
such, all data must be defined in a static fashion prior to use. During execution, a
context switch automatically changes the task data set that is accessible to the newly
executing task. Context switches are performed by the CXTSW? instruction of the
MDA language.

Like the application software, the kernel software must be provided by the de-
signer. The keruel code consists of the instructions used to define the operating
system of the virtual processor. However, unlike the application code, there is only
one kernel per processor. The kernel code is contained within a single task which is
londed starting at logical address 1000 and can contain up to 1000 instructions. All
data associated only with the kernel is treated as local data for the kernel task. This
data can only be accessed by the code included as part of the kernel.

The final memory area is allocated to data that is global to the processor. All
tasks as well as the kernel can access this data at any time without the need for any
type of context switching. Data is considered to be global if it is defined outside the
syntactic scope of any task. Any type of data, be it global or local is defined in terms
of named variables and constants. If the same name is used for a data item local to
a task and for a global data item, the local item is accessed when the common name
is encountered within that task.

To facilitate the transfer of information from the run-time environment to the
user written application and kernel software, six special global system variables are
predefined in each of the virtual processors and initialized by the MDA loader. The

functions of these variables is outlined in the following list.

1. TASKSTK - This stack variable represents the stack associated with each task
in the processor. There is one stack for each task. When a context switch occurs,

the stack of the old task is saved and the stack of the new task is assigned to
the TASKSTK variable.

?Details of all MDA instructions can be found in appendix A.
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9. CURRTASK - This is a string variable that contains the name of the task that

is currently executing.

3. TASKSTRT - This variable contains the start address of the currently executing
task. Because the MDA language requires that all subroutines be defined before
use, the start address of the mainline of a task is not known until the task has

been loaded into memory.

4. CURRPRIO - This integer variable provides the current priority of the presently

executing task.

5. TASKLIST - This queue variable contains the name of every task resident in

the processor. The names are queued in the order that the tasks were loaded.

6. PC - This integer variable is the program counter associated with the currently
executing task. It contains the address of the next instruction to be execuled
in the task. When a context switch occurs, the PC of the old task is saved and

the program counter of the new task is assigned to the PC variable.

The memory configuration of each virtual processor is illustrated in figure 5.1,

5.2.2 Virtual Processor Interlink Structure

The interlink scheme between the individual virtual processors is quite straightforward
in that the underlying structure is simply a single shared memory. Data items can be
placed in this shared memory by one processor and accessed by the other processors.
The only restriction is that all data items to be placed in the shared memory must
be defined before they are used. This allows the MDA tool to allocate a fixed area of
shared memory for each shared variable prior to the start of execution. The shared
memory model was chosen as the underlying interprocessor communications medium
because it allows user simulation of both shared memory and message passing type
communication schemes.

The access rules for shared memory are similar to those for global data except

that any task on any processor in the system can access the shared memory al any
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Figure 5.1: Virtual Processor Memory Map

time. For any variable access, the task’s local data is searched first, followed by global
processor data, followed finally by the shared data. As a result, a shared structure
can be accessed only if no structure of the same name exists in the accessing task's
local or global data space. Because multiple processor execution is interleaved on
a single machine in the MDA environment, it is possible for several processors to
access the same shared data item simultaneously. To prevent collisions of this type,
the MDA language provides a LOCK instruction which operates much like the “test
and set” type instruction found on real processors. This instruction essentially locks
out other processors from shared memory access until the current access is complete
(as signalled by the UNLOCK instruction). The interlink scheme between virtual

processors is illustrated in figure 5.2.

5.2.8 Virtual Machine Execution

The execution engine of the MDA simulator is responsible for several things including

the actual interpretation of the loaded instructions, determination of which events are
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Figure 5.2: Virtual Processor Interlink Scheme

io be raised at what times, and the interleaving of a single real processor between a
number of virtual processors. The pseudo code for the execution engine is given in
figure 5.3.

After all of the application and kernel code is loaded into each virtual processor,
the simulation can be started. The MDA environment (as used in this thesis) allows
from 1 to 5 processors to be specified in the system. (The maximum number of
allowed processors can be configured by the user and would depend on the amount
of memory available in the actual machine). If the system consists of more than one
processor, then the execution engine simply cycles through all processors executing
one instruction per processor per cycle. Each instruction uses one time unit on its
virtual processor. There is no overhead associated with changing virtual processors
after every instruction as the code for all processors is always resident in memory.
The advantage of switching processors after every instruction is that a more realistic
sequencing of the multiple processor execution stream is achieved.

The only circumstances under which multiple instructions are consecutively exe-
cuted for a single virtual processor are when there is only one processor in the sys-
tem, or when the LOCK instruction is encountered. If a processor executes a LOCK
instruction, that processor is allowed to continue execution uninterrupted uniil an

UNLOCK instruction is encountered.
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Initialize System Data
Compile and Load All User Defined Software

Set current virtual processor

WHILE not end of simulation time DO
Get environment of current virtual processor
Check for interrupt on current virtual procussor

IF interrupt occurred THEN

Push PC onto TASKSTK

PC <- Address of interrupt handler
ENDIF

Fetch inatruction located at PC
PC <~ PC + 1
Exscute instruction

Update shared memory access statistics

IF not running locked AND
not executing statistical instruction THEN
Increment current virtual processor
ENDIF
ENDWHILE

Figure 5.3: Execution Engine Pseudo Code

The last major function of the execution engine is to check for processor inter-
rupts. MDA allows up to six separate interrupts to be associated with each virtual
processor. EBach time through the instruction execution cycle, each of the six inter-
rupts associated with the current processor is checked to see if it is active. The times
at which individual interrupts are asserted are determined by the characteristics of
the events associated with the interrupts. If an interrupt has been raised, the current
program counter is saved on the TASKSTK and the PC is set to the address of the

appropriate user defined interrupt handler code. These interrupt handlers must be

coded as part of the processor kernel.
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5.2.4 Kernel Structure

A processor kernel defined in the MDA system consists of a number of elements. The
entire kernel is syntactically contained within a single task and consists of local kernel
data, definition of shared data items, definition of subroutines, definition of system
primitives, interrupt handlers, and the task mainline code. The structure of a typical
kernel is given in figure 5.4.

The local kernel data consists of items such as the control blocks of all the appli-
cation tasks, possibly IPC buffers, possibly semaphore structures, etc. These items
are accessible only to the kernel and are used for system related functions. All of this
data is defined by the user. The other class of data definition within the kernel is
the definition of shared data. This is the data that is accessible to any task on any
processor in the system regardless of the kernel in which it is defined. Shared data
variables can be defined in the kernel of any processor. If two kernels define a shared
data item with the same name, a warning is issued and only the definition contained
in the kernel loaded first remains valid.

The MDA language is procedure based and as such, procedures can be defined in
the kernel task. All procedures must be defined before they are used. Any procedures
defined within the kernel task can be called only by the kernel task mainline, by
other procedures defined within the kernel task, and by primitives defined within the
kernel task. Primitives are like procedures with two notable differences. The first is
that primitives are well known throughout the processor and can be called from any
application task resident on the same processor. The second is that primitives can
be defined only in the kernel task.

Kernel primitives can be defined for two reasons. The first is that they are to act
as functions that can be called by application software to perform operations such as
IPC. The second reason is that they are to act as interrupt handlers. Only primitives
can be used as interrupt handlers. Once an interrupt is raised, control is transferred
to its associated primitive. Thus all interrupts must first be channelled through the
kernel. In this way, the kernel has control over things such as which task(s) should

be readied as a result of the interrupt, what data should be saved, and whether task
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KERNEL <kernel name>;
TASK <kernel task name>, <priority>;

TYPE <kernel user defined type declaration>;

TYPE <kernel user defined type declaration>;

VAR <kernel variable declaration>;

VAR <kernel variable declaration>;

SHARED <shared variable declarations>;

SHARED <shared variable declarations>;

PROC <procedure name>;

Local Procedure Code
ENDPROC;

PRIM <primitive name>;
System primitive code

ENDPRINM;

PRIM <primitive name>;

System primitive code

ENDPRIM;

PRIM <event handler name>;
Event handler code

ENDPRINM;
BEGIN {Kernmel Task Mainline}

System Initialization code

ENDTASK;
ENDKERNEL;

Figure 5.4: Kernel Structure
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preemption is warranted.

Finally, the mainline of the kernel task is used primarily to initialize system data
as it is the first user coded software that runs on processor startup. Kernel functions
such as scheduling can be driven from an interrupt or they can be part of the kernel
task itself. Since the main goal of the MDA tool is flexibility, the details of all kernel
applications and functions are left entirely to the system designer. The designer can
choose to model any type of operating system primitive that he or she can devise.

In addition, MDA allows different user defined kernels to run on different virtual
processors during a simulation. In this way, the interactions of different types of kernel
functions can be directly observed. This flexibility in kernel design does not mean that
a system designer always has to program a kernel if it is only the application software
behavior that needs to be analyzed. It is possible to define standard primitives such
as the semaphore signal and wait or the standard Harmony primitives send, receive,
and reply and keep them in a permanent kernel file. This standard kernel, once
defined, can then be used as though it is a builtin part of the MDA tool as far as the

application software is concerned.

5.2.5 Application Structure

The application software is divided into a number of tasks that can execute concur-
rently with other tasks. In the MDA system, the form of these application tasks
differs greatly from that of the kernel task. The first difference is that unlike the
kernel task, application tasks can not have primitives defined within them nor can
they define shared data. The second difference is more profound and concerns the
actual structure of the application.

Because of the complex and diverse nature of the operations performed by & real-
time kernel and because the main kernel tasgk is usually only used for initialization,
MDA allows a great deal of freedom in how it can be coded. However, this is not
the case for the application tasks. In order to promote a well structured design right
from the prototype stage, MDA requires all application tasks to conform to a state

machine representation. A typical state machine representation of a task is given in
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Figure 5.5: Typical State Machine

figure 5.5.

In this figure, states A, B, and C represent the places at which a task may be
suspended due to the actions of system calls. Hence these states represent calls
to potentially blocking IPC or synchronization primitives, device handler calls, or
any action that may temporarily impede the progress of the task. The transitions
between the states represent the individual activities that make up the task. These
activities perform the basic functions of the task and once started, they do not require
any external data, services, or resources and are therefore atomic entities. In many
instances, it is possible to have several transition arcs emanating from a single state.
To allow this situation, conditions are placed on the execution of each of these arcs.

This state machine representation imposes an implicit structure on the design of
the application tasks. This structure is shown in figure 5.6.

As this is a direct translation of any task’s state machine representation, it is also
the basic control structure chosen for the MDA language. The only modification to
the basic structure is that the inner case contruct has been replaced by a series of
if..endif constructs to allow different conditions to be tested within each state. An
example of an application task coded in the MDA language is given in figure 5.7.

In order to fully comprehend this type of example, it is necessary to introduce some

121



TASK
LOOP
CASE current state OF
State A: CASE condition OF
1: Do activity 1
Call system primitive
Set next state to B
2: Do activity b
Call system primitive
Set next state to C
Endstate

State B: CASE condition OF
1: Do activity 2
Call system primitive
Set next state to B
2: Do activity 3
Call system primitive
Set next state to C
Endstate

State C: CASE condition OF
1: Do activity 4
Call system primitive
Set next state to C
2: Do activity 6
Call system primitive
Set next state to A
Endstate
ENDCASE
ENDLOOP
ENDTASK

Figure 5.6: Application Task Structure
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details of the MDA language.

5.3 The MDA Language

This section provides an overview of the MDA language in just sufficient detail to
allow the reader to comprehend the examples presented in subsequent sections. A
detailed user guide is included as appendix A. The discussion on the working of the
MDA run time support facilities is also left to the user guide.

The MDA language is similar to many mnemonic based assembler languages with
three significant exceptions. The first is the inclusion of high level control constructs
similar to those found in languages such as C or Pascal. The second is the inclusion
of powerful “meta” instructions that allow high level operations on abstract data
types or complex system operations such as context switches. The final deviation
from standard assembler languages is that the MDA language directly supports the

definition and access of abstract data types.

5.3.1 Data Types

There are five base data types in the MDA language: integer, boolean, string, stack,
and queue, Variables can be defined as being any of these types while constants must
be one of interger, string, or boolean. Variables must be defined before they are used
by means of the VAR directive as illustrated in the examples of figure 5.8. Constants
on the other hand cen not be explicity declared but are coded as instruction operands,
A constant value is always preceded by the '#' character. Thus the operand #-764
represents the constant integer ~764.

The size of the integer type is dependent on the size of integers on the machine
hosting the simulation. Typically, the valid range of integers will be not less than -
39767 to +32768. Only assignment, arithmetic, arithmetic comparison, and I/O type
operations are allowed on integer data types.

The internal representation of the boolean type is based on the integer values 0

(false) and 1 (true}. As such, a boolean type requires the same amount of space as
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VAR
VAR
VAR

msgl, t_msg_elt;
msg2, t_msg_elt;
flag, integer;

ACTIVITY get_rand;
rand #1, flag;
ENDACT;
ACTIVITY al;
ticks #200;
ENDACT;
ACTIVITY a2;
ticks #40;
ERDACT;

BEGIN
DD_ACT get_rand;
CALLP nilprim;
SETSTATE #/start/;
LOOP;
STATESELECT;
STATE start;
IF #true;
DO_ACT
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE acts;

IF (flag = #0)
CALLP
SETSTATE

ENDIF;

IF (#true);
CALLP
SETSTATE

ERDIF;

ENDSTATE;

STATE actii
IF #true;
DO_ACT
CALLP
SETSTATE
ERDIF;
ENDSTATE;
ENDSELECT;
ENDLOQOP
ENDTASK

got._rand;
waits, #0;
#/acts/

’
nilprim;
#/act1/;

nilprim;
#/start/;

al;
send, #/q1/, #/msg2/;
#/start/;

Figure 5.7: Example MDA Application Task
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VAR int._.val, integer;
VAR satk_val, stack;
VAR bool_val, boolean;
VAR q_value, gueue;
VAR str, string;

Figure 5.8: Example Variable Declarations

an integer. However, the MDA language does not allow the direct integer assignment
of the values 0 or 1 to boolean variables. The only values that can be assigned to
boolean variables are the constants #true and #false. The only operations allowed
on boolean types are assignment, logical comparison, and 1/0.

The string data type is the same as in any other language except that the char-
acters in a string constant are delimited by the '/’ character. The operand # /string
constant/ is an example of a valid string. Strings are limited to a maximum of 39 char-
acters. The operation types valid for strings are assignment, comparison, and I/0.
As will be discussed shortly, string types are instrumental in indirect addressing.

The stack and queue types do not have any constant representations and exist as
variables only. The stack is simply a LIFO list, each element of which is capable of
storing any data type. That is, a single stack may contain elements of different types.
The elements of a stack are dynamically allocated so there is no preset upper bound
on the size of the stack. The only limitation is the amount of memory available on
the actual machine. The queue data type is simply the FIFO equivalent of the stack.
Only stack type operations such as push, pop, and sizes are allowed on the stack data
type and only queue type operations such as addg, delg, and sizeq are allowed on the
queue data type. The queue data type is used in place of conventional arrays.

In addition to the five base built in data types, the MDA language allows the user
to define his or her own abstract data types through the use of the TYPE directive.
These complex data types use the five base types to built record aggregates to better
organize related data. An example of such an aggregate is the task control block

meintained by the kernel. The type definition of such a control block along with its
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TYPE

TYPE

VAR
VAR
VAR
VAR

t_tcb_stats = rdy_time
run_tine
wt_time

resp.q ! queue

t_tcb = name
status
priority :
pent
m_wait
elt_str @
meg._in
stk
run_data

curr_tcb, t_tcb
proclist, queue
tcb_name, string;
rtr, queue

: string *
! string *

integer *

: integer *
: string *

string *

¢ integer *
1 stack *
1 t_tcb_stats

- we we we

! integer *;
t integer *;
: integer *;

Total ready time
Total run time
Total blocked time

task name

task state
priority

Program counter
queue waited upon
rcv msg elt
signal for msg rx
local task stack
task statistics

current task control block
copy of task name list
current task name;

ready to run queue;

Figure 5.9: Task Control Block Type

corresponding variable declaration is given in figure 5.9.

The individual fields within the aggregate record are accessed as in most high level

languages by separating the qualifiers with periods as in:

This allows access to the “rdy_time” field of the task control block. A user defined
data type can be nested to any level and can use any of the five base types or other
user defined types in its declaration. The only operation that can be performed on
a complete aggregate is the assignment operation. For one complex variable to be
assigned to another, they must both be of the same user defined type. The operations

that can be performed on the individual fields making up the user defined type are

curr_tcb.run_data.rdy_time

limited only by the type of the field itself.
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“Assignment | Arithmetic Back Queune

Class Class Class Claas
MOVE ADD PUSH | ADDQ
SUB POP DELQ
MULT SIZES SIZEQ
D1V
RAND
System Control 1/0 Logical
__Cl_aas Class Class
CXTSW CALL PRINT | & |
LOCK RET PRINTCR | ()
UNLOCK IF READP |
CAUSE ELSE FPRINT >
ACKINT ENDIF FPRINTCR | <
HALT WHILE FTYPE >

DISABLE ENDWHILE FTYPECR | <
ENABLE ENDPROC

BIND ENDACT <>
TICKS DOACT -
BRKPT SETSTATE
TIME STATESELECT
ETIME LCOP

ENDPRIM

ENDTASK

CALLP

Figure 5.10: MDA Instruction Set

5.3.2 Instruction Set

There are seven different classes of instructions in the MDA language as well as a
number of directives. The complete instruction set broken down by class is given in
figure 5.10.

The seven classes of instructions are: assignment, arithmetic, stack, queue, system,

control, and I/O. The general instruction format is:
opcode operandl, operand2, operand3, operand4;

Only a few instructions of the control class do not follow this form. The number
of operands varies from zero to four. In addition, the operands can use any one of
three addressing modes: immediate, direct, or indirect. The immediate mode simply

refers to constant operands which can be of type integer, boolean, or string. The
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IMMEDIATE : #744
#/This is a string/

DIRECT : curr_tcb.run_data.run_time
Tty
tch_name

INDIRECT : Otcb_name
Ctcb_name.priority

Figure 5.11: MDA Addressing Modes

direct mode refers to variables of any type defined through the VAR, directive. Direct
operands have no special character prefix and they may be qualified if they are of
a user defined type. Indirect operands are variables that serve as pointers to other
variables. However, rather than containing the storage address of the dereferenced
variable, indirect operands contain the symbolic name of the variable to which they
are pointing. As a result, all indirect operands must be of type string. Indirect
operands are prefixed by the '@ character. An example of each type of addressing
mode is given in figure 5.11.

The move instruction is the only instruction included in the assignment class®. The
only notable feature of this instruction is that the source and destination operands
must be of the same type. Complete aggregates of user defined types can be assigned
to each other as long as they are of the same type.

All of the instructions in the arithmetic class are fairly self explanatory as are
those of the I/O class. In the I/O class, the fprint and ftype instructions copy data
to a file rather than to a terminal. For the read instruction, the input data must be
of the same type specified by the read operand.

The stack class includes the push, pop, and sizesinstructions. The push instruction
will push an operand of any type on to the specified stack whereas the pop instruction
removes the top stack element and assigns it to the specified variable. Because a single

stack can contain elements of different types, the programmer must ensure that the

3Details of all instructions can be found in appendix A.

128



type of the element being popped is the same as the target variable. The sizes
instruction returns the number of elements contained in the stack. It is good practice
to ensure that the stack size is greater than zero before popping. The instructions in
the queue class are completely analogous to the stack class.

The system class of instructions is quite varied and includes the cxisw, lock, and
unlock instructions whose functionalities have already been discussed. The cause,
enable, disable, bind, etime, and ackint instructions are all related to the interrupt
system. The cause instruction allows any task on any processor to raise a specified
interrupt on any processor. This capability allows “environment” tasks to be modelled
that can raise environmemtal events at appropriate times. The enable and disable
instructions allow the enabling and disabling of specified interrupts on the processor
on which they execute. The bind instruction allows any task, including the kernel, to
associate a primitive handler with a specific interrupt. The etime instruction records
the time at which an interrupt occurred and finally, the ackint instruction simply
clears a pending interrupt.

The halt, brkpt, time and ticks instructions are responsible for timing and control
of execution. The halt instruction simply stops the processor and terminates the
gimulation. The brkpt serves as a breakpoint. When it is encountered, execution
ceases and control is returned to the MDA development support system which allows
single stepping, variable examination, etc. The time instruction allows time stamping
by returning the current virtual CPU time. The ticks instruction simply increments
the simulation time and the appropriate virtual CPU time by a specified amount.
This instruction can be used to simulate the actions of some activity if the details of
the activity are not important.

The control class of instructions defines the flow of control within an MDA pro-
gram. There are two subclasses of such instructions. The first subclass includes the
if, else, endif, while, endwhile, loop, endloop, setstate, and stateselect instructions.
The setstate and stateselect instructions are found only in the main loop structure of
an application task. The stateselect instruction acts as a case construct for selecting

an execution path based on the current task state. The setstate instruction sets the
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task state for the next cycle. The “if’ and “while” constructs are exactly the same
as those found in high level languages. They alter the fiow of execution based on the

result of some logical expression. Two examples of the use of these instructions are:

if ({tcb.prio >= currprio) & (size = #27));

while (running) & (“error);

The results of any logical expression must be able to take on the values #irue or
#false. In the second example above, the variables “running” and “error” must be
declared to be of type boolean. Further, arithmetic comparisons can be done only
on integer or string data types. The arithmetic comparison operators are >, >=, <,
¢=, =, <>. The logical operators are &, |, ~. The parts of the logical expression
can be delineated with any valid bracket combination.

Since the MDA language is a procedural language, the second subclass of control
instructions is concerned with the delineation of code blocks and transfer of control
between these code blocks. The proc, endproc, prim, endprim, activity, endact, task,
and endtask instructions serve to mark procedures, primitives, activities, and tasks,
respectively. The doact, call, and callp instructions are used to transfer control to
the specified activity, procedure, or primitive, respectively. Only the call and callp
instructions can have parameters associated with them. In these instructions, the
first operand is the name of the procedure or primitive and the subsequent operands
are the parameter list. When any of these instructions is encountered, the current PC
is pushed onto the TASKSTK and PC is set to the address of the named subroutine.
If there are parameters (allowed only for call and callp), these are pushed onto the
TASKSTK in order of appearance after the PC. It is up to the called subroutine to pop
these parameters from the stack before returning. When the end of the subroutine
is reached or when the ret instruction is encountered, the PC is popped from the
TASKSTK and control returns to the calling code.
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5.3.3 Event Types

In order to allow a complete and realistic modelling of environmental events, the
MDA system allows for the specification of a large variety of event types. The events
agsociated with each virtual processor are specified by means of an event file which
contains a number of directives. There are six different directives and all must be
specified for each event. The directives are EVENT, IN TERRUPT, TYPE, PERIOD,
PROBABILITY, and QUEUE. The EVENT directive simply serves to givea symbolic
name to the event and the INTERRUPT directive associates a particular interrupt
line with the event.

The TYPE directive specifies whether the event is to be cyclic, sporadic, depen-
dent, or delayed. A cyclic event occurs at regular intervals. For this type of event,
the PERIOD directive specifies the number of time units that must elapse between
assertions of the event. For cyclic events, the PROBABILITY must always be 100.
A sporadic event is the opposite of a cyclic event in that it has no fixed period but
it occurs with a certain probability. As such, the PERIOD directive must be 0 while
the PROBABILITY directive must be in the range 1 - 100. The determination of
whether an event with probability less than 100 will occur during any cycle is based
on a random number generator. A random number between 0 and 100 is generated. If
this number is less than the specified probability, then the event will be raised during
the cycle.

A dependent event is one that can be raised only through the execution of a cause
instruction. A dependent event, when used in conjunction with a task simulating the
environment, provides an effective means of modelling environment state dependent
occurrences. A dependent event associated with any processor can be raised by a
cause instruction on any processor. Thus it is possible to dedicate a virtual processor
to modelling the environment while the other virtual processors model the proposed
controller. Both the PERIOD and PROBABILITY of a dependent event must be 0.

Finally, a delayed event is one which always occurs some time after another event.
For this type of event, the PROBABILITY directive is used to specify the interrupt

number associated with the event that the delayed event is to follow. As a result, the
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probability value must be in the range 0 - 5 (corresponding to the range of interrupts)
and it must not be the same as the number specified in the INTERRUPT directive.
That is, a delayed event can not follow itself. A delayed event can occur either a
fixed amount of time after the triggering event or it can occur a random time interval
after the triggering event. In order to specify a fixed lag time, the PERIOD directive
should specify a value greater than 0. If the specified PERIOD is 0, then a random
lag value of between 1 and 200 time units is selected. A different random value is
chosen after each triggering event occurrence.

The final directive used to specify event parameters is the QUEUE directive. This
directive is used to specify the number of event occurrences that are to be queued for
each event. A queue size of 0 indicates that the event is volatile in nature and if not
acted upon immediately, it will be lost. A queue size of 1 indicates that the event
is latched. The event occurrence will be saved until it can be acted upon. Larger
queue sizes indicate the number of occurrences that are to be saved. For all events
with queue sizes greater than 0, the ackint instruction must be used to clear an event
occurrence from the queue, If several event occurrences are queued, then several

ackint instructions must be executed to clear them.
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Figure 5.12: MDA Input File Structure

5.3.4 MDA Files

The event file is not the only specification file required by the MDA tool. The spec-
ification of & complete system requires five different types of input files, These are
known as .sys, .nod, .knl, .evt, and .tsk files corresponding to the filename suffixes
that each file type must bear. In addition, the MDA compiler and loader produce
source listing files known as .lis files.

The input files required by MDA follow the hierarchical structure shown in fig-
ure 5.12. Each of these files consist of various directives along with the nctual in-
structions of the MDA language. The contents of the .evi file have been discussed in
the previous section. A complete example of a .evt file can be found in appendix A.

The formats of the remainder of the MDA files are discussed below.

5.3.4.1 System Definition File

The .sys file contains only the NODE directive. This file is used to specify the number
and symbolic names of all virtual processors that are to be included in the system.
The names of the processors also must be the names of the .nod files associated with

each. For example, a file named ezample.sys may contain the following lines:

NODE cpui
NODE cpu2
NODE dsp

This signifies that there are to be three processors with names cpul, cpu2, and dsp

cortesponding to virtual processors 0, 1, and 2 respectively. It also indicates that
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RODE cpu2 FILE

- ws we

TYPE t_sema = count : integer *;
wait_q : queue;

VAR node_name, string;

VAR mutex, t_sema;
VAR buf_avall, t_sema;
VAR item, integer;

EVENT clock;
KERNEL base;

TASK taskl, 50;
TASK task2, 10;
TASK task3, b50;

ENDNODE;

Figure 5.13: Example of .nod File

the specifications for these three nodes are contained in files cpul.nod, cpu2.nod, and

dsp.nod respectively.

5.3.4.2 Node Definition File

The .nod files are used to specify five thing associated with each processor. These
are: the kernel for the processor, the global user defined types, the global variables,
the events associated with the processor, and the tasks resident on the processor.
An example of the file cpu2.nod is given in figure 5.13. The KERNEL directive is
used to provide the name of the kernel to be loaded into the virtual processor. It
also indicates that the specifications for this kernel are contained in a file named
base.knl. The TYPE directives are used to define the global user defined types that
are to be visible to all tasks in the processor. Similarly, the VAR directives define
the global data items that are to be accessible to all tasks in the processor. The

EVENT directive specifies the name of the file that contains the event specifications.
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In the example, this file would be named clock.evt. The TASK directives are used to
specify the names and priorities of every application task that is to be resident in the
processor. The task names specified in these directives must correspond to the names
of the files that contain the individual task specifications. In the example, these files
would be named taskl.tsk, task2.tsk, and task3.tsk. Fina,}}!, each node file must end
with the ENDNODE directive. '

5.3.4.3 Kernel Definition File

The .knl file is used to specify all aspects of the kernel including the actual kernel
code instructions. An example of a complete kernel file is included in appendix A.
The first two statements of this file must be the KERNEL and TASK directives.
They serve the same functions as in the .nod file except that they do not reference
any subsequent files. The TASK directive merely gives the name and priority of the
kernel task. These directives may be followed by any number of TYPE and VAR
directives that specify the user defined types and data items local to the kernel. In
addition, the kernel may include one or more SHARED directives. These directives
are similar to VAR except that they define data items that are to be resident in
shared memory and thus are accessible by any task on any processor. These initial
declarations are then followed by the definitions and code of local procedures and

system primitives followed by the main body of the kernel task.

5.3.4.4 Task Definition File

The last type of input file is the .tsk file. These files contain the complete specifications
of the application tasks in the system. They can include TYPE and Jor VAR directives
to define structures and data local to the task. In addition, they contain the code
for all the activities and procedures of the task as well as the task mainline. The
structure of the task mainline is fixed by the MDA language. A complete example of

a task file can be found in appendix A.
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Figure 5.14: File Structure

5.3.4.5 Output Source Listing Files

As each of these files is compiled and loaded, the MDA tool creates a listing file for
each loaded file. For example consider a system consisting of two processors specified
by the files buf.sys, first.nod, second.nod, clk.evt, semal.knl, sema2.knl, taskl.tsk,
and task2.tsk. The hierarchical structure of this file system is given in figure 5.14.
Note that the same tasks are resident on both processor 0 and on processor 1. The
following listing files would be produced by MDA in this case: buf0.lis, first0.lis,
clk0.lis, semal0.lis, task10.lis, task20.lis, secondl.lis, clkl.lis, sema?2l.lis, task1l.lis,
and task2l.lis. It should be noted that a lis file is created for every input file. If
the same file is loaded into more than one processor, then more than one .lis file is
produced for it. The name of the lis file is made up of the input file name, followed
by a number indicating the processor on which it was loaded, followed by .lis.

A listing file contains a copy of the input source file. Each statement in the source
code is sequentially numbered and accompanied by the address at which it was loaded
in the given virtual processor. Statements that do not generate any compiled code
(such as ENDIF) and directives (such as VAR) do not have loading address locations

associated with them. The load address locations are generated as each file is loaded.
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Figure 5.15: File Loeding Sequence

5.3.4.6 Source File Loading

The sequence of loading all the source files into the virtual processors closely follows
the hierarchical structure of the file system. An example of such a sequence is given
in figure 5.15. The file loading process starts with the .sys file and then is interrupted
by the loading of the first .nod file specified in the .sys file. The loading of the .nod
file is then temporarily interrupted by the loading of the .knl file specified in the .nod
file. Once the .knl file is loaded, the loading of the .nod file continues until it is again
interrupted, this time by the loading of the .evt file. In other words, loading always
gtarts with the .sys file. As soon as a filename ofa lower level file is encountered during
the loading of the current file, loading of the current file is temporarily suspended to
load the lower level file. Once the lower level file and all of its “child” files have been
loaded, the loading of the current file continues.

The main motivations behind the MDA file system are encapsulation of function-
ality and software reusability. The divisions between the five MDA file types allow the
sysiem designer to independently design application software, kernel software, define
event characteristics, and configure the system in terms of the number of processors.
Because each of these specifications and configurations is contained within one or
more discrete files, it is very simple to experiment with different setups. For example,

task to processor allocation is accomplished simply by moving the TASK directives

137



between .nod files. Similarly, different kernels can be tried in different processors by
simply changing the KERNEL directive in the appropriate .nod file(s). These are

only two examples but the same reasoning applies to all configurable aspects of the

system.

The final benefit of the file system structure is that the same individual tasks,
kernels, or even complete nodes can be used in different places in the system by
simply copying directives. In this manner, the same task or kernel can be resident on
each processor, for example, Also, standard tasks and kernels can be saved in their
approriate .tsk and .knl files for use when needed. As an example, a complele kernel

including the Harmony primitives can be coded in the MDA language and supplied

with the MDA system as a standard Harmony.knl file.

5.3.5 Expandability of Design

The flexibility provided by MDA at the component level through the hierarchical file
system is also evident at the lower language level in the form of an easily expandable
instruction set. The language and interpreter have been designed so that additional
instructions can be included simply by adding them to the instruction table and
including one procedure to compile the instruction into the internal MDA format and
one procedure in the interpreter to simulate the actions of the instruction.

The ability to expand the available instruction set is very useful if the proposed
system is to simulate specialized processors with special instructions. In addition to
the straightforward extension of the instruction set, the syntax of the MDA language
is quite simpl= to modify and requires no changes to the actual compiler. The lexical
analysis of the language is done through table driven finite state machines. To change
the language syntax requires only the reordering of the state machine tables. This
type of change may be desirable for example, if the rigid syntactic structure imposed

on the application tasks is inconvenient for a particular application.
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5.4 Collection of Statistics

One of the main objectives of the Multitasking Design Assist tool is to gather statistics
from the modelled prototype so that the proper design decisions can be made. In order
to meet this objective, MDA has two classes of statistic gathering methods. These are
referred to as builtin statistics and user statistics. Data belonging to the builtin class
is automatically collected by the MDA interpreter and is fixed for all application
prototypes. In realization of the fact that it is impossible to predict all the types
of data that may be needed for the complete analysis of a particular epplication,
MDA allows users to program the collection of their own statistics using the same

environment and instructions used to program the system model.

5.4.1 User Collected Statistics

Depending on the application, most of the statistics collected through an MDA sim-
ulation need to be programmed by the user. The reason for this is that many of the
relevant statistics depend on kernel functions or on application task specific functions.
Since it is part of the MDA philosophy to keep these two aspects in the designer’s
domain, their functionality can not be predefined. As such, it is impossible to pro-
vide builtin statistics for them. All of the user defined statistics used in this thesis
however, have been preprogrammed (appendix B) and can be retained as part of any
kernel file.

Using the MDA language, in addition to carrying out their operational functions,
the kernel primitives for example, can be modified to collect pertinent data each time
they are invoked. This type of data collection raises two concerns. The first is that
the overhead incurred by the prototype to collect its own statistics may interfere with
the values of the statistics themselves. For example, if data were required on the
amount of virtual CPU time used for kernel functions, this data would be inaccurate
due to the kernel overhead in gathering the data. For this reason, the MDA tool
incorporates a system to allow monitoring without interference.

Every instruction that is not part of the prototype but is programmed only for user
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data collection should be preceded by an asterisk (*). This signals to the interpreter
that the corresponding instruction is to be executed but it is not to take any vir-
tual CPU time. Further, to prevent problems in interprocessor instruction execution
timing, all such consecutive instructions on any processor are executed contiguously
without the normal interleaving through each virtual processor after each instruction.
Thus each block of data gathering instructions is executed as an atomic entity that
takes no time to run.

The second item that needs to be addressed with user programmed statistics
gathering is how the data is to be communicated to the outside world. The data
collected by the prototype is stored in the data structures declared within the model
through the VAR and SHARED directives. In addition to these, there is a STAT
directive. This directive is used in exactly the same manner as the VAR directive.
A STAT variable can be used for any purpose but at the end of a simulation run,
MDA goes through all STAT variables and copies their names and values to a user
specified output statistics file. If the STAT variable is of a user defined type, the
value of each field is copied to the statistics file. An example of code for a statistics

gathering function along with its results is shown in figure 5.16.

5.4.1.1 Simulated Time

Many of the user defined statistics used in MDA simulations need some type of time
basis. In the MDA environment, each instruction execution requires 1 unit of time
regardless of the type of instruction. As such, each instruction execution increases the
virtual processor time by one unit. The only exception to this situation arises when
an instruction is preceded by an asterisk. The execution of these instructions does not
require any virtual cpu time. In addition to instruction execution, virtual cpu time is
incremented by any specified value using the the ticks instruction. This instruction is
used to simulate actions that require some amount of time. To facilitate user statistics
gathering, timestamps are taken using the time instruction which returns the curreni
virtual cpu time.

In order to make good design phase decisions, a number of statistics need to bhe
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PROCEDURE sched_rtr_task {rtr_pcb : t_pcb)

)
'
H This procedure accepts a process control block and
H adds it to the ready to run queue in a prioritized
; fashion.
PROC sched_rtr_task;

*time start_sched;

pop taskstk, rtr_pch;

move #/ready/, rtr_pcb.status;

addq rtr_pcb, rtr, rtr_pcb.priority;

if (rtr_pcb.priority > curr_tcb,priority);
PopP taskatk, ret_pc;
pop taskstk, ret_pc
move ret_pc, curr_tcb.pcnt;
move taskstk, curr_tcb.stk;

move #/ready/, curr_tcb.status;
addg curr_tcb, rtr, curr_tcb.priority;

*time end_sched;

#gub  end_sched, start_sched, elapsed;
*print #/Time Spent in Scheduler: /;
*printcr elapsed;

c¢call run_rtr_task;
endif;

*time and_sched;
#gub end_sched, start_sched, elapsed;
#print #/Time Spent in Scheduler: /;
sprintcr elapsed;

ENDPROC;

Output Produced:

Time Spent in Scheduler: 24

Figure 5.16: User Statistics Gathering
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collected. The following sections discuss how the MDA tool is used to collect data on
each of the statistical groups outlined in figure 4.3 (Statistical Factors). As the nature
of these statistics has already been explained in the previous chapter, the following

sections concentrate on the method of their collection using the MDA tool.

5.4.2 The Processor Data Group

The statistics in the processor data group are collected individually for each virtual
processor. Only two of these statistics are builtin and the rest are programmed along

with the prototype. This group includes the following items:

1. Number and Identities of Tasks on Processor - This is a builtin value that is

recorded immediately after all of the virtual processors have been loaded.

9. Number and Identities of Tasks Indirectly Associated with Processor - This is a
user programmed statistic that can identify all tasks that are in communication
with the tasks on a particular processor. The Event Response data (to be de-
scribed shortly) gives the identities of all the tasks associated with a particular
response and it shows the communication patterns between tasks on all proces-
gors. This data can be used is used to identify all tasks thai require data or

services from tasks resident on this processor.

3. Percentage CPU Usage by Kernel Scheduler - This is a user programmed statis-
tic that can be incorporated into the kernel scheduling functions. A CPU virtual
time stamp has to be taken at the start and end points of every kernel function
including primitive execution, queue management, and scheduling functions.
From the scheduling function time stamps, the time required for each schedul-
ing iteration has to be computed and summed for all iterations. The final
percent CPU use for scheduling can then computed by dividing this sum by the
total elapsed CPU time.

142



4, Percentage CPU Usage by Kernel for Nonscheduling Functions - This user pro-
grammed statistic must be computed by dividing the total time spent in exe-
cuting kernel instructions by the total elapsed CPU time. This statistic gives
total CPU usage for all kernel functions. The desired data can then be obtained
by subtracting the percentage CPU use for scheduling operations. Again, the

elapsed time data can be acquired from time stamps.

5. Percentage CPU Idle Time - This user programmed statistic must be computed
by determining the total amount of time spent executing a special idle task and
dividing it by the total elapsed CPU time. The idle task is run only when
no application task is ready to run and there are no kernel functions to be
performed. A time stamp must be taken at the start and end of each idle task

execution.

6. Total Number of Contexzt Switches - This builtin statistic is calculated by the
MDA interpreter for each processor. It is calculated simply by incrementing a

counter every time the context switch instruction (CXTSW) is executed.

7. Number of Times Each Kernel Primitive Called - This is a user programmed
statistic that must be incorporated into each kernel primitive. Each primi-
tive should include its own counter and increment that counter each time it is

invoked.,

8. Dala on Messages Incoming from Other Processors - This is another user pro-
grammed statistic that must be incorporated into the operating system. The
statistic should include four types of data: the identities of all processors send-
ing incoming messages to this node, total number of messages received from
other processors, average number of messages being received at a time, and the
maximum number of messages being received at one time. Assuming that the
prototype messaging system has been designed so that incoming asynchronous
internode messages trigger an interrupt, the required data can be collected as

follows. Each time the interrupt is raised, the source processor of the message
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is recorded and an internode message counter is incremented. In order to sim-
ulate message reception, a fixed time delay is associated with the reception of
each message. If during this time period, the internode message interrupt is
again raised, then two messages are being received simultaneously. Thus each
message reception episode can involve one or more incoming messages. Data
must be kept by the interrupt handler on the maximum number of messages

per episode and on the average number per episode.

5.4.3 The Task Data Group

This group of statistics serves to identify the behavioral characteristics of each appli-
cation task. As such, they are collected for each application task on each processor.
All of the statistics associated with the task data group are user programmed. Their

suggested methods of collection are detailed in the following list.

1. Total, Mazimum, and Average Time Spent in Ready State - This data can be
gathered by the kernel every time a task changes system states. As soon as a
task is placed in the ready state, a time stamp is taken. Another time stamp
is taken when the task leaves this state. Thus the kernel keeps track of the
number of times each task enters the ready state and how long it stays in this
state. From this data, the total, maximum, and average times spent in this

state can be calculated.

2. Total, Mazimum, and Average Time Spent in Running State - The method of

data collection for the running state is identical to that for the ready state.

3. Total, Mazimum, and Average Time Speni in Blocked State - The method of
data collection for the blocked state is identical to that for the ready and running
states. However, the data collected for the blocked state can be broken down
into three categories based on the reason for biockage. If the task is blocked
because it must wait for a shared memory access, the total time for shared

memory blockage is incremented. A similar situation holds for blockage because
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the task is waiting for a message from another task and for blockage due to the

task waiting for the occurrence of an external event.

. Mazimum and Average Task Cycle Time - This statistic indicates how long each
complete application task loop takes including the time required for blocking
primitives, etc. This data can be gathered by the application task itself. The
first activity in the task loop takes a time stamp before it starts and the last
activity takes a time stamp after it completes. From these time stamps, the
elapsed time can be calculated for each cycle and from this, the maximum and

average cycle times may be calculated.

. Mazimum and Average Activity Time - This is another statistic that can be
gathered by the application task. At the start of each activity, a time stamp is
taken. The time elapsed between consecutive time stamps can be used to cal-
culate the maximum and average execution times associated with the activities
of each task. It should be noted that the time involved in the primitive call at

the end of each activity is included as part of the activity execution time.

. Percentage Task CPU Usage - This statistic indicates how much CPU usage is
attributable to each task. It can be computed by dividing the total time the
task sponds in the running state by the total elapsed CPU time at the end of

the simulation.

. Number of Shared Data Accesses by Task - The collection of this statistic relies
on the assumption that application tasks as well as OS functions do not directly
access shared data bui rather go through kernel primitives that can arbitrate
access to shared memory. These can be specialized primitives or they can be the
standard semaphore primitives. Every time one of these primitives is called, it
can increment a counter associated with the calling task. A specialized shared
data access primitive can also determine which piece of shared data is to be

accessed and associate task counters with each data item.
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8. Number of Task Preemptions - This information can be gathered by the kernel
scheduler. Each time a task is preempted due to a time slice or due to a higher
priority task, the scheduler can increment the preemption counter associated

with the preempted task.

9. Number of Messages Sent to Other Tasks - This statistic describes the com-
munication patterns of each task and can be collected by the kernel primitives
assigned to do IPC send operations. Whenever such a primitive is called, it
can examine the destination of the message and increment a counter associated
with that destination. Each task should have one counter associated with each

destination.

5.4.4 The Queue Data Group

This group of statistics consists of data gathered by both builtin and user programmed
collection facilities. The builtin statistics are gathered for ev. ry QUEUE type variable
in the prototype as well as for event queues. The user prugrammed statistics are
gathered only for message queues although, as always, this is at the discretion of
the designer. The information pertinent to the queue data group is described in the

following list.

1. Mazimum and Average Queue Length - This is a builtin statistic which is up-
dated whenever an ADDQ or DELQ instruction is performed on any queue, In
the case of event queues, the updates occur whenever an event is generated and
when an ACKINT instruction is executed. The actual data produced by MDA
gives the largest size attained by the queue during the simulation, the total time
of the simulation, and a weighted queue length factor which is calculated as

mazien

Z length X timeiengin
length=0

where length is the length of the queue and time is the elapsed time for which

the queue had a size of length. The average queue length is then be calculated

by dividing the weighted length factor by the total elapsed virtual CPU time.
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2. Mazimum and Average Message Queue Elements by Source - This is a user pro-
grammed statistic that categorizes the sources of messages. For each receive
message queue, the receive IPC primitive should break down the number of
messages in the queue by their source. A maximum and average value for num-
ber of queued messages can be stored and updated for each possible source. The
average can be calculated using a time weighting factor like that for standard
queues except that length is replaced by the number of queue elements from a

particular source.

3. Average Time Each Element Spends in Queue - This user programmed statistic
shows the average time that elapses between the time an item enters a queue
and the time at which it leaves. Each queue element can be defined to contain
a time field. Before an application adds an element to the queue, it must fill in
the time field with the current time stamp. After the each element is removed
from the queue, its entry time stamp must be examined and an elapsed time
calculated. A counter must be maintained that tracks the number of elements
removed from the queue. This counter is updated and used to calculate the
average queued time. In the case where many different tasks access the same
queue, each will have to update this queue statistic. This is a builtin statistic

only for event queues and is user programmed for other queue types.

5.4.5 The System Data Group

The system data group consists entirely of builtin statistics. These statistics deal
with information that is not local to a particular processor but gives an idea of the
interactions between individual processors through shared memory. The individual

statistics are as follows.

1. Number of Processors - This data simply indicates the number of configured

virtual processors and is recorded immediately after loading is complete.

2. Number of Shared Memary Access Conflicts - This statistic indicates the number

of simultaneous accesses to shared memory that could potentially occur in the
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specified prototype. During every simulation cycle, each processor execntes one
instruction. If a processor is running locked, then it is allowed to execuie a
block of instructions per simulation cycle. So every processor execules one or
more instructions consecutively per simulation cycle. A shared memory access
conflict is deemed to have occurred when two or more processors access “shared

data” in the same simulation cycle.

The MDA interpreter maintains two types of access conflict statistics. The first
simply counts the number of shared memory access conflicts without regard to
which piece of data is being accessed. This statistic is applicable if all shared
data was stored in a memory common to all processors. The second statistic
breaks down the access conflicts by individual items. A conflict counter is kepl
for each shared variable and is incremented only when two or more processors
access the same shared variable in a single simulation cycle. This allows the user
to effectively break the shared memory into smaller blocks which are accessed

only by specific processors. Figure 5.17 illustrates this concept.

This figure shows shared memory partitioned into two separate blocks. Ouly
nodes N1 and N2 access the MEMORY 1 block and only nodes N2 and N3 access
the MEMORY.2 block. The form of these accesses will be MEMORY 1.ITEM2
or MEMORY2.ITEM1, etc. With such partitioning, the number of access
conflicts for either of MEMORY.1 or MEMORY.2 will be fewer than if all
of the data items were in a memory shared by all processors. (For purposes of
comparison, both of these statistics are gathered). Thus these statistics and the
MDA ability to partition shared data provide a powerful tool for prototyping

different interlink configurations.

. Number of Writes to Shared Memory - This statistic is simply a counter that
is incremented every time a shared data variable is modified by any processor.
Like the access conflict statistic, data is kept both on writes to any shared

variable as well as on the number of writes for individual shared data items.
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TYPE blockl

itemi : integer »;
item2 : t_structure;

TYPE block2

iteml : integer x;
item2 : queuve *;
item3 : t_struct?2;

SEARED memory_1, blockl;
SHARED memory.2, block2;

NODE 1 NODE 2 NODE 3
(NT) (N2) (N3)
MEMORY | MEMORY 2

Figure 5.17: Shared Memory Partitioning

5.4.6 The Event-Response Data Group

This user defined group of statistics can be used to determine the interactions between
all of the application tasks in the system. In addition, it can be used to correlate
event occurrences with individual task actions and eventually with a response to the
environment. This response can come in several forms including: the execution of
a CAUSE instruction which generates an occurrence in an “environment” task, an
update of some memory item, or the sending of a message to a task modelling the

environment. The statistics included in this group are the following:
1. Identification of All Tasks Associated with Each Event
2. Identification of All Events Associated with Each Task
3. Identification of All Intertask Dependencies Via Messages or Shared Data

4. Mazimum and Average Time Required for Each Event-Response Completion
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5. Relative Order of Response Completions
6. Number of Completions of Each Type of Response

This type of data collection is very application specific and must take the semantics
of various occurrences into account. For example, to gather such statistics, it is
necessary to be able to identify a final response. This can be done only with ihe
knowledge of the application. As such, all of these statistics are user programmed but
in a more elaborate way than the other user programmed statistics. The collection
of event response data stalistics involves the use of message traces and statistical

primitives. These are described in the next sections.

5.5 Execution Path Traces

In real-time systems, the occurrence of an environmental event causes the system
controller to perform a number of activities which culminate in some sort of responses
to the environment. However, in practice, this sequence may be more involved. For
example, it is possible that a single event will give rise to a number of responses.
Conversely, it is possible for a group of events to give rise to only a single response.
Further, the activities performed by the controller in responding to the event(s) are
usually implemented in several different tasks which may be resident on different
nodes.

In order to get accurate and complete information on the actions performed by
the controller in servicing an environmental event, it is necessary to track two things.
The first is the interactions between the tasks involved in providing the response and
the second is associating a specific event occurrence with the response actions of each
task. This second item can become quite complex when viewed in light of the fact
that multiple instances of the same event can occur in rapid succession. Although it
is likely that the same tasks will handle each occurrence, with prioritized scheduling
and nondeterministic IPC times there is no guarantee that they will be handled in

the order of occurrence by each task.
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Figure 5.18: Data History Example

The MDA tool takes the approach that each task interaction has a history as-
sociated with it. That is, a particular sequence of events have gone into producing
each message active in the system as well as in producing the current contents of
each shared data item. These are the two basic ways in which tasks interact with
each other in servicing an event: via messaging and via shared memory*. Figure 5.18
illustrates this concept.

In this figure, actions 3 and 5 represent the sending of messages between tasks T1,
T2 and T3, T4 respectively. Action 7 is the generation of a response, 4 is the reading
of shared data and 6 is the writing of shared® data. In this example, every message
3 has the history:

1. Event 1 occurrence at time z1.
9. Processing by task T1 at time z2.

3. Message 3 sent at time z3.

4 Although there are other interaction methods such as the generation of events between tasks,
their inclusion in the following discussion is implicit. The methods discussed are equally applicable
to other task synchronization and communication methods.

$Ordinarily the shared data would be protected inside a task but this has been omitted for
simplicity.
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Similarly, every message 5 has its unique history:
1. Event 2 occurrence at time yl.
2. Processing by task T3 at time y2.
3. Message 5 sent at time ¥3.

If task T4 updates the data item D1 as a consequence of the message received from
task T3, then the content of D1 has its own unique history that must be updated

every time its value is changed. The history of D1 in this case would be:
1. Event 2 occurrence at time ylI.
2. Processing by task T3 at time y2.
3. Message 5 sent at time y3.
4. Message 5 received by T4 at time yJ.
5. D1 updated by T4 at time y5.

It should be noted that the history of data item D1 includes the history of the message
produced by T3. Thus the parent actions are propagated through the response.
Finally, the complete history of the response (7) is:

1. Event 1 occurrence at time z1.

2. Processing by task T1 at time z2.

3. Message 3 sent at time z8.

4. Message 3 received by T2 at time 4.

5. Data D1 read by T2 at time z5.

[=>]

. (a) Event 2 occurrence at time y1.

(b) Processing by task T3 at time y2.

152



Data D2

A B3

Al

AINW
A2
Data D1

Figure 5.19: Data History

(c) Message 5 sent at time y3.
(d) Message 5 received by T4 at time y5.
(e) D1 updated by T4 at time yJ.

7. Response produced by task T2 at time z6.

The final trace contains a record of all the actions involved in providing the re-
sponse along with the times of their occurrence. The question of associating a partic-
ular action with a particular response can be resolved by this trace method. Consider
the task depicted in figure 5.19. This task provides two separate functions. Function
A is triggered when a message of type A is received and function B is triggered when
a message of type B is received. Function A involves the sequence: send message
Al, send message A2, and then write to shared data D1. Function B requires the
sequence: send message Bl, read shared data item D2, and then send message B3.
Because tasks are sequential engines with a single thread of control, only one of these
functions can be done at a time. For this example it is assumed that the function
must complete before another is started and after completion of each function, the
task cycles and waits for an incoming message of either type.

Because each of the task functions occurs as part of a response, the task must
propagate the history of the response that it is currently working on. It does this

in the following manner. As outlined above, every message has a history associated
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with it. Whenever & function is started by reception of message A or B, the history
associated with the message is made to be the current working history of the task.
Assume the task in figure 5.19 receives message A with history X. The current
working history of the task is now X. The first action it does is send & message Al.
This action must be appended to the current working task history and then this

current working task history must be associated with the outgoing message. Thus

the history of message Al will be:
L. X.

2. Message Al sent at time zl.

Similarly before message A2 is sent, the action must be appended to the current
working task history before it is associated with the outgoing message, The last
action is to write to shared data item D1. Just prior to this write, the current

working task history is:
1. X
2. Message Al sent at time z1.
3. Message A2 sent at time 22.
4. Data write to D1 at time z3.

When the write is done, this is the history that will be associated with the new value
of data item D1. As more actions are performed by the task, the current working task
history increases in size. However, whenever the task completes its functional cycle
and starts a new one by receiving message A or B, the current working history is erased
and replaced by the history of the newly received message. This data flow approach
to tracing event response sequences is applicable to all types of task interactions and
internal task structures. In addition, the final response trace can be used Lo capture

all of the statistics of the event-response data group.
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5.6 MDA Statistical Primitives

The MDA tool provides specific functions that are used to gather response traces
in the manner described above. While these functions and their associated data
structures are not a basic part of the MDA tool, they are programmed using the MDA
language as functions that can be called by the modelled kernel. These functions are
available as MDA library routines which only collect statistics and as such, do not
take any time to execute (all of their instructions are preceded by “*”). This section
discusses the details of these functions as well as the data structures involved in

collecting all of the user defined statistics discussed in section 5.4.

5.6.1 Trace Data Structures

A response trace consists of information regarding a sequence of actions and the
times at which they occurred. The logical ordering of these actions as well as the
association of such a sequence with a triggering event is defined in the form of a
list. Every element of such a list contains information regarding a single action and
each complete or partial list represents a single response occurrence or part thereof,
respectively. Further, it is quite natural to build such a list as more and more actions
are performed in the progression of a response. A definition of the structure of such
a list element along with its MDA language representation is given in figure 5.20.
The action field of this data structure shows the type of operation associated with

the trace list element. This field can take on any of the following values:

1. Message Sent - This action represents the placing of a message into the queue

of the receiving task.

9. Message Received - This action represents the removal of a message from an

incoming message queue.
3. Data Write - This action represents the modification of a shared data item.

4. Data Read - This action represents the use of a shared data item.
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H

{ t_trace_elt.action Values: #1 - Msg Sent

i #2 - Msg Accepted

H #3 - Sharad Data Write

3 #4 ‘- Shared Data Read

i #6 - Response Out

H #6 - Event Trigger

; #7 - Start Read Delimiter
: #8 - End Read Delimiter

; #90 - Start Msg Delimiver
H #10 - End Msg Delimiter

L}

TYPE t_trace_slt = node_name :string *; Node of occurrence
tagk_name :string *; Task of occurrencs

action :integer *; Action to be done
time tinteger *; Time of occurrence
miscl :integer *;

mige2 tinteger;

Figure 5.20: Trace List Element Structure

5. Response Out - This action represents the completion of a response and signals
ihe end of a message trace list®. The misc field of the element structure in
this case specifies the type of response that was produced and can take on any

application specific integer value.

8. Event Trigger- This action is always the first element of a trace list. It represents
the event occurrence that triggered the end response. The misc field of this

element structure indicates the interrupt number associated with the event.
7. Start Read Delimiter

8. End Read Delimiter - These delimiters are simply marker elements in the trace
list that delineate the history of a shared data item that was read by the task in
question. Recall that each such item has a trace history associated with it that
represents the actions performed to generate the data value. The delineation

serves only to assist in the reading of the response trace.

6 A particular event can trigger more than one response or a sequence of responses.
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TYPE t_msg_elt = dest : string *; Destination task

source : string *; Source task
data : t_struct *; Message data
tre.q : queus; Trace list of trace elements

TYPE t_data_elt = data : t_struct *; Shared data structure

trc_q ! queus; Trace list of trace elements
TYPE t_tcb = name ¢ string * Task name
status ! string * Task state
priority : integer ¥ Priority

pent t integer * Program counter
stk ! stack ¥ Local task stack
tre.q 1 queus Trace list of trace elements

Figure 5.21: Fields Using Trace Lists
9. Start Msg Delimiter

10. End Msg Delimiter - Like shared data items, each incoming message has a
history associated with it. These list element types delimit these histories within

the main response history.

Thus there are ten possible types of action elements in a trace list. It has been
shown that a trace list is a progress report of a response at any point in time. It has
also been shown that such progress reports need to be maintained as part of three
entities: individual tasks, individual shared data items, and individual messages. The
trace list of any task shows what point it has reached in the servicing of a response.
For this reason, every task control block (TCB) contains a field that holds the task’s
current working history trace list. Similarly, the data structure used to specify any
message must contain a field that holds the history of the message in the form of a
trace list. Finally, the data structure associated with each piece of shared data must
have a field that can contain the trace list history of the current data value. These

three data structures are shown in figure 5.21.
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5.6.2 Trace Procedures

In order to standardize the creation, maintenance, printing, and deletion of response
traces, facilities have been programmed in the MDA language as procedures that can
be called by user defined kernel primitives. A single procedure named response updale
that performs all of these functions is included in each MDA kernel file. The psendo
code for this procedure in given in figure 5.22.

There are several things of note in this procedure. The pseudo code has been
expanded in some places to actual MDA code. This was done to provide some {amil-
jarity with the instructions and structure of the language. It should be noted that
the number and types of parameters passed to this procedure vary depending on the
type of action requested. The calling primitive must push the proper parameters on
to the stack before the procedure call. Another thing that should be noted is that all
of the instructions in this procedure are prefixed by ™’ so that they do not take any
virtual processor time to execute. All such procedures used for statistics gathering
are made nonintrusive in this manner.

The procedure starts by filling out the common fields of the new trace element
such as the node on which action occurred, the task which performed the action,
and the time of the action. From this point, the procedure can be treated as a case
etatement based on the type of action performed. There are six such actions and each
of these cases will be discussed individually.

In the case of a message send, the new trace element is simply added to the
task's current working history list. A copy of this list is then included as part of
the outgoing message. In the case of message receive, the “message receive” trace
element is added to the current working history of the task and then an incoming
“start message” delimiter trace element is added to this list. After the start message
delimiter, the trace elements of the incoming message history are appended one by
one to the current working trace. Finally, an “end message delimiter” trace element
is added. Thus the message history has been incorporated into the current working
history and the message history list is deleted.

An analogous situation occurs with shared data write and read. In the case of
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PROC response_update;
Get action parameter from stack
Get new trace element
Fill in node name and task name fields
Get time stamp and £ill in time field
Fill in action field with paramester

#if (action = #1); SEND MSG
*pop taskstk, dest_slt_name;
*pop taskstk, meg_elt_name;
*addq trace_slt, curr_tcb.trc_q, #1;
4 COPY TASK HISTORY TO OUTGDING MESSAGE
*move curr.tcb.trec_q, temp_q;
xgizeq temp.q, q.size;
#while (q_size > #0);
*dely temp.q, trace_elt;
#addq trace_elt, Omsg_elt_name.trc_q, #1;
*sizeq temp_q, gq_size;
*andwhile;
sendif;

*if (action = #2); RCV MSG
Add message start delimiter to task’s current history
Add every trace elmt of incoming msg to task’s current history
Add meesage end delimiter to task’s current history

*gndif;

#1f (action = #3); DATA WRITE
*pop taskstk, data_name;
#addq trace_elt, curr_tcb.tre_q, #1;
*move curr_tch.trc_q, @data_name.trc_q;
+endif;

*xif (action = #4); DATA READ
Add start read delimiter to task’s current history
Append trace list of data item to task’s current history
Add end read delimiter to task’s current history

*endif;

»if (action = #6); RESPONSE OUT
Add response out trace element to task’s current history
Print (but don’t delete) current history to stats file
*endif;

«if (action = #6); EVENT TRIGGER
*pop taskstk, trace_elt.miscl;
sotime trace_elt.miscl, trace_elt.misc2;
*addgq trace_elt, curr_tcb.trc.q, #1;
*endif;
ENDPROC:

Figure 5.22: Trace Maintenance Procedure Code
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data write, the new trace element is added to the task's current working history list.
The current history list of the shared data item is discarded and replaced with a copy
of the writing task’s current working history list. The case of data read is exactly
the same as that for message receive except the history list of the read data remains
unaliered because the data was not modified by the read operation.

Every event-response trace starts with the occurrence of an environmental event,
usually in the form of an interrupt. When such an occurrence happens, it is up
to the interrupt handler primitive to notify the task or tasks involved in iniliating
the response for the event. This notification can occur in several ways depending
on how it is programmed by the user. The interrupt handler may simply ready the
required task(s) if it was blocked waiting for the event, it -1ay send a message to the
initiating task(s), or it may update a data item signalling that the event has occurred.
Each of these approaches requires different actions on the part of the response-update
piocedure. In each case, the procedure is called with action type 6 (event trigger) and
in all cases a new trace element is created. This element contains the node name but
not the task name. It also contains the interrupt number in the miscl field and the
time that the event was handled in the time field. Further, the misc? field is set to
contain the time at which the event actually occurred. This information is obtained
through the etime instruction.

Once the trace element has been created, its fate is determined by the notification
method, I a task (or tasks) is simply readied (made ready to run) by the event
occurrence, the trace element is added to the new current working history list{s) of
the readied task(s). It is necessary that the interrupt handler temporarily make the
readied task(s) the current task(s) for the duration of the response.updale procedure
call. The procedure is called once for every readied task. If notification is through
messages, the trace element becomes the history of the message and is treated as any
other message send. Similarly if notification is through data, the trace element is
made to be the new history list of the data item and is treated as a data write.

When a response is to be generated, the response.update procedure is called with

action type 5 (response out). This causes a new trace element to be added to the
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task’s current working history list contairing the type of response generated. Once
the history list is complete, the procedure executes the printf instruction with the
history list as the operand”. This effectively signals the end of a particular vvent
response trace. It is possible that this response is only one element of a sequence of
responses to be triggered by a single event. In this case, the task retains its working
history for the remaining responses.

In order to execute the above described trace actions, the following seven kernel
primitive functions can be defined to call the response_update procedure as part of

their operations.
1. Send Message - Sets up message sent - action (1).
9. Receive Message - Sets up message received - action (2).
3. Write Shared Data - Sets up data write - action (3).
4. Read Shared Data - Sets up data read - action (4).
5. Get/Await New Environmental Event - Sets up event trigger - action (6).
6. Signal Response - Sets up the response out - action (5).

7. Start New Response - This primitive should clear the calling task’s current

working history list when processing is started on a new response.

The response.update procedure does not dictate in any way how these primitives
should be designed (blocking vs. monblocking, etc.) nor does it dictate the number
of primitives. Any of the specified primitive functions may be combined with others
or omitted if not needed in the application (for example, no need for message based
primitives if only shared memory communications are used). The only requirement is
that if these functions are included, they should call the response_update procedure as
well as any other user defined statistic gathering functions at the proper times with

the proper arguments.

"The printf instruction accepts any data type as an operand and prints the value of the operand
to the statistics file. If the operand is a stack or a queue, each element is printed to the file.
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Armed with the proper tools for gathering the required statistics, it is now possible
to define a design level methodology that puts into practice the ideas discussed thus
far in this thesis. The next chapter describes how the statistics acquired by the MDA
tool are used to create a design method that addresses the decisions that must be

made at the design phase.
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Chapter 6

The Design Method

This chapter provides a detailed outline of the proposed design phase methodology.
The previous chapters have outlined the types of decisions that must be made in
transforming a functional specification to a workable design. They have also discussed
the types of statistics needed to make these decisions and have described the MDA
tool that is used to collect these statistics. In this chapter, these ideas are combined
and put into practice in the formulation of a design methodology for the translation
of a functional specification into an implementation ready design.

As previously outlined, the design options available at this phase of the devel-
opment cycle can be divided into four categories: software partitioning, hardware
platform, IPC scheme, and response scheduling. A number of decisions need to be
made In each of these categories and in many cases, the effects of one decision will
have an influence on many of the others. This implies that after each decision is made,
it may render other previously made decisions inappropriate. This would require re-
examination of all previous decisions after each new decision was made. Clearly this
type of method leads to a combinatorial explosion in the decision making process.

In order to avoid this scenario, it is necessary to define a sequential decision making
process in which there is no haphazard backtracking. In this process a decision, once
made, should mainly influence the outcomes of subsequent decisions and have as little
effect as possible on previously made decisions. Therefore, fundamental decisions

must be identified and made prior to those that are more independent in natuare. The
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order in which the classes of decisions should be addressed during the design phase is
the same 2s that presented in the System Design Aspects chapter of this thesis. That
is:

1. Software partitioning

2. Selection of a hardware platiorm

3. Determining the nature of required IPC mechanisms

4. Selection of scheduling method

Software partitioning is the basis of the design process as it eventually determines
the number and types of processors required, the communication requirements of the
system, and also how the software components need to be scheduled. As such, this
class of decisions is the first to be made. Likewise, the hardware platform influences
the selection of interprocessor communication mechanisms based on the task distri-
butions among the processors and the type of interlink scheme. The task to processor
allocation also effects the amount of load balancing possible by the scheduling scheme.
The third class of decisions, IPC selection, involves selecting communications meth-
ods such as shared memory or message passing, blocking or nonblocking messaging,
etc. As such, it has a direct influence on how tasks are to be scheduled to make
the most of the IPC scheme. Finally, the type of scheduling method chosen is based
largely on the previous decisions. As such, it should be the final consideration of the
design phase,

It may be argued that this type of ordering appears to be too rigid or artificial
in the sense that some later decisions may have an effect on eatlier decisions and
this method does not allow enough feedback in the design loop. However it must
be stressed that this type of design is an ilerative process. At some stage it may
become apparent that the chosen path is inappropriate. Under these circumstances,
it is possible to step back and revise some earlier decisions. This revision should open
up new paths which are more appropriate to the required solution. This controlled

backtracking removes the need to experiment with every possible combination of

decisions.
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In complex systems that require designing via prototyping, there is not a single
unique acceptable solution but rather a number of possible solutions. The idea of
prototyping is to experiment with various design decisions in a systematic manner
until a combination of decisions is found that satisfies the requirements of the design.

Keeping this process in mind, a design method can now be outlined by an exami-
nation of each of the four design level classes. The remainder of this chapter presents
a prototyping design methodology for each individual decision class. This methodolgy
makes extensive use of examples showing how the MDA tool can be instrumental in
the progression of the design. In order to provide some level of continuity between
the different decision classes and to explore a complete design sequence, the same
example system will be used in demonstrating the process for all classes of decisions.
The only exception is the software partitioning class. Because the chosen example is
reasonably complex (as required for proper demonstration of the hardware platform
and scheduling classes), it is unecessarily involved for demonstration of the software
partitioning process. This does not imply that the process can not be used on complex
systems, but only that for the purpose of this thesis, a smaller example will suffice.

Prior to discussing the details of the design methodology, it is necessary to intro-
duce the functional requirements of the example system that will serve as the target

of the described process

6.1 Requirements of a Telephone Switching Node

The chosen example focuses on some of the operations of a single switch in a telephone
switching network’. The layout of a typical telephone switch [Woo83, PW83) is given
in figure 6.1. In this layout, the individual telephones (terminals) are connected to
access nodes, the access nodes report to higher level collector nodes, and the collector
nodes interface to a network that connects all of the collector nodes (and the switching

center) in the switch. The switching center is the highest level of control that manages

1This example was chosen because of the author’s familiarity with such systems and the ability
of the example to incorporate a number of real time requirements. Although the example follows
the basic philosophies of switching systems, many of their characteristics have been simplified. Also,
the time values used in the example have been chosen for convenience.
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Figure 6.1: Telephone Switch Block Structure

the interactions of all the lower level nodes. There is a concentration of functionality
at each level of the switch. As such, there are many terminals connected to each
access node, several access nodes reporting to a single collector node and all collector
nodes reporting to the single switching center.

In addition to connections to higher and lower level nodes within its own switch,
a collector node may also have T1 carriers (trunks) linking it with collector nodes
belonging to other switches in the network?. Thus a telephone call between terminals

on the same switch may require the following actions:
1. Access node detects an off-hook signal on one of its phones,
9. Access node performs digit collection to get dialled number,
3. Access node informs collector node of above actions,

4. Collector node asks switching center for a network connection,

2This network links individual switches in a telephone network and is not to be confused with
the network block in the switch diagram that simply links collector nodes witkin a single switch.
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5. Collector node connects a voice channel from access node to the network?®,

6. Switching center informs terminating collector node of incoming call and pro-

vides it a network voice connection,

7. Terminating collector node connects network to appropriate access node and

informs access node to ring appropriate telephone,
8. Once terminating access node detects off-hook, connection is complete.

9. Originating access node scans telephone for on-hook. Once received, the con-

nection is taken down in the same order as it was made.

The actions required for a call between telephones on different switches is similar
except that the originating switching center signals the terminating switching center
through a trunk. The voice channel is also connected through the trunk once the call

setup is complete.

6.1.1 Collector Node Hardware

To keep the example to a manageable size, only the functions of the collector node
in the above system will be analyzed. Further, it is assumed that the communica-
tions between the various nodes (access nodes, collector nodes, and switching center)
all take place via asynchronous communications channels (not via shared memory)
and that these channels are error free. However there are no predefined restrictions
concerning communications schemes within the individual nodes.

To perform all of its functions, the collector node requires some specialized hard-
ware. A possible hardware block diagram for a collector node is given in figure 6.2.
There are three main aspects to the hardware structure: the interfaces, the peripheral
hardware, and the processing complex.

There are three different types of interfaces for the collector node. The network
interface formats data for transmission to the network and converts incoming data

from the network. The access interface performs these same functions for data to

31t is assumed that only the network block has switching capability.
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Figure 6.2: Collector Node Hardware Structure

and from the access nodes. Finally, the T1 interface hardware performs conversions
between the carrier format and the internal data format of the collector node.

The functions of the peripheral hardware are quite varied and are concentrated
in four hardware modules: the signalling interface, the messaging interface, tones
hardware, and pulse code modulation (PCM) switching. Whenever a voice connection
is set up, conversation flows through the switch in the form of PCM. The main
functions of the signalling inteface are to continuously monitor the quality of the voice
connection and to allow the nodes involsed in the counection to signal to each other
over the voice channel for the duration of the call. This type of signalling involves
informing nodes about things such as call setup and takedown. The signalling is done
by injecting message bytes into the voice PCM stream one bit at a time (perhaps one
bit over each PCM frame). In this manner, the same channel can be shared by voice
and signalling data. The signalling interface simply injects and extracts these bits
from the PCM stream thereby sending and receiving message bytes, respectively. For
the duration of the call, test patterns are sent as signalling bytes to monitor channel
integrity.

The messaging interface simply performs parallel to serir} conversion on outgoing
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internode message bytes and serial to parallel conversion on the incoming message
bytes. It also determines which of the interface cards is appropriate for transmitting
and receiving particular messages. The tones hardware provides a variety of tones
(ex. dial tone, busy tone) in the form of PCM to the access nodes for switching onto
approriate terminals. Finally the PCM switch serves to connect any access channel
to any network channel and ensures that the proper voice PCM bytes are switched
onto the proper channels at the proper times.

Bach of the peripheral hardware modules is accessible to the processing complex.
The processing complex consists of the processor(s) and memory required to control
the operations of the collector node. In this example, the interface and peripheral
hardware is fixed and it is the design of the processing complex that will be investi-
gated as part of the design process. The peripheral hardware and the limited number
of voice channel connections are considered to be hardware resources that need to be

shared between the software components of the processing complex.

6.1.2 Collector Node Functionality

The collector node needs to perform several functions. It must respond to environmen-
tal events as signalled by the lower level access nodes and the higher level switching
center, Some of these events are periodic and others are sporadic. In addition, there
are internal events that the collector node must service. In order to organize all of the
various requirements, it is useful to categorize them into two classes: maintenance
functions, and call processing functions.

Maintenance functions involve things such as performing diagnostics and hardware
audits, synchronization with the network, making switching connections, and ensuring
the integrity of any attached trunks. The required maintenance type actions are

summarized in the following list.

1. Whenever a request for a tone comes from an access node, the required tone is

to be connected to the specified access channel.

2. The collector node is to stay in clock synchronization with a signal received
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from the network on one of the network channels. The processing com plex must
regularly switch the synchronization source between the network channels. As
such, it must specify to the message interface which channel has been currently
selected for this purpose. If synchronization is lost at at any time, the messaging

interface hardware generates an interrupt to the processor complex.

. Hardware diagnostic audits are to run in the collector node. A tone audit is
to run every 30 time units, a message interface audit every 5 time units, and a

channel audit every 1 time unit.

. In addition to the periodic audits, the tone diagnostics, message interface di-
agnostic, channel diagnostic, and a carrier diagnostic should be able to be run
upon request from the switching center. Only diagnostic fail results are to be
reported to the switching center. All audits and all diagnostics require two

channels in order to form test looparounds.

. The tone diagnostic must connect a test tone to o channel and monitor the tone

through a second channel.

_ The channel diagnostic and the message interface diagnostic need to shut off

signalling functions on the channels they are testing.

Al T1 carriers terminating at the collector node must be continually monitored

via status and control registers on the T1 interface hardware.

_ The carrier diagnostic must be able to shut off monitoring of the carrier under

test.

. The processing complex must provide signalling or test bytes to the signalling
interface for each busy channel. The signalling interface hardware interrupts the
processing complex whenever a complete signalling message has been received
or when it is ready to accept the next message for transmission over the voice

channel. This interrupt occurs at a fixed interval of 1 time unit.
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10. If ever a diagnostic fails, an audit fails, a carrier is determined to be faulty,
if synchronization is lost, or if the quality of a voice channel degrades, the
collector node is to save all applicable data {call processing and carrier data)

and immediately inform the switching center.

11. All communication between the collector node and its access nodes as well
as between the collector node and the switching center is done through the
message interface hardware module. During message transmission, this module
interrupts the processing complex every 125 microseconds. During this time,
the processing complex must put an outgoing message byte into the module’s
out buffer and must retreive an incoming message byte from the module's in
buffer. Failure to service this interrupt will result in loss of message bytes.

There are 32 bytes per message.

Similary, a number of functions related to call processing must be performed
by the collector node. These functions must always take precedence over any routine
maintenance actions as the goal is to able to handle 2s many call originations (setups)

as possible per period of time. The call processing functions are itemized below.

1. A request from the switching center or access node to setup a call requires the
collector node to choose a voice chanel through the node and then connect that

channel to the specified path.

2. Once a connection has been setup, the signalling interface must be notified to
start monitoring the integrity of the connection using specified test signalling
messages. Also the state of each “in use” path must be maintained. If a problem
occurs in the collector node, this is part of the data that must be siored prior

to notification of the switching center. (See point 10 above).

3. When a call is to be taken down, the signalling interface collects a takedown
message. Once this message is received, all connections must be broken and the

channel freed.
4. The system should be able to handle several originations concurrentily.
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EVENT

I

RESPONSE

Change Synch
Synch Loss
Call Start Msg
Connect Tone Msg
Diag Request Msg
Diag Request Msg
Integrity Fail
Call Hung Up
Audit Request
Audit Request

Change Synch Source |
Report Synch Loss
Initiate Call Setup

Connect Tone
Diagnostic Pass
Report Diag Fail

Report Failure

Call Tokedown

Audit Passed

Report Failure

Table 6.1: System Event - Response Summary

The individual input events of the collector node and their corresponding responses
are given in table 6.1.

This is an extremely simplified and not completely accurate view of such a tele-
phone controller but it does serve as & good example for illustrating the concept of
making design decision through prototyping. Because this example contains many
activities which can be partitioned into tasks in a number of ways, it would be an
unnecessarily long procéss to explore the system partitioning process using this ex-
ample. Instead, the next section uses a simple activity precedence graph to illustrate
software partitioning. However, the telephony example will serve as the system to be

modelled for all subsequent classes of design decisions.

6.2 Software Partitioning Analysis

The method of partitioning 2n application into software tasks is perhaps the most
important aspect of the design phase as it also partly determines the fate of the later
classes of decisions. 'To demonstrate the process of partitioning a system into lasks,
the precedence graph shown in figure 6.3 will be used. This graph shows a conceptual
system which is composed of five activities: Al, A2, A3, A4, and A5. A trigerring
event S causes activity A4 to be started along with either activity Al or A2. If the

system condition (b) is such that b=0, then activity Al is done otherwise A2 is done.
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Figure 6.3: Software Partitioning Example System

The completion of either Al or A2 and A4 causes A3 to start. The completion of
A4 elso causes Ab to start. Once both A5 and A3 have completed, the response is
completed. In addition to this precedence relation, there are specific data transfer
requirements between the activities. These are specified by the labelled arrows on
the connecting arcs.

In order to group the individual activities of this system into tasks through the
use of prototyping, it first necessary to set up a fixed environment with respect to
hardware platform, IPC methods, and scheduling. If these aspects are held constant
throughout the prototyping activity, then any variations in results can be attributed
to the changes made in the activity to task grouping. For this process, a single pro-
cessor using asynchronous messaging will be used. The data transfers are done using
messages that are all of a fixed size of 1 Kbyte (the chosen value is inconsequential as
the relative numbers of message transfers remain the same regardless of the chosen
size). In order to prevent any scheduling bias, a non-timesliced static priority sched-
uler is used throughout this section with all tasks (except the initial event servicing
task) having the same priority. The initial event service task will have higher priority
to minimize the number of missed events. In addition the events will be latched rather
than being volatile. The code for the kernel used to implement this functionslity is
provided in section B.1.2,

The sofiware partitioning process can now be described as a series of sequential
operations.

STEP 1 - Determining Data Dependencies

The first siep in the process is to determine the data and precedence relationships
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that exist between the activities. This type of information shows what activities can
be performed in parallel, which are sequentially dependent on one another, how much
data needs to be passed between which activities, etc. These are the fundamental
aspects that must be analyzed in making the proper partitioning decisions.

If the system to be designed is quite small, it is often possible to simply draw an
activity precedence graph and thereby have available all of the relevent information.
In the majority of cases however, it becomes an extremely arduous if not impossible
task to trace through all of the interrelationships by hand. The situation becomes
even more difficult if different designers are working on different parts of a large
system. In such cases, the individual activities can be modelled using the MDA tool
and all of the dependencies can be determined from the execution path traces. To
get the absolute relationships between individual activities, it is necessary to model
one activity per task during the collection of the traces. However, this fine level of
detail is unnecessary because in most cases, the designer wants to deal with groups
of activities right from the start as for some activities, it may be appareﬁt from their
resource requirements which of them must be grouped in the same task.

In the example specified by the precedence graph, this modelling process is un-
necessary. However, to demonstrate the process, each activity has been put into a
separate task and a trace has been taken. The task diagram along with the corre-
sponding trace is shown in figure 6.4. It should be noted that the trace p-rovides the
same information as that given by the precedence graph. In this case, a single mes-
sage is sent between the tasks whenever data needs to be transferred. The contents
of the message specify the amount of data involved in the transfer and can be printed
if required.

The results show that the processing of a single event from the time that it was
reised to the time that a response was produced, required 1218 units of time and 23
context switches (assuming each activity tukes 200 units to execute). The number of
contexts switches includes those required by the kernel to initralize the system. These
will become insignificant as the number of serviced events increases.

Asan aside, it should oe noted that as the number of tasks are reduced, the number

174



Event

Response
Complete
TASK: #in  ACTION: Message Received TIME: 3665
TASK: t3 ACTION: Message Received TIME: 3146
TASK: t2 ACTION: Message Recelved TIME: 2851
TASK: strt ACTION: Event Trigger TINE: 2B06
TASK: strt ACTION: Message Sent TIME: 2552
TASK: t2 ACTION: Message Sent TIME: 3082
TASK: t3 ACTIDN: Message Received TIME: 3116
TASK: t4 ACTION: Message Received TIME: 2579
TASK: strt ACTION: Event Trigger TIME: 2506
TASK: strt ACTION: Message Sent TIME: 2633
TASK: t4 ACTION: Message Sent TIME: 2807
TASK: t3 ACTIODN: Message Sent TIME: 3378
TASK: fin ACTION: Message Recelived TIME: 3687
TASK: tb ACTION: Message Received TIME: 3402
TASK: t4 ACTION: Message Received TIME: 2579
TASK: strt ACTION: Event Trigger TIME: 2505
TASK: strt ACTION: Message Sent TIME: 2533
TASK: t4 ACTION: Message Sent TIME: 2834
TASK: tB ACTIDN: Message Sent TIME: 3636
TASK: fin  ACTION: Response Qut TIME: 3723

Figure 6.4: System Partitioning to Determine Dependencies
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of context switches and the number of messages required to produce a reaponse is also
reduced. As a result, the time required to produce the response will be lessened as
well, but only up to a point. As more and more functionality is packed into fewer
tasks, system concurrency is reduced so at some point, the benefits gained from
reducing OS overhead (in the form of context swilches and message passing) will not
make up for the loss of concurrency.

STEP 2 - Initial Task Grouping

Once the data and precedence relations between the system’s activities (or groups
of activities) have been specified, they must be analyzed to realize the goals of the
system partitioning process. These goals are: attempt to minimize the amount of
intertask communication, maximize the possible concurrencies, and evenly distribute
CPU time requirements among the tasks. Based on the decisions described in sec-
tion 4.1.1, an initial task grouping can be performed.

In order to minimize the amount of intertask communication in the given example,
it may be desirable to place activities A4 and A3 in the same task as they need to
exchange a large amount of data with each other. All of the other data transfers are
relatively small in comperison. In order to maximize the possible concurrencies, it
would be ideal if the remaining activities are each put into their own tasks. However,
it should be kept in mind that as the number of tasks increases, so does the system
overhead. From the precedence diagram, it is observed that for any one event, only
one of activities Al or A2 will be performed. Hence there is no need to execute
these in parallel and as such, they should be put in the same task. With respect
to the time required by each task to service an event instance, it will be initially
assumed that all the activities require the same amourt of time (200 time units).
From this rudimentary analysis, an initial task grouping can be obtained as illustrated
in figure 6.5.

STEP 3 - Gathering Statistics

The third step in the process is to build a prototype of the proposed system and
collect statistical indicators that provide concrete measures on the degree of success

of the proposed partitioning scheme. The software for this first application prototype
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Figure 6.5: Initial Task Grouping

is provided in section B.1.4. The comlplete sei of software partitioning statistical
indicators has been described in section 49.1. The indicators relevent to the given
example along with their values for the initial task grouping are shown in table 6.2
as grouping 1. All of the simulations in this section are done for 30000 time units.
The minimum response time identifies the lowest response time for the occurrence
of a single event. The average number of context switches is obtained by dividing
the total number of context switches by the number of responses produced. The
minimum task cycle time refers to the time required by a task to service a response
if there was no blocking in the cycle whereas the maximum cycle time incorporates
the time spent in blocked states during a cycle. Again, in all cases, the task initially
servicing the event is given higher priority.

The initial grouping was prototyped with all activities requiring 200 units of exe-
cution time. The results were collected using sporadic event arrivals with probability
of occurrence of 10%. This same event arrival rate was used for all simulations in this
section.

The main point that becomes evident from these statistics is that task T2 is a
bottleneck for task T3. This is apparent from several of the indicators. Firstly, the
average sizes of the message queues between tasks T1 and T2 are very much larger
than those between T2 and T3. Asa resuli, the time a message element spends in
T9's receive queues is much longer than ihe time spent in T3’s queues. Secondly,

although the time required to complete the servicing of one set of incoming messages
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Grouping | No. of Minimum 0Ss Avge.
Comyleted | Response Overhead | Context
Responses | Time % Switches
_| /Response
1 9 1015 16 9.2
2 13 1110 18 7.8
3 11 950 16 8.6
4 20 947 33 6.7
5 | 31 407 [ 20 3.2
Grouping | Avge. Max. Time | Average No. of
RTR Spent in Message | Messages
Queue Message Queue Sent
Size Queue Size
1 2 Ql - 8208 Ql-12 86
Q2 - 8217 Q2-12
Q3 - 4624 Q3-1
Q4 - 4615 Q4-1
2 2 Q1 - 7867 Ql-56 68
Q2 - 8146 Q2-5b
Q3-39 Qi-0
Q4 -32 Q4-0
3 2 Q1 - 13683 Ql-15 57
Q2 - 13486 Q2-15
4 2 Q1 - 1404 Q1-2 86
Q2 - 1326 Q2-2
Q3 -39 Q3-0
Q4 -32 Q4-10
5 2 Ql - 5335 Q1-9 94
Q2-5139 | Q2-9
Grouping | Total Maximum | Minimum
Blocked Task Task
Time/ Cycle Cycle
Task Time Time _
1 T1- 8932 | T1- 997 T1-250 |
T2 - 165 T2 - 466 T2 - 420
T3 - 3001 ‘T3 - 2085 T3 - 230
2 T1 - 7492 T1 - 608 T1 - 250
T2 - 259 T2 - 808 T2 - 420
3 T1 - 8409 T1 - 754 T1 - 249
T2 - 130 T2 - 903 T2 - 676
4 TT - 3557 T1-324 T1 - 250
T2 - 280 T2 - 594 T2-40
5 T1 - 3930 T1- 393 T1 - 250
T2 - 163 T2- 105 T3 - 82 e

Table 6.2: Statistical Results of Various Groupings
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Figure 6.6: Second Task Grouping

for task T3 is only 230 units, its actual cycle time including blocking delays is 2985
units. In contrast, T2 has a service time of 420 units and its actual cycle time is 466
units. This implies that T2 is almost constantly busy catching up while T3 is very
often blocked for lack of work. Finally, the average time spent blocked waiting for
incoming messages or events shows that T3 and T1 are often waiting for work.

STEP 4 - Analysis of Statistics

From the statistics gathered during the intial prototyping, it is possible to perform
a regrouping in hopes of improving the system partition. In reducing the number of
tasks to three, the prototype showed improvement in the number of context switches
performed. Because the three tasks do not have an equally distributed workload
at this point, it may be possible and desirable to combine some of the tasks. It
is apparent that activities A3 and A4 should remain in the same task to reduce
the amount of IPC, but what about activity A57 Task T3 spends most of its time
waiting for T2 whereas T1 spends much of its time waiting for an event occurence.
This suggests combining task T3 with task T1 as shown in figure 6.6. The application

code for this grouping is provided in section B.1.5.
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This gronping removes the overhead of a third task and will hopefully reduce the
amount of time each task spends in the blocked state. It should be noted that adding
A3 to task T1 increases the possibility that T1 will be busy when an event is raised.
However this is of little concern as the events are latched and the event servicing iask
has high priority.

STEP 5 - Iteration Step

This is the iterative step in the application partitioning process. If it was decided
in the previous step that a regrouping was necessary, it is necessary to go back to
step 3 and repeat the prototyping activity with the new regrouping. This iterative
process continues until a partitioning is found that yields acceptable statistics.

For the precedence relation example, the new regrouping yields the statistics in
grouping 2 of table 6.2. This simulation was run for the same time period as the
initial sirnulation. There are several interesting things of note in the results.

The main reason for the regrouping was to reduce the amount of time the task
T3 spent blocked waiting for messages from T2 and to reduce the amount of time
that task T1 spent blocked waiting for event occurrences. The results show that this
objective was indeed realized. Task T1 now performs two independent functions: ser-
vicing events through activities Al or A2, and completing responses through activity
A5. In the first prototype, these two operations in separate tasks required the tasks
to spend a total of 11933 (8932 + 3001) time units in the blocked state. Now, task
T1 spends only 7492 units in the blocked state. In addition, the maximum combined
cycle time for T1 and T3 has been reduced from 997 -+ 2985 units to 608 units. This
is because task T1 now waits for two types of triggers and it likelihood of being trig-
gered has been increased. Because T1 now performs more functions, it does not flood
T2's message queues with requests. The average lengths of these queues have been
reduced from 12 to 5.

Another effect of placing activity A5 in the same task as the event servicing activ-
ities, is that it raises the priority of A5 so that response completions are performed at
a higher rate. This result is echoed in the time that a message spends in the response

queues (Q3 and Q4). The time spent in these queues has been reduced from 4624
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units down to 32 units. As a result, more responses are completed in the same time
period (13 versus 9).

The final aspect of the new grouping is that there is one less task in the system.
The results of this change are not startling in the system at hand. However, the
average number of contexts switches has been reduced from 9.2 to 7.8 although the
operating system overhead remains about the same. The reason for this constancy is
that a complete response still must essentially go through three tasks although two of
them are grouped together. This fact is also reflected in the minimum response time
which is similar to the intial grouping. Because on a uniprocessor implementation,
there is no true concurrency, this value will depend only on the number and types
of task interactions (via messaging or other primitives). Since there is essentially
no change in these types of interactions from the first grouping to this one, there is
little change in the response time indicator. However, it will become significant when
multiple processors are considered.

The improvements noted in this second grouping are due mainly to evenly dis-
tributing the workload among all of the tasks. That is, by giving them similar gran-
ularities. However, in hopes of improving response time by reducing the amount of
required IPC, one might try the partitioning scheme given in figure 6.7. The applica-

tion code for this grouping is provided in section B.1.6. In this grouping, equal task
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granularities have been forsaken for a reduction in the number of messages required.
The results of this grouping are shown as grouping 3 of table 6.2.

Again, there are some noteworthy aspccts to these results. The first is that the
number of responses produced in the 30000 units was more than the intial grouping
but less than the second grouping. However, there was significant improvement in
several areas over the second grcuping. First of all, the number of messages being
passed in the system has been reduced as there are now only two message queues.
Also, the average number of context switches has been reduced because each response
is handled by two tasks instead of three as in the first and second groupings. As a
result, the minimum response time has been significantly lowered to 950 units from
1110. Why then, are there fewer responses produced than in the second grouping?
The answer lies is task granularity.

Task T2 now requires at least 676 time units to cycle through one response whereas
T1 remains at about 250. As a result, T2 is even more of a bottleneck than in the
initial grouping. This is reflected in the average size of T2’s incoming message queunes
(15) which is even larger than in the case of the first grouping (12). As a further
consequence requests for T2 spend large amounts of time in the request queue (about
13000 units maximum).

In this case, the decision on the best grouping would seem to favor the second
partitioning. However, this is very application depenedent and partitioning 2 is the
best grouping for the given messaging primitives and the given activity times with
the modelled event arrival rate. If the event arrival rate was slow or sporadic enough
to allow task T2 to periodically clear its request backlog, the third grouping may
produce better average response times because of the fewer message interactions.

Similarly if the activities A3, A4, and A5 were of a much shorter duration than
activity Al or A2 or if the time required for message primitive execution was similar
to that for activity execution, then the third grouping would likely be the best. In
this case, T2 would no longer be a bottleneck as its cycle time would be reduced
and it would have an advantage over the second grouping in that the now relatively

expensive messaging operations would create a large overhead in the second grouping.
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The above analysis is borne out by the results obtained by having activities tnke
only 10 units of time instead of 200. Grouping 4 of table 6.2 gives the results for the
grouping of figure 6.6 using these activity times while the fifth row gives the results
for the grouping of figure 6.7. Also, the average number of context switches is reduced
in grouping 5 as now task T2 can process responses faster and so the chances of it
being preempted by an event occurrence are reduced. Clearly, all indicators point to
the third grouping being the best under these activity times.

It is possible to try many different system partitioning schemes but the statistics
gathered at each iteration help to focus on specific areas that need improvement. It
is possible to carry out further experiments varying things such as event arrival rates
and messaging overheads but the purpose of this chapter is not to provide exhaustive
solutions, but only to describe a methodolgy for using the MDA tool o gather the
described statistics for making the discussed design phase decisions.

Now that the software partitioning part of the design method has been considered,
the telephony example can be revisited and a possible partitioning of that problem
using the methods illustrated above can be described. Because the method has already

been described, only the final result of the partitioning process of the collector node

is presented.

6.2.1 Collector Node Software Partitioning

In order to achieve the collector node functionality described in section 6.1.2, the
software has been divided into 17 tasks. The structure diagram for these tasks is
shown in figure 6.8. This section very briefly describes each task. The MDA code

used to model these tasks is provided in appendix B.

The message task (MSG) services a sporadic event representing the arrival of
a message into the collector node by waiting for this event to be generated by the
interrupt handling primitive. Once such an event occurs, the task cycles 32 times
collecting the individual bytes of the message (msg size is 32 bytes). The message

can be from either the switching center or the access node. A global variable msgtype
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is used to specify any one of the following three messages:
1. Setup a call - Communicate to CINIT task.
2. Provide a tone - Communicate to TONE task.
3. Run a diagnostic - Communicate to DIAGS task.

in addition, the MSG task accepts fault report messages from the FAULT task to be
gent to the switching center. No real action is modelled for these outgoing responses
except the completion of a failure response. The MSG task also accepts messages
from the SYNCH task specifying how the message interface hardware is to be set for

synchronization.

The synchronization task (SYNCH) waits for an event to be generated by the
synch loss interrupt handler primitive. When this event occurs, communication is
done with the FAULT task informing it of the failure. In addition, the SYNCH task
communicates with the MSG task every 5 time units to change the channel acting as

the synch source.

The TONES task accepts communications from both the MSG task (for access
node requests for tone setup) and from the TONEDIAG task. Both of these requests
are handled in the same way. First a fixed delay is used to simulate the selection
of the proper tone and then a communication is done with the CONNECT task to
connect the tone to a specified channel. It is assumed that the channel has been

already acquired by the task requesting the tone operation.

The channels task (CHNLS) provides mutual exclusion for the available channels.
A fixed number of channels (15) are available in the collector node. They are treated
as a shared resource. The CHNLS task accepts two types of communications: get
channel and free channel. The get channel operation is requested by the CINIT task
and by the DIAGS task. The free channel operation is reqnested by the DIAGS, and
END tasks when they are finished with the channels. The CHNLS task simply keeps
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track of the number of free channels. The simulation doesn’t actually model specific

channels or their uses.

The CONNECT task accepts requests to connect and disconnect PCM channel
paths. The actual operations are simply simulated as fixed time delays. It is assumed

that the calling task has already secured the required channel(s). The connect and
disconnect operations are used by the TONES, CHNLDIAG, CINIT, and END tasks.

The T1 maintenance task (T1MTC) performs the routine carrier function mon-
jtoring duties. These operations are simulated by fixed time delays. The occurrence
of a carrier fault is modelled as an event with a probability of 10 percent. If this
event occurs, the TIMTC task communicates with the FAULT task informing it of
the error. This task accepts a message from the AUDITS task every second to per-
form its carrier monitoring duties. The TIMTC task also accepts communication
from the T1DIAG task to disregard a particular carrier for some period of time. This

communication causes no simulated action.

The tone diagnostic task (TONEDIAG) accepts a communication from the DI-
AGS task to run its diagnostic. It then communicates with the TONES task to get
a tone connection. Once this is done, a fixed delay simulates the diagnostic. The
probabilty of any diagnostic failing is 10 percent. If a failure does occur, the individ-
ual diagnostic tasks report a fail result to the FAULT task. Otherwise, a “diagnostic

pass” response is completed.

The T1 diagnostic task (T1DIAG) similarly accepts a communication from the
DIAGS task and then it informs the T1MTC task to stop monitoring and performs

the simulated diagnostic.

The channel diagnostic task (CHNLDIAG) is invoked in the same manner. Once
active, it requests a connection from the CONNECT task and then it requests that

the SIGNALLING task stop its operations on a specific channel.
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The messaging hardware diagnostic task (MSGDIAG) does the same operations

as the CHNLDIAG except that it does not need to communicate with the CONNECT
task.

The diagnostics task (DIAGS) accepts requests to run diagnostics from the MSG
task (originating from the switching center), from the AUDITS task, and from the
SIGNALLING task in the case of a voice channel integrity failure. Whenever a diag-
nostic request is received, this task communicates with the CHNLS task requesting
two channels for use by the diagnostics. Once the channels are acquired, the DIAGS
task communicates with one of the diagnostic tasks: TONEDIAG, T1IDIAG, CHNL-
DIAG, or MSGDIAG,. The choice of diagnostic selected to run is done at random.

The AUDITS task is simply a periodic task that requests diagnostics from the
DIAGS task whenever the time for a particular audit comes due. As previously
described, there are three such audits. The AUDITS task maintains three counters
to keep the timings for these audits. The clock handling primitive causes an event in
the audit task to provide it with a time base. The AUDITS task also acts as a time

base for the TIMTC task by invoking it every time the timing event occurs.

The call initialization task (CINIT) accepts request from the MSG task (received
from the switching center or from the access nodes) to setup a voice connection. Once
this request is received, the CINIT task request a single channel from the CHANNELS
task, and then requests a path connection from the CONNECT task. Once the path
has been set up, it informs the STAT task that the call is now in progress.

The call status task (STAT) accepts communications from the CINIT task signi-
fying new calls. When this occurs, it updates a call table (simulated by a fixed delay)
and it requests that the SIGNALLING task start injecting test patierns into the
specified channel to monitor its integrity and to scan for the call takedown message.

The STAT task also accepts communications from the SIGNALLING task reporting
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integrity failures, When such an occurrence happens, the STAT task informs the
FAULT task and sends it one kilobyte of data to be recorded. Finally, the STAT
task also accepts communications from the END task informing it that a call has
been taken down. This simply causes the STAT task to update its table (fixed time

simulation) and results in a “call takedown” response.

The call end task (END) accepts communications from the SIGNALLING task
informing it that a caller has hung up. This causes the END task to request a
disconnect operation from the CONNECT task and a free channel operation from the
CHNLS task. Finally, it informs the STAT task that the call is no longer active.

The SIGNALLING task collects messages from the signalling interface hardware
every second. (The interrupt handler primitive causes an event for the SIGNALLING
task every second). These signalling messages can be of one of three types: integrity
ok, integrity failure, or call takedown. No action is taken for integrity ok. If the mes-
sage is of type integrily failure (5% probability), then the STAT task is informed and
a diagnostic request is sent to the DIAGS task. I the message type is call takedown,
the END task is informed. The SIGNALLING task also accepts communications
from the STAT task to start integrity monitoring and from the CHNLDIAG and MS-
GDIAG tasks to temporarily suspend integrity monitoring. (These requests have no

simulated effect).

The FAULT task accepts communications from the TIMTC, DIAGS, SYNCH,
STAT, and all diagnostic tasks reporting some type of failure. If these communications
come from the TIMTC or STAT tasks, there is also the need for the transfer of one
kilobyte of data from the TIMTC or STAT tasks to the FAULT task. This data
transfer can be simulated either by sending 30 messages or by performing numerous
memory read/write operations, depending on the hardware platform. In any case,
the FAULT task communicates with the MSG task to send a failure message to the

switching center.
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These tasks and their interactions can now be used to develop the design method-

ology for the hardware platform, IPC schemes, and for scheduling decisions.
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6.3 Hardware Platform Analysis

Defining a hardware platform involves deciding on an appropriate number of proces-
sors needed to meet the system requirements, assigning the tasks to the individual
processors, determining the number of other application specific hardware resources
required, and defining a processor interlink scheme. In order to perform this type of
hardware analysis through prototyping, it is necessary to have first defined the tasks
that will make up the system. Secondly, it is necessary to set up a fixed environment
with respect to IPC methods, scheduling, and event arrival rates. If these aspects
are held constant throughout the analysis, then any variations in results can be at-
iributed to the changes made in the hardware platform. In the examples to follow,
an IPC messaging scheme using a nonblocking send combined with a blocking receive
has been chosen. This protocol allows monitoring asynchronous messaging activity
with respect to queue sizes, etc. and also provides some degree of synchronization.
Again, as in the case of software partitioning, to prevent any scheduling bias, a non-
timesliced static priority scheduler is used with all tasks having the same priority.
The code for the kernel implementing this system is given in section B.2.2 and the
code for the corresponding application tasks is provided in section B.2.3.

As described in section 4.1.2 prior to starting the hardware platform analysis, it is
necessary to identify several system aspects such as: which tasks need to communicate
with which other tasks, which tasks are server tasks that oversee data or resources,
and what application specific resources need to be arbitrated. The first of these
should be easily apparent after the system partitioning phase has been completed.
Figure 6.8 shows the task interactions in the switching example. The identification
of server tasks is done by inspecting the functionality of each task in the system. The
TONES, CONNECT, and CHNLS tasks have been identified as server tasks. Finally,
the only shared resources in the switching example are the channels arbitrated by the
CHNLS task and shared by the diagnostic and call processing subsystems.

The first step in the hardware platform analysis is to determine the number of
processors required by experimenting with several task to processor allocations. In

performing an initial task to processor allocation, it is necessary to consider the
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data and resource requirements of the individual tasks and their interaction patierns.
Other factors such as processor contention and interprocessor communications over-
heads can be considered only after data has been gathered by the initial prototyping
activity. In examining the task interactions in the switching example, it is evident
that all of the diagnostic tasks and the AUDITS task are all dependent on one an-
other. Similarly, the three call processing tasks (CINIT, STAT, and END) all require
intercommunications. In addition, these two task groups (diagnostics and call pro-
cessing) have relatively few interactions with each other. As such, the two groups
can be resident on separate processors (nodel and node2 respectively). The three
server tasks are used by both diagnostics and call processing so they may be resident
on either processor. In the belief that call processing is functionally more important
then diagnostics, the server tasks are made resident on the call processing proces-
sor (node2) in order to speed up service by eliminating the need for interprocessor
communication.

This leaves the SYNCH, FAULT, SIGNAL, and MSG tasks yet to be allocated. All
of these tasks interact with both subsystems so it is not obvious to which processors
they should be allocated. In hopes of achieving load balancing, these tasks can
be divided between the two processors. MSG and SYNCH are placed on different
processors as they both service interrupts and may require significant CPU usage.
The initial task to processor allocation is given in table 6.3 along with the task
specific results of this first prototyping activity. Further processor specific results
are provided in table 6.4. The tables used in this prototype are repeatedly used
throughout this section. As such, their flelds are described below.

The shared conflicts field of table 6.4 shows the number of shared memory conflicts
that would occur if the IPC system were implemented using shared memory. The
field also provides a breakdown of the number of such conflicts associated with each
receiving task. The No. of Chnls Used field gives an indicatiuon of the resource usage
(in this case, the shared channels). It indicates the number of channel requests by
diagnostics (MTC) and by call processing(CP). The events generated field gives the

number and types of events that were raised during the simulation and the responses

191



Node | Task No. of No. of CPU | Time
Name | Name Interprocessor | Server Task | Usage | Spent in
Sends Receptions | % Ready
(Dest) (No.) {Src) (No.) State
nodel | msg cinit (7) 84 7026
tones (5)
signal atat (1) 44 9574
audits 1.5 12167
diags 2.4 13441
tonediag 0.5 1162
chnldiag 0.5 754
msgdiag 0.5 808
tidiag 0.2 2725
timtc 6.4 6994
node2 | connect tones (5) 22 1198
end (1)
cinit (7)
chnls cinit (7) 8.6 1906
end (1)
tones msg (5) 7.5 1442
fault mag (3) 15.8 1600
synch 4.8 2027
cinit 9.9 1265
stat 10.6 36835
end TQTAL (16) 2 479

Table 6.3: Task Statistics for Initial Allocation

field gives the number and types of responses that were produced. Since all events
are latched and not queued, some may be lost. For this reason the event completion
area gives the percentage of events that were actually serviced. The 0S Overhead
field gives an indication of the percentage of CPU time spent on performing system
functions. The three main contributers to this number are the amount of context
switching overhead, the amount of intraprocessor communication, and the amount
of interprocessor communicaiion. The idle time field indicates the percentage of free
time available in the processor.

Table 6.3 gives a breakdown of the processing characteristics of the individual
tasks. In this table, the interprocessor sends field gives the number of messages each
task sent to other tasks not resident on the same processor. The receptions field gives

the number of request messages received from other tasks. This field is used only for
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No. of No. of | No. of No. of No. of
Shared Nodes j Chnls Events Responses.
Conflicts. Used Generated. Type (No.)
Task (No.) (MTC/CP) || Type (No.)
msg (21) 2 (0/7) Change Synch (8) | Report Fail (3)
signal (2) Synch Loss (18) Conn. Tone (5)
chnls (7) Msg In (23) Call Takedown (1)
cinit (2) Signal Event (18) | Call Setup (7)
stat (4) Audit (13) Audit Pass (2)
tones (3)
23% Event Completion
TOTAL (45)
Node | Elapsed | Avge. RTR | OS CPU
Name | CPU Queune Overhead | Idle
Time Size % Time
%
nodel | 32771 1 24 0
node2 | 39799 2 49 19

Table 6.4: Initial Processor Allocation Results

gerver tasks. Finally, the time in ready state field indicates the number of time unils
each task spent in the ready to run state.

The simulation was run so that all processors run for approximately 30000 to
40000 time units®,

Several significant factors are apparent from the results obtained from the initial
prototype. The most important of these is the fact that the MSG task requires over
80% of its CPU time. This was to be expected because the MSG task services all
incoming messages by collecting their individual bytes one at a time. Consequently,
this leaves 0% free time in nodel. This heavy CPU usage by the MSG task is also
apparent in the long periods of time that all tasks resident on nodel spend in the
ready to run state. The inability of the MSG task to respond to all requests from
outside the collector node, and the inability of the SIGNAL and AUDITS tasks to
respond to all of their interrupts due to processor contention, results in a fairly low

response completion percentage of 93%. For example, one of the reasons for this

iExact run times for individual processors can not be directly controlled but are dependent on
the times at which individual processors are running locked or running in statistics gathering mode.
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is that there were 13 synch loss occurrences but only one fail report response was
completed. The fail report response is completed by the MSG task but this task was
too busy servicing incoming message interrupts.

Further, this initial task to processor allocation results in a fairly high number of
shared memory communication conflicts (45). A large number of these are due to the
MSQ task communicating with the call processing subsystem and to the fault task
sending synch loss reports to the MSG task. For the elapsed time period, there are
also a large number of interprocessor send operations (16). This serves to provide a
fairly high combined OS CPU usage of 73% between the two processors. Clearly, this
task to processor allocation is unacceptable and needs to be revised in the second
iteration of the process.

As an aside, it is interesting to note that the diagnostic system was relatively
inactive compared to call processing. In the next example, this situation is reversed.
This type of bias can be eliminated by running the simulations for longer periods of
time.

In the second prot~*yping attempt, the MSG task is given its own CPU (nodel)
and all of the other tasks are made resident on node2. There are two reasons for se-
lecting this setup. First, it is apparent that the MSG task is instrumental in accepting
messages coming from outside the collector nodes and also for completing several of
the responses. Because the MSG task must run almost continuously during message
reception, it requires large amounts of CPU time. Any other tasks resident on the
same processor as the MSG task can potentially be held up for long periods of time.
The reason for grouping all of the other tasks on node2 is to reduce the amount of
interprocessor communication and thereby reduce the amount of OS overhead as well
as the number of shared memory conflicts. The results obtained from this prototype
are given in tables 6.5 and 6.6.

These results show improvements in many areas over the first task allocation
attempt. First of all, the goal of reducing interprocessor communication has been
achieved. This is evident in the reduction of the number of shared memory conflicts

(25 down from 45) and in the number of interprocessor messages (7 down from 16).
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Node | Task No. of No. of CPU | Time
Name | Name Interprocessor | Server Task | U-. . | Spent in
Sends Receptions | % Ready
{Dest) (No.) (Src) (No.) State
nodel | msg cinit {2) 69 178
diags (1)
tones (2)
node2 | signal 7.5 7162
audits 4.2 68B7
diags 4.8 14259
tonediag 4 2444
chnldiag 0.2 787
megdiag 0.2 841
fault msg (1) 11.2 6750
tldiag 0.2 5528
tlmtc 8 8197
connect tones (2) 17 12800
end (4)
cinit (2)
chnls cinit (2) 6.6 15652
end (4)
diags (2)
tones msg (2) 7.5 1442
tonediag (1)
synch msg (1) 4 15664
cinit 6 6593
stat 10 10020
end TOTAL (7) 2.3 1659

Table 6.5: Task Statistics for Second Allocation

The only interprocessor communication is now between the message task and the
diagnostic and call processing subsystems. An added benefit of this allocation is that
the total amount of OS overhead in the system is down from 73% to 51%. One of the
reasons for this is the reduction in interprocessor communication but the major factor
is the reduction in the number of tasks resident on nodel. Because there is only the
MSG task and the low priority idle task, there is less need for task management and
context switching on nodel.

It should be noted that the MSG task only required a CPU usage of 69% in this
run compared to 84% in the previous run. This serves to emphasize the unpredictable

nature of the incoming messages from the switching center or the access nodes to the
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"No. of No. of || No. of No. of No. of
Shared Nodes | Chnls Events Responses.
Conflicts. Used Generated. Type (No.)
Task (No.) (MTC/CP) || Type (No.)
mag (8) 2 (2/2) Change Synch (4) | Report Fail (1)
diags (9) Synch Loss (13) | Conn. Tone (2)
cinit (6) Msg In (22) Call Takedown (4)
tones (4) Signal Event (4} | Call Setup (2)
Audit (3) Audit Pass (2)
TOTAL (25) Synch Changed (1)
Diag Pass (1)
28% Event Completion
Node | Elapsed | Avge. RTR | OS CPU
Name | CPU Queue Overhead | Idle
Time Sire % Time
. %
nodel | 47310 1 8 28
node2 | 30273 4 43 0

Table 6.6: Second Processor Allocation Results

collector node. To account for peak periods, it is advisable to keep the number of
tasks sharing a processor with the MSG task to a minimum. However, in giving
the MSG task its own processor, it seems that the other processor (node2) has been
overburdened. Node2 now has 0% free time and the average size of its ready to run
queue has grown to 4 tasks. While the percentage of completed responses has gone
up to 28% from 23%, these response completion rates are still quite low and too many
events are being missed. The reason that events are being missed is that their initial
service tasks are spending too much time in the ready to run state. It is necessary to
migrate one or more of these event service tasks from node2 to the lesser used nodel.

The choice of task to be moved from node2 to nodel comes down to the SYNCH
task, the AUDITS task, or the SIGNAL task as it is these tasks that initially service
environmental events. The SYNCH task is the best choice in this case for several
reasons. Firstly, on average it takes up only about 4% of the CPU time so it would
not interfere with the MSG task very much. Secondly, moving this task should not

adversely affect interprocessor communication as it must communicate with the MSG
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Node | Task No. of No. of CPU | Time
Name | Name | Interprocessor | Server Task | Usage | Spent in
Sends Receptions | % Ready
(Dest} (No.) (Src) (No.) State
nodel | msg diags (2) 47 238
tones (4)
synch foult (1) 4.8 16886
node2 | signal 9 8044
audits 7.2 2957
diags B 7645
tonediag 4.8 1839
chnldiag 0.2 1730
magdiag 0.2 1784
tldiag 6.6 4653
tlmtc 4.6 6672
connect tones (4) 12.5 3523
end (1)
chnls diags (6) 5.8 8131
end (1)
tones msg (4) 12.4 6333
tonediag (1)
cinit 0.2 2022
stat 2.5 6070
end 2.8 2600
fault TOTAL (7) 12.4 10718

Table 6.7: Task Statistics for Third Allocation

task anyway. However, it must also communicate with FAULT task so there should
be little net change in the amount of interprocessor communications (unless there is
& strong bias in the amount of communications towards either the MSG or FAULT
tasks). The third reason for selecting the SYNCH task is that it is responsible for
initial servicing of two events rather than just one (synch loss event and synch change
event). As such, node2 will be relieved of two interrupts rather than one. The
migration of the SYNCH task to nodel produced the results shown in tables 6.7
and 6.8.

These results are somewhat surprising in that moving the SYNCH task from nodel
to node2 has resulted in increasing the free CPU time in both processors. However,
the reason for the increase in free time in nodel is due to the decrease in the amount

of sporadic messaging activity to the collector node from external sources as indicated
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No. of No. of || No. of No. of No. of

Shared Nodes || Chnls Events Responses.

Conflicts. Used Generated. Type (No.)

Task (No.) (MTC/CP) || Type (No.}

msg (5) 2 (6/0) Change Synch (13) | Report Fail (1)

diags (5) Synch Loss (30) Conn. Tone (4)

fault (11) Msg In (15) Call Takedown (1)

tones (6) Signal Event (5) Call Setup (0)
Audit (3) Audit Pass (2)

TOTAL (27) Synch Changed (2)

Diag Pass (3)
20% Event Completion

Node | Elapsed | Avge. RTR | OS CPU
Name | CPU Queue Overhead | Idle
Time Size % Time
_ %o
nodel | 43508 1 13 43
node2 | 34699 3 42 7

Table 6.8: Third Processor Allocation Results

by the reduction in the number of Msg In events. This served to limit the CPU usage
by the MSG task to only 47%.

As had been suggested, the movement of the SYNCH task has had little effect on
the amount of interprocessor communication and on the number of shared memory
conflicts. However, the extra task in nodel has served to increase the OS overhead
from 8% to 13%. The reduction in OS overhead in node?2 is negligible.

The main objective in moving SYNCH from node2 to nodel was to increase the
amount of free time on node2 by relieving it of some of its interrupt servicing duties.
This has been accomplished but it has not resulted in an increase in the percentage of
completed responses. In fact, this statistic has actually gone down from 28% to 20%.
In analyzing the event data and the response data, it seems that there were a large
number of synch loss events but only one fault response was sent to the switching
center. The task statistics show that the FAULT task was the bottleneck in this case
as it spent large amounts of time in the ready to run state on node2. It seems that

there is still much CPU contention on node2. The FAULT task on average requires
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[ Node [ Task No. of No, of CPU | Time
Name { Name Interprocessor | Server Task | Usage | Spent in
Sends Receptions | % Ready
(Dest) (No.) (Sre) (No.) State |
nodel | msg cinit (2) 83 2667
tones (3)
synch 2.5 27788
fault 11 12459
node2 | signal 14 10718
audits 6.1 4861
diags 8.1 13571
tonediag 3.6 2455
chnldiag 0.2 778
msgdiag 0.3 832
t1diag 4,5 6262
tlmtc 8.8 6397
connect tones (3) 17 7040
end (3)
cinit (2)
chnls diags (4) 8.6 15015
end (3)
cinit (2)
tones msg (3) 8 5544
tonediag (1)
cinit 5.2 7462
stat fault (6) 10.4 13893
end TOTAL (11) 0.4 1248

Table 6.9: Task Statistics for Fourth Allocation

about 12% CPU time. In the next prototype, this task is also moved to nodel in
hopes of alleviating the bottleneck. The results of this fourth allocation are shown in
tables 6.9 and 6.10.

This fourth simulation highlights a number of interesting system characteristics.
Moving the FAULT task to nodel has increased the amount of interprocessor com-
munication (from 7 to 11) and consequently has increased the total amount of OS
overhead in the system (although some of this increased overhead is due to the extra
task being introduced into nodel). In addition, in the case of synch loss, the bot-
tleneck b: 3 been moved from the FAULT task to the SYNCH task. Now that the
SYNCH task is competing for CPU access with both the MSG task and the FAULT

task, it spends a large amount of time in the ready to run state. Consequently, many
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No. of No. of || No. of No. of No. of
Shared Nodes (| Chnls Events Responses.
Conflicts. Used Generated. Type (No.)
Task (No.) (MTC/CP) || Type (No.)
mag (0) 2 (6/3) [ Change Synch (17) | Report Fail (13)
diags (6) Synch Loss (36) Conn. Tone (3)
fault (4) Msg In (22) Call Takedown (3)
tones (3) Sigral Event (9) Call Setup (3)
cinit (7) Audit (3) Audit Pass (4)
Synch Changed (3)
TOTAL (20) Diag Pass (3)
30% Event Completion
Node | Elapsed | Avge. RTR | OS CPU
Name | CPU Queue Qverhead | Idle
Time Size % Time
%
nodel | 35638 2 23 2
node2 | 34104 4 44 0

Table 6.10: Fourth Processor Allocation Results

of the synch loss events are missed.

Although many of the synch loss events are missed, more of those that are captured
are resulting in completed fault response messages being sent to the switching center.
This is because the FAULT task is now better able to process these responses. As a
result, the percentage of completed responses has risen to 30%.

However, the results also show that both nodel and node2 are now being heavily
used with 2% and 0% free time respectively. In addition, the average ready to run
queue sizes are growing in both processors. The first simulation showed heavy usage
of system resources by the call processing subsystem and the third simulation showed
a high level of usage by the maintenance or diagnostic subsystem. In this fourth
simulation, both the call processing and diagnostic systems show moderate levels of
activity. Under such circumstances, the processors can not provide enough processing
power to adequately meet all the needs of the sysem. A third processor must be
introduced.

With the introduction of a third processor and the knowledge acquired from the
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two processor prototypes, it is possible to perform an intelligent task to processor
allocation. It has been shown that the MSG task can undergo wide variations but
has the potential to use large amounts of CPU time. To prevent it from starving
other tasks, it should be allocated a dedicated processor. Also, the DIAGS, AUDITS,
FAULT, and SYNCH tasks are quite interdependent and it has been shown that under
some conditions, these diagnostic subsystem tasks can together use large amounts of
CPU time. Similarly, at times of peak call periods, the call processing subsystem
(CINIT, STAT, END, and SIGNAL) are capable of monopolizing a processor. As a
result, the diagnostic tasks and the call processing tasks should be placed on separate
processors, The only remaining question is where to put the three service tasks
(TONES, CHNLS, and CONNECT)?

To reduce the amount of interprocessor communication, it seems reasonable to
place them on the same processor that generates most of their requests. The simu-
lations thus far have shown that the diagnostic and call processing subsystems have
been almost equal users of the CHNLS task, call processing has been the more frequent
user of the CONNECT task, and diagnostics and MSG have been the more frequent
users of the TONES task. In addition, the results have shown that the TONES task
frequently uses the CONNECT task. Thus there is no clear cut indication where the
service tasks should be placed.

The three service tasks require significant amounts of CPU time (collectively on
average about 30%) and thus they may delay other tasks on the same processor from
running. Because the call processing functions are more urgent than the diagnostic
functions, they can not afford to be delayed by the service tasks. However, the channel
requests for call processing are more important than channel requests for diagnostics.
As a result, for the initial three processor prototype, the TONES and CONNECT
service tasks will be placed in the diagnostic processor (node2) and only the CHNLS
gervice task will be placed in the call processsing processor (noded). The results of
this fifth prototype are given in tables 6.11 and 6.12.

The results show that there are advantages and disadvantages in adding the third
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"Node [ Task No. of No. of CPU | Time
Name | Name Interprocessor | Server Task | Usage | Spent in
Sends Receptions | % Ready
(Dest) (No.) (Src) (No.) State
[ nodel | msg cinit (6) 78 178
diags (3)
tones (1)
node2 | aynch msg (1) 3.4 12147
fault msg (3) 21.7 6941
audits 3.6 1167
diags chnls (6) 12 8651
tonediag 5.2 1646
chnldiag 0.2 546
msgdiag 0.2 600
tldiag 12.2 1647
tlmte 4.1 1686
tones msg (1) 8.1 3796
tonediag (1)
connect tones (1) 22.6 5462
end (3) '
cinit (6)
node3 | chnls diags (12) 11.6 3787
end (3)
cinit (6)
cinit connect (8) 12.5 3908
signal 284 1732
stat 16 2738
end TOTAL (26) 0.2 445

Table 6.11: Task Statistics for Fifth Allocation

processor. The disadvantages come in the form of increased interprocessor communi-
cation. The number ~f interprocessor messages has jumped to 26 and correspondingly,
the number of shared memory conflicts has climbed to 89. However, these types of
results are to be expected with additional processors and the hope is that they will
be compensated for by the increased overall system responsiveness. The results show
that this is indeed the case as now over 40% of the generated events result in com-
pleted responses. This is a significant increase over the two processor prototypes.
Now that is has been established that adding the third processor has been bene-
ficial, an analysis should be done to determine whether the tasks have been properly

allocated. The results show that node2 is perhaps being overused while node3 is being
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No. of No. of || No. of No. of No. of
Shared Nodes || Chnls Events Responses.
Conflicts. Used Generated. Type (No.)
Task (No.) (MTC/CP) || Type (No.)
msg (12) 3 (12/6) Change Synch (3) | Report Fail (3)
diags (24} Synch Loss (12) Conn. Tone (1)
fault (3) Msg In (20) Call Takedown (3)
tones (4) Signal Event (7) | Call Setup (6)
cinit (9) Audit (2) Audit Pass (2}
signal (5) Synch Changed (1)
chnls (19) Diag Pass (6)
connect (13) 43% Event Completion
TOTAL (89)

Node | Elapzed | Avge. RTR | OS CPU

Name | CPU Queune Overhead | Idle

Time Size % Time
Yo

nodel | 34384 1 11 18

node2 ; 31028 40 3

noded | 25833 1 40 27

Table 6.12: Fifth Processor Allocation Results

underused with 3% and 27% free CPU time respectively. In this case, the application
may be biased towards diagnostic operations rather than call processing. In this sim-
ulation, it is the SYNCH task on node2 that suffers from the low CPU availability as
it spends a large amount of time in the ready to run state. Consequently, many of
the synch change and synch loss events are missed.

Also, it seems that the decision to put the CONNECT task on node2 has con-
tributed to a significant number of interprocessor communications (G out of a total of
26). On the other hand, the decision to put the CHNLS service task on node3 seems
to have been a good one. This task receivecd the same number of requests from both
the diagnostic and call processing subsystems but its CPU usage could not have been
tolerated on node2. In fact, node2 can not even adequately support the TONES and
CONNECT service tasks as they are using over 30% of the CPU time. Moving the
TONES and CONNECT tasks from node2 to node3 should help equalize CPU usage
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Node | Task No. of No. of CPU | Time
Name | Name Interprocessor | Server Task | Usage | Spent in
Sends Receptions | % Ready
(Dest) (No.) {Sre) (No.) State
“nodel | msg cinit (6) 73 200
diags (1)
tones (4)
node2 | synch msg (1) 6.3 11246
fault meg (5) 31 6662
audits 7 1788
diags chnls (2) 11.2 7088
tonediag 6.4 836
chnldiag 0.5 523
msgdiag 0.5 667
t1diag 12.8 | 2815
tlmtc 6.4 4439
) noded | tones msg (4) 8.3 811
tonediag (1)
connect tones (4) 21.2 2777
end (6)
cinit (6)
chnls diags (2) 3.7 5069
end (6)
cinit (6)
cinit 8.3 2074
signal 14.6 3104
stat 12.6 7707
end TOTAL (19) 0.2 501

Table 6.13: Task Statistics for Sixth Allocation

(load balancing) and it should also decrease the amount of interprocessor communi-
cations. The results of this sixth allocation prototype show that this is indeed the
case. The results are presented in tables 6.13 and 6.14.

This final task to processor allocation results in approximately the same respon-
sivenes as in the previous allocation (42% of event responses completed) but the
number of interprocessor communications has been reduced from 26 to 19 and there
has been a more equitable load balance between the three processors as now the CPU
free times are 25%, 13%, and 21% for nodel, node2, and node3 respectively. While
the increase in responsiveness over the previous scheme is not immediately apparent,

the fact that there is a more equal CPU usage suggests that this final allocation
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No. of No. of || Wo. of No. of "No. of
Shared Nodes || Chnls Eventa Responses.
Conflicts. Used Generated. Type {No.)
Task (No.) (MTC/CP) || Type (No.) .
mag (21) 3 (2/6) Change Synch (6) | Report Fail (5) .
diage (26) Synch Loss (18) Conn. Tone (4)
fault (2) Msg In (26) Call Takedown (6)
tones (6) Signal Event (10) | Call Setup (6)
cinit (6) Audit (5) Audit Pass (4)
signal (4} Synch Changed (1)
chnls (16) Diag Pass (1}
42% Event Completion

TOTAL (82) o

Node | Elapsed | Avge. RTR | OS5 cPU

Name | CPU Queue Overhead | Idle

Time Size % Time
%

nodel | 35830 1 16 25

node2 | 30861 2 48 13

noded | 38229 1 40 21

Table 6.14: Sixth Processor Allocation Results

scheme has the potential to handle more events than the previous scheme.

This process has demonstrated a method that can be used for performing task
to processor allocation and thereby choosing the appropriate number of processors
for a particular application. In this example, three processors were required and a
reasonable task to processor allocation was arrived at in the sixth prototype®. It
is interésting to note that two potential problem areas failed to materialize in the
simulations.

The first potential problem could have been in deciding where to place the FAULT
task. This task is used both by diagnostics and by call processing subsystems to
report failures. In addition, for certain types of failures, there is a need to transfer
large amounts of data between the FAULT task and the task calling the FAULT task.
Ideally, the FAULT task should be placed in the processor that reports most failures

5Although a 43% response completion rate seems fairly low for this application, the numbers
chosen for event arrival rates do not necessarily represent a real life situation.
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or in the processor that requires the most failure data transfers. If these requirements
become conflicting then there is a problem. However, the simulation showed that the
failure cases that require large data transfer are so infrequent, that this should not
be a consideration in deciding the proper placement of the FAULT task®.

The second potential problem was in the area of shared resource contention. De-
ciding on the proper hardware platform includes determining the proper number of
shared resources and imposing proper arbitration policies on them. In this case, the
shared resources were the 15 voice channels shared by diagnostics and by call pro-
cessing. All of the simulations showed that 15 channels are adequate to meet the
needs of the modelled system. In most cases, the system could not process enough
events to warrant even 15 channels. It is possible that this system is overconfigured
and if channels were an expensive resource, their number could be reduced to better
match the processing capability of the system. However, these numbers are strongly
influenced by implementation aspects and should be taken as guidelines only.

The other significant aspect of shared resource usage that was revealed by the
simulations is that in most cases, the diagnostic subsystem used as many channels
as the call processing subsystem. In the prototypes this was not a problem as there
were enough channels to go around but if the number of channels is reduced, there is
a possibility that the diagnostic subsystem could starve call processing of free voice
channels. This highlights the need for the implementation of some type of allocation
policy that would give call processing priority over diagnostics in channel allocations.

Now that task to processor allocation, number of processors, and resource usage
have been considered, the remaining hardware platform issue involves the selection
of a processor interlink scheme. Because the given example consists of only three
processors and table 6.13 shows that all three processors must communicate with
each other, there is no question about interlink topology (all three need to be in-
terconnected). However, in other systems, the simulations may indicate that a fully
interconnected scheme is not warranted.

Table 6.14 shows that if shared memory is used as the interlink medium between

61t is important to have an accurate figure for the percentage of such fail cases in the modelled
prototype. This figure could perhaps be obtained from actual field observations.
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the processors, a relatively large amount of contention can be expected. The break-
down statistics involving the shared memory conflicts can be analyzed to determine
the communication patterns and communication volumes between the processors. In
this case, it seems that most of the contention is due to the MSG task on nodel
communicating with the CINIT task on node3 and the DIAGS and TONES tasks
on node2. The other area of contention seems to be between the DIAGS task on
node2 and the CHNLS task on node3. Thus it may be advisable to use separate
memories for communication between nodel and node2, between nodel and node3,
and between node2 and node3 rather than using a single monolithic shared memory
between all three processors.

If a communications link is used to handle interprocessor communications, the
simulation results (interprocessor sends) can be used to determine what volumes of
traffic can be expected between the various processors for a given time period. This
data can be used to estimate the amount of bandwidth required between processors
and can thus influence the selection of the required communications link.

The method of using prototyping to make desicions in the design phase relating
to selection of hardware platform is applicable to any system. All that is required
is the selection of the applicable statistics for the particular system (as outlined in
section 4.1.2) followed by the iterative prototyping process described above. Once the

hardware platform has been finalized, the choice of the IPC scheme can be examined.

6.4 Communication Primitives Analysis

As mentioned in section 4.1.3, it is not always possible to select or modify the choice
of IPC schemes available for a particular application. As such, it is difficult to outline
a fixed process that can be used for all situations. The best that can be hoped to he
achieved by such a process is to be able to highlight the benefits and drawbacks of
various approaches as they relate to the application in question.

In choosing the proper types of intertask communication mechanisms, there are

three main considerations: identifying the needs for various IPC features, determining
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the time costs and benefits of the primitives, and determining the effects of the chosen
primitives on the structure of the application software. In order to perform this type of
IPC analysis through prototyping, it necessary to specify a fixed environment in which
the only changes involve the communication primitives themselves. To demonstrate
the IPC analysis process, the telephone switching example will be used using the final
software partitioning and hardware platform defined in the previous section (three
processors with the task to processor allocation defined in table 6.13). In addition,
a shared memory will be assumed as the processor interlink mechanism so that both
shared memory and message passing IPC constructs can be considered. Finally, a
fixed priority, nonpreemptive scheduling scheme will be used with all tasks having
the same priority.

For the purpose of this discussion, four separate kernels were analyzed, each in-
corporating a different set of IPC primitives. In order to get a fair comparison,
all prototypes used the same application software with only specific changes needed
to adapt it to the different IPC mechanisms. The four kernels used and their IPC

primitives are presented in the following list:
1. Semaphore Based Kernel - SIGNAL and WAIT operations.

2. Synchronous Message Passing Kernel - Blocking SEND with REPLY and block-
ing RECEIVE operations.

3. Asynchronous Message Passing Kernel - Nonblocking SEND and general block-
ing RECEIVE operations.

4. Asynchronous Message Passing Kernel - Nonblocking SEND and receive specific
blocking RECEIVE.

Simulations using these four kernel prototypes were all run for 125000 units of sim-
ulated time (with each processor running for approximately 35000 time units) and
all were run under the same event arrival conditions (sporadic synch loss with 5%
probability, cyclic synch change, sporadic msg in with 20% probability, cyclic audits,

and cyclic signalling events). The actual MDA code used to implement the kernels as

208



well as their respective applications is provided in section B.3. The relevent statistics
gathered by each of the prototypes are presented in tables 6.15 to 6.18. In these
tables, the Shared Memory Conflicts field represents the number of times that two or
more processors made simultaneous access to data resident in shared memory for the
purpose of interprocessor communication. The OS Ovhd field represents the percent-
age of CPU time used in executing inside the kernel. This value represents time spent
in IPC primitive execution as well as that spent in other operating system functions.
In addition, for each of the kernels, the number of times each IPC primitive was called
is given along with the average execution time of that primitive. Finally, a breakdown
is given with respect to the number and types of event occurrences and responses as
well as a percentage of events for which complete responses were generated. This last
statistic gives a good indication of the relative efficiency of the modelled system as

the number and distribution of event type occurrences was similar for all simulations.
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Node | Final No, of 0s No. of
Name | CPU Shared | Ovhd Context
Time Memory | % Switches
Confl.
nodel | 40237 3678 4.8 36
node2 | 33861 28 93
noded | 41809 10 53
TOTAL (182)
Node | # of Total # of Total Avge.
Name | WAIT WAIT SIGNAL | SIGNAL | SEMA
Calls Exec. Calls Exec. Queue
Made Time Made  Time Size
nodel | 60 — 320 38 792 |1
node2 | 134 736 150 9552 1
noded | 69 426 55 2810 1
TOTAL AVGE. TOTAL AVGE.
JCALL JCALL
263 1586 241 54.6
Node | Avge. ~ | Event Data - Response Data
Name | Data Type
Buffer (# Raised) (# Completed)
Size (% Completed
nodel | msg (3) Change Synch (8) (75) | No. of
node2 | ALL (0) Synch Loss (24) (71) | Responaes = 32
noded | chnls (1) Msg In (32) (13)
OTHERS (0) | Signal Event (3) (100) | % Completion
Audit (8) (100) of Event -
TQTAL (73) Responses = 44%

Table 6.15: Semaphore Based System Results
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Node | Final No. of 0s # of Context
Name | CPU Shared | Ovhd | Switches (With
Time Memory | % Kernel
Confl. Buffering)
nodel | 38928 91 21 68 (43)
node2 | 33002 59 195 (86)
noded | 41132 43 183 (74)
TOT. 446 (203)
Node | # of Total # of Total Totel
Name | SEND | SEND RECV | RECV | # Mags
Calls Exec. Calls Exec. | Sent
Made Time Made | Time _
nodel |9 1077 20 1958 10
node2 | 35 5833 23 2588 53
noded | 19 1654 44 4758 53
TOTAL | AVGE. TOTAL | AVGE. | TOTAL
/CALL JCALL
63 141 87 107 125
Node | # of _—|_T‘otal Event Data - Response
Name | REPLY | REPLY | Type Data
Calls Exec. (# Raised)
Made Time
nodel |10 [ 1012 Change Synch (4) | No. of
node2 | 18 1726 Synch Loss (9) Responses
noded | 34 3137 Msg In (47) 19
TOTAL | AVGE. Signal Event (7)
JCALL Audit (3) Completed
62 95 TOTAL (70) 27%

Table 6.16: Synchronous System Results
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Node | Final No. of 0s No. of
Name | CPU Shared | Ovhd Context
Time Memory | % Switches
Confl.
nodel | 39483 80 13 8
node2 | 32733 42 84
nodel | 40479 41 81
TOTAL (173)
Node | # of Total # of Total
Name | SEND | SEND RECV | RECV
Calls Exec. Calls Exec.
Made | Time | Made | Time
nodel | 24 2142 2 200
node2 | 51 5640 40 4829
noded | 53 2979 B2 9336
TOTAL | AVGE. TOTAL | AVGE.
JCALL JCALL
128 84 124 116
Node | Incoming Masag Event Data - Response
Name | Queue Size Type Data
(avge, max) (# Raised)
nodel | msg (4,11) Change Synch (5} | No. of
node2 | fault (1,3) Synch Loss (18) Responses
diags (0,1) Msg In (45) 25
timtc (0,1) Signal Event (15)
megdiag (0,1) Audit (3) Completed
tonediag (0,1) 20%
chnidiag (0,0}
tldiag (0,0)
noded | cinit (0,2)
chnls (1,2)
end (0,1)
connect (0,2)
stat (0,2)
signal (0,1)
tones (1,3)

Table 6.17: Receive Specific Asynchronous System Results
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Node | Final No. of 0Ss No. of

Name | CPU Shared | Ovhd [ Context
Time Memory | % Switches

T Confl,

nodel | 38140 97 11 8

node2 | 33341 39 71

node3 | 41874 34 65

TOTAL (142)

Node | # of Total # of Total

Name | SEND | SEND RECV | RECV
Calle Exec. Calls Exec.

= Made | Time Made \liine
nodel | 24 2064 3 312
node? | 49 5695 46 5332
noded | 61 3791 83 8712

TOTAL | AVGE. TOTAL | AVGE.
JCALL JCALL
134 86 132 109
Node | Incoming Msg Event Data - Response
Name | Queue Size Type Data
(avge, max) (# Raised)

.—L= —— e —— —
nodel [ mag (5,15) Change Synch (5) | No. of
node2 | fault (1,1) Synch Loss (13) Responses

diags (0,1} | Msg In (48) 27

t1mte (0,2) Signal Event (15)

msgdiag (0,0) Audit (4) Completed
tonediag (0,1) 32%
chnldiag (0,0}

tldiag (0,1)
node3 | cinit (1,3)
chnls (0,3)
end (0,1)
connect (0,1)
stat (0,2)
signal (1,3)
tones (1,4)

Table 6.18: General Receive Asynchronous System Results
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6.4.1 Semaphore Constructs vs. Messaging Constructs

The semaphore based system is the most basic of the four prototypes as it simply
provides mutual exclusion primitives and allows the application software to directly
perform its own data transfers as required. In a shared memory environment, the
message passing systems simply provide a uniform, well-structured overlay that han-
dle both the mutual exclusion and the data transfer. In fact, the first point that
should be noted in this comparison is that in a shared memory environment, specific
data transfer primitives are not essential. This is borne out by the fact that the exact
same functionality has been provided in the system using semaphore operations as
those using message passing.

In comparing the semaphore system with the message based systems, it is readily
apparent that the semaphore kernel is the most efficient in terms of time overheads.
This is confirmed by many of the statistics of table 6.15. The total operating system
overhead is by far lowest in the semaphore kernel with node2 having the highest usage
at 28% which is still much lower than the average overhead shown by the messaging
kernels. The main reason for this kernel efficiency is in the times spent in executing the
semaphore wait and signal operations. The wait operation has an average execution
time of only 6 time units and the signal operation averages only 55 time units. This
compares extremely favorably with the message primitives which require between 84
and 141 time units. Of course these statistics are strongly influenced by the manner
in which the primitives are programmed. However, in the four prototypes, all of the
primitives have been programmed in a straightforward manner in accordance with
the standard definitions regarding the functionality of each of the primitives.

Because of the efficiency of the semaphore kernel, the prototype of table 6.15
was able to complete responses to 44% of the events generated. This is significantly
better than the 32% of its nearest message based competitor’. From these results, it
would seem that semaphore based systems should be the preferred choice in a shared

memory environment. However, this system does have some significant drawbacks.

"The event response completion results of this section should not be compared with those of other
sections (such as the hardware platform analysis) as higher event arrival rates were used in this IPC
section to illustrate the determination of queue lengths by prototyping.
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In comparing table 6.15 with the results obtained from the message based ker-
nels, one of the most striking statistics is the amount of shared memory contention
that the semaphore based system suffers. During the simulation run, there were 3678
instances when two or more processors attempted to access shared data during the
same simulation cycle. This can be attributed to the fact that it is the numerous
independent application tasks (rather than a single central kernel) that are directly
manipulating shared semaphores and data buffers to perform intertask and interpro-

cessor communication.

Each such communication requires that the sending application task perform the

following actions:

1. Wait for mutually exclusive access to the data area of the destination task. This

is done by performing a wait operation on a mutex semaphore.

9. Once access is granted, the sending task accesses the destination data area and

copies the data item to it.

3. When the copy operation is complete, the sending task performs a signal oper-

ation on the mutex semaphore to allow other tasks access.

4. Finally, the sending task must perform a signal operation on a semaphore used

to determine the availability of pending request data. The receiving task will

be waiting on this semaphore.

Thus for the equivalent of every send operation, an application task must invoke one
wait primitive and two signal primitives. This accounts for the high number of prim-
itive calls performed in the semaphore system as shown in table 6.15. Although the
number of primitive calls is compensated by the relativeley short primitive execution
times, it does add significant complexity to the structure of the application tasks.
From the MDA code given in sections B.3.5 and B.3.6, it is evident that the
gemaphore based system has shifted complexity from the kernel software to the appli-
cation software. The application tasks contain many more states than those required

for the message based systems. In addition, there are many more potentially blocking

215



wait states in the semaphore applications than in the asynchronous messaging based
tasks. This is due to the fact that every data transfer involves a call to the wait
primitive in order to gain mutually exclusive access to the destination data buffer.
The main implication of the increased potential for blocking is that tasks that are
used to perform initial event servicing (such as the MSG task) may spend more time
being blocked on semaphores and thus may miss a greater proportion of volatile or
latched events.

While semaphores provide a means for very efficient communication, their use can
become cumbersome for large applications involving many designers. The problem is
compounded if the application requires a large amount of intertask communications.
However, for smaller systems, semaphores may be the IPC method of choice as their

use provides the potential for high throughput and responsiveness.

6.4.2 Synchronous vs. Asynchronous Messaging Primitives

The most profound effect of providing messaging IPC primitives such as send, re-
ceive, and reply is that the application software can take on a much simpler structure
than that using semaphore operations. It can be seen from the application tasks in
section B.3.4 that those using messaging primitives not only have many fewer states
but they are also easier to follow logically. While the simplification of the application
software is evident in both the blocking and nonblocking cases, it is most pronounced
in the case of the blocking send.

Consider the three tasks CHNLS, DIAGS, and CINIT. The CHNLS task is a
server task that allocates voice channels to both the main diagnostics task (DIAGS)
and to the main call processing task (CINIT). Both of these client tasks send re-
quest messages to the CHNLS task to acquire a channel and then must wait for an
acknowledgement message from the CHNLS task before proceeding. However, the
client tasks are expected to handle incoming messages from other tasks as well. The
problem arises when a client task has sent a channel request message and is waiting
for an acknowledgement message. In the case of the nonblocking kernel, once the

client task has sent the channel request message, it is free to continue execution.
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As such, it must explicitly call the receive primitive to await the acknowledgement
message. However, this receive request may be satisfied by some incoming message
other than the channel acknowledgement. In this case, the client task must accept
the message and queue it internally for future use. This “receive and queue” process
must continue until the acknowledgement message is received.

In the case of the blocking send - reply kernel, there is no need for the application
tasks to do their own internal message queue management in this manner. After the
client task sends the channel request message, it is blocked until the acknowledgement
message is sent. When the client task resumes execution, it implicitly knows that
its channel request has been satisfied and that it is free to continue without the
need for polling for acknowledgement messages. For this type of “handshaking” task
interaction, a blocking send primitive becomes extremely useful.

However, there is & price to be paid for the reduced complexity of the application
software using the blocking send - reply kernel. Table 6.16 shows that completed
responses were provided for 27% of the events raised in the blocking system proto-
type. In contrast, table 6.18 shows that complete responses were provided for 32%
of the generated events in the nonblocking system. The main reason for the reduced
responsiveness of the blocking system is the increased complexity of the kernel and
the fact that initial event servicing tasks are more often in the blocked state and thus
miss a greater number of volatile and latched events.

Table 6.16 shows that the prototype using the blocking IPC kernel suffers from
a total of (20% + 59% + 43%) 123 OS overhead across the three processors. In
contrast, table 6.18 shows that the nonblocking system accrues a total of (11% + 39%
+ 34%) 84 overhead across the three processors. There are several reasons for this
phenomenon, The first is that the blocking IPC primitives are computationally more
expensive than their nonblocking counterparts. The average time for a blocking send
operation is 141 time units while that of the nonblocking send is 86 time units. There
is a much less pronounced difference in the average execution times of the receive
operation as they both require approximately 108 time units. The reply operation of

the blocking kernel has no counterpart in the nonblocking kernel and adds an extra
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95 time unit overhead at every invocation. In the case of the blocking kernel, every
data trensfer operation requires a call to both the send and the reply primitives. This
in effect increases the average time for a data transfer to a total of 236 time units for
the blocking kernel.

Apart from the added complexity of the blocking primitives and the need for 2
larger number of primitive calls, the blocking nature of the primitives themselves
contribute to the increased OS overhead. This is evident in the number of context
switches incurred by the blocking and the nonblocking kernels. In the case of the
nonblocking kernel, there are a total of 142 context switches across the three proces-
sors. In the case of the blocking kernel, there are 203 switches (provided the blocking
kernel does internal message buffering). If the blocking kernel does not implement
any type of kernel message buffering, this number jumps to 446. The only time a
context switch occurs in the nonblocking kernel is when a task calls the receive prim-
itive and there is no message pending. In contrast, in the synchronous kernel, every
call to the blocking se..d primitive results in a context switch as does the call to the
receive primitive when there is no message pending.

The nonblocking kernel always needs to perform message buffering but it is not
necessary in the case of the blocking send. The prototype resulis show that the
maximum size reached by any message buffer in the nonblocking case is 15 (for the
MSG task). However, this seems to be an extreme case with the more common
maximum queue lengths being in the 2 to 4 range. This type of statistic is quite useful
in the design process in determining the amount of memory to allocate for message
queues if a nonblocking environment is chosen. With the blocking environment, there
are two possible approaches to buffering messages. In the first approach, there is no
message buffering in the kernel. The message transfer proceeds by the kernel switching
to the context of the sending task, copying the message to a temporary space, and
then switching to the destination task context to complete the copy operation as part
of the receive primitive. As such, each data transfer requires two context switches. An
alternative is for the kernel to internally buffer a message as soon as a send operation

occurs. When the corresponding receive is done, the message is ready in the kernel
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and there is no need to do a context switch to the sending (source) task. If the cost
of & context switch is high for a particular implementation and a blocking kernel is
required, it may be beneficial to use kernel buffering.

Another aspect of the blocking environment is that it causes tasks to spend longer
periods of time in the blocked state. Each time a task performs a send operation, it
is blocked until a reply operation is performed by the receiveing task. Even though
the receiving task may be programmed to immediately invoke the reply primitive,
it can not perform this operation until it is selected to run from the ready to run
queue. Thus the sending task remains blocked if there are a large number of ready to
run tasks. If tasks that initially service event occurrences (for example the MSG and
SIGNAL tasks) are kept blocked in this manner, then a greater number of events can
be expected to be missed. To avoid this situation, these application tasks must be
structured so that they do not themselves perform any blocking send operations. This
requires the introduction of transfer tasks which in turn add to the overall system
complexity. (An alternate solution is to queue the event occurrences).

The choice of whether to use a synchronous or asynchronuos kernel must bal-
ance system responsiveness against application factors such as ease of understanding,

requirements for transfer tasks, and simplicity of data transfer structure.

6.4.3 Selective Receive vs. General Receive Primitives

In the above discussion on blocking vs. nonblocking IPC protocols, it was stated that
a blocking protocol eliminated the need for certain client tasks to do their own message
buffer management in “handshaking” type situations. However, the imposition of a
blocking protocol is not the only way to simplify the structure of application tasks.
Another way is to introduce specialized primitives that provide the application tasks
with more control over how IPC operations are to be performed. One such primitive
is the selective receive primitive.

In this primitive, the receiving task can specify what type of message it is willing

to accept®. This primitive was used in place of the general receive primitive in the

8Instead of keying on message type, the selective receive primitive can also be designed to key
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nonblocking kernel with the results presented in table 6.17. The structure of the
CHNLS, DIAGS, and CINIT tasks using the selective receive primitive are presented
in section B.2.3 while those using the standard receive are presented in section B.3.2.

In comparing the code for these tasks using the selective receive with that using
the standard receive, it is clear that the tasks are much simpler in the case of the
selective receive primitive. In this case, after the client tasks have sent the channel
request message, they do not need to sift through all incoming messages waiting for the
acknowledgement message. They simply call the selective receive primitive informing
the kernel that they will accept only the channel acknowledgement message and that
all other messages are to be queued. While this does simplify the application, is does
raise the complexity of the kernel,

The results of table 6.17 show that the selective receive kernel incurs a total 0S
overhead of (13% + 42% + 41%) 96 across the three processors compared to 84 for
the equivalent kernel with a standard receive primitive. This slight increase can in
part be attributed to the fact that the average execution time for the selective recejve
primitive is 116 time units compared to 109 for the standard receive. The changes in
the send primitives are not significantly different between the two kernels.

Another aspect of the increased system overhead is in the larger number of context
switches incurred in the selective receive kernel. When a recejve operation is requested
using a standard receive primitive, the calling task is never blocked if there is any
type of message waiting. However, in the case of the selective receive primitive,
even though there may be pending messages, the calling task is still blocked if these
messages are not of the required type. As a result, the system using the selective
receive primitive will suffer a greater number of context switches.

Despite the slightly greater complexity of the selective receive kernel, there is
not a great deal of difference between the responsiveness of the two systems. The
standard receive system was able to respond to 32% of the generated events while
the selective receive system was able to respond o 29%. This is largely due to

the fact that in the telephone switching example, only a few tasks made use of the

on message source,
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selective receive capabilities. In most cases, the selective receive was used just as a
standard receive. As shown in section B.2.2, the way the selective receive primitive
has been programmed, the queue of pending messages for the calling task must be
cycled through and reordered every time a receive operation is requested on a specific
message type. If no specific type is specified, then there is no need to do any message
queue reordering. Thus, the cost of the selective receive primitive rises as the number
of calls with specific types increases and as the average sizes of the incoming message
queues grow larger. An alternative implementation of this type of primitive might
be to have a separate queue for each message type. This would result in an increase
in memory requirements but also a decrease in time requirements. In the example
given, these two factors remained quite small so the increased cost of the selective
receive was made up for by the added application simplicity.

The only way to determine the costs of such specialized primitives for a particular
application is to simulate their use with a prototype and observe the system behav-
ior as demonstrated here. After the choices regarding IPC functionality have been

decided for a particular system, the only major remaining factor is task scheduling.

6.5 Scheduling Analysis

As discussed in section 4.1.4, there are many factors that must be considered in choos-
ing a scheduling scheme that is appropriate for a particular application. Eventually,
these come down to a number of main scheduling decisions. Omne of these is the
determination of whether static or dynamic scheduling is warranted. In the case of
static scheduling, the designer must decide on how to assign priorities and whether to
use preemption or time slicing. For dynamic scheduling, the appropriate scheduling
algorithm must be chosen. Finally, it must be determined whether global scheduling
is necessary. In order to perform this type of scheduling analysis through prototyp-
ing, it is necessary to set up a fixed environment in terms of software partitioning,
hardware platform, and IPC scheme so that any variations in prototyping results can

be attributed to the characteristics of the scheduling scheme being modelled. In the
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following scheduling analysis, all of the examples use the telephone switching tasks
and hardware platform used in the IPC znalysis section (three processors with the
task to processor allocation defined in table 6.13). The IPC scheme used in this
analysis is the nonblocking send with a selective blocking receive.

Again, in attempting to define a methodology for the analysis of scheduling re-
quirements, it is difficult to provide a complete, generally applicable step by step
process. To provide an optimum scheduling strategy, a priori knowledge must exist
about response deadlines, computation times, task-response relationships, and event
arrival times. This type of scheduling is feasible only if the system environment is
static in the sense that the execution time of each response is fixed, the deadline re-
quirement is fixed, and the number of responses to be executed is constant. However
it will not work well in dynamic environments in which the processors’ work loads
may change over time. Although a prototyping tool is very useful in defining these
parameters for a particular application, in most embedded systems, complete system
knowledge remains uncertain at best and so it is not practical to construct optimal
schedules for optimum execution in real-time [WC87] [LNL87] [Lac90|.

Keeping in mind that the objective of the scheduling analysis is not to come up
with an optimal solution but rather simply an acceptable one, it is now possible to
proceed with defining the process. As in the previous analyses, there must be some
yardsticks to measure the success or failure of any particular scheduling decisions. As
such, the first step in the scheduling analysis process is to define a baseline system
that can be compared with subsequent prototypes.

In the telephone switching example, a reasonable baseline scheduler would be one
that uses static task priorities (all tasks at equal priority) with no time slicing. This is
basically a first come first served (fair) scheduling scheme with no inherent bias. The
MDA code used to implement this system is presented in section B.4.1. Simulation
using this scheduling prototype yields the results presented in table 6.19.

Many of the fields in this table are similar to those used in the previous analyses.
However, there are a few additions. The scheduling overhead field is used to determine

the amount of CPU time used to perform the scheduling functions. As can be seen by
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Scheduling Node Final CPU [o]]
Method Name | CPU Usage Ovhd
Time % %
[ STATIC TASK. | nodel | 36857 57 15
No Time node2 30279 74 43
Slicing noded 37527 93 42
Node Sched. | No. of No. of | Avge.
Name Ovhd Context | Task RTR Queue
% Switches | Preempts | Sise ]
nodel 1 36 18 1
node2 3 91 17 1
noded 2 93 ] 2
Node Task Task Total | Msg Queue
Name Name | Priority | Ready Size
Time (avg,max)
nodel msg i0 276 (0,0
node2 synch 10 5382 -
fault 10 3578 (1,6)
audits 10 2427 -
tlmtc | 10 2827 (0,1)
diags 10 1719 (0,1)
tidiag 10 556 (0,0)
megdiag | 10 490 (0,0)
tonediag | 10 730 (0,1)
chnldiag | 10 424 (0,0)
noded tones 10 4550 (0,2)
cinit 10 5965 (0,1)
chnls 10 8834 (0,1)
stat 10 13112 (0,1)
end 10 905 (0,1)
connect | 10 4180 (0,1)
e signal | 10 5963 (0,1)
Event Type Response Aversge Overall
(# Generated) Type Completion | Response
(% Completed) Time Completion
Change Synch (7) (28) || Fault Report 12004 48%
Synch Loss (18) (28) Call Setup 3988
Msg In (23) (52) Conn. Tone 2488
Signal Event (10) (70) || Call Takedown | 941
Audit (6) (83) Audit Pass 1380
Synch Changed | 13087
Diag Pass | 5672

Table 6.19: Baseline Scheduling Scheme Results
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" these results, in this very straightforward static scheduler, the maximum scheduling
overhead is only 3%. The preemptions field counts the number of times a task was
preempted in favor of a higher priority task. Because all of the tasks in this baseline
system have the same priority, the only time a preemption occurs is when the low
priotity IDLE task is preempted by an application task. The IDLE task runs only
when there are no other ready to run tasks. The CPU usage field determines the load
on each processor. This number gives the percentage of time that the processor was
executing tasks other than the IDLE task. The task priority field gives the initial
priority of each application task. In the baseline system, all tasks have the same
priority (10). The final new field is the average completion time. This field is perhaps
the most important as it gives the average amount of virtual time needed to complete
a particular response using the modelled scheduler. In a complete analysis (especially
for hard real time systems), the maximum time per response could also be useful.
However, it has been omitted in this comparative analysis. Now that a baseline has
been established, it is possible to see if the response completion times can be improved

by using different scheduling methods.

6.5.1 Static Scheduling

The initial step in the scheduling process is to assume that dynamic scheduling is not
necessary. Whether or not this assumption is correct for the system under considera-
tion can be detern:ined only by prototyping static systems and observing the results.
In order to give static scheduling a fair chance, it is first necessary to come up with

& priority assignment that gives improved system responsiveness,

6.5.1.1 Assigning Task Priorities

The factors involved in assigning proper task priorities have been discussed in sec-
tion 4.1.4. Putting these factors into practice, one might come up with the priority
assignment shown in table 6.20. The priority assigned to the MSG task is inconse-
quential as it is the only task on nodel (except for the low priority IDLE task) and

will always be executed as soon as it is ready to run. However this is not the case on
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Scheduling Node Final CPU 0Ss
Method Name | CPU Usage Ovhd
Time % %o .
STATIC TASK. | nodel 34613 75 18
No Time node2 30518 71 50
Slicing noded 34774 08 47
Node Sched, | No. of No. of Avge,
Name Ovhd Context | Task RTR Queune
% Switches | Preempts | Size
nodel 1 41 18 1
node2 4 113 43 2
| noded 3.5 105 38 2
Node Task Task Total Msg Queue
Name Name Priority | Ready Size
Time (avg,max)
nodel " | msg 10 304 {0,8)
node2 synch 20 0984 -
fault 30 304 (1,6)
audits 10 6181 “
timtc 20 980 (0,1)
diags 10 3402 (0,1)
tldiag 10 1657 (0,0)
megdiag | 10 1543 (0,0)
tonediag | 10 3031 (0,1)
chnldiag | 10 1749 (0,0)
node3 tones 30 284 (0,1)
cinit 20 13277 (0,2)
chnls 30 564 (0,1)
stat 20 3656 (1,4)
end i0 1218 (0,1)
connect | 30 760 (0,1)
signal 10 20057 (0,1)
Event Type Response Average Overall
(# Generated) Type Completion | Response
(% Completed) Time Completion
Change Synch (7) (43) || Fault Report 7048 5%
Synch Loss (18) (33) Call Setup 3009
Msg In (21} (67) Conn. Tone 3159
Signal Event (11) (36) (| Call Takedown | 308
Audit (5) (60) Audit Pass 1671
Synch Changed | 18247
Diag Pass 6967 B

Table 6.20: Static Task Priority Scheme 1 Results
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the other processors.

On node2, the process starts by assigning each task a priority of 10 and proceeds
by assigning more urgent tasks, higher priorities. In the switching system example,
diagnostics and audits serve to look for hardware faults in the system and are of
gecondary importance to those tasks that are activated when a fault actually has
occurred (the SYNCH, FAULT, and TIMTC tasks). These tasks are more important
than the standard diagnostics as they function when a fault has actually occured
rather than simply in anticipation of a fault. For this reason, these three tasks are
given an initial higher priority (20). Furthermore, the FAULT task is used by both
the diegnostic subsystem and by the call processing subsystem. To prevent it from
becoming a potential bottleneck, the FAULT task is assigned the highest priority (30)
on node2.

The tasks on node3 are analyzed in a similar fashion. Initially, they are all assigned
a priority of 10. In this set of tasks, the END and SIGNAL tasks are the least
important as they are concerned with taking down calls and sampling the quality of
the connections. As such, these two tasks remain at low priority. The tasks CINIT
and STAT are involved in setting up new calls and thus are deemed to be more
important and merit a higher priority (20). Finally, the tasks TONES, CHNLS,
and CONNECT are all server tasks that are used by both the diagnostic and call
processing subsystems. To prevent bottlenecks at these tasks, they are assigned the
highest priority (30).

The simulation results of this prioritized static scheduling scheme using task
preeemption with no time slicing are presented in table 6.20. These results can now be
compared with the baseline results. Use of the prioritized scheme has had an adverse
effect of the total operating system overhead as it has gone up by approximately 5%
on each processor. However, there has been only a marginal increase in the amount of
CPU time spent on scheduling functions. The main reason for the increased system
overhend is the increase in the number of preemptions and context switches due to
the differing task priorities. In the baseline system, because all tasks had the same

priority, there was no preemption and all were allowed to run until they were blocked.
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Now that tasks have differing priorities, when a higher priority task becomes ready
to run, the currently executing task is preempted and returned to the ready to run
queue and a context switch is made to the newly ready task.

In examining the average response completion times, it seems that some of the
times have improved while others have been degraded. The time required to report
a synchronization loss has been greatly reduced from 12004 down to 7048 time units.
Similarly, the time required to set up a call has declined from 3988 to 3009 time
units. These improvements are directly attributable to increasing the priorities of the
SYNCH, FAULT, CINIT, and STAT tasks. An added benefit of increasing the STAT
task priority is that the time required to take down a call has also been reduced from
941 to 308, This is despite the fact that the END task has low priority. The reason
for the improvement is that the STAT task is involved in call takedown as well as call
setup.

However these improvements do not come without a cost as the remaining re-
sponses show worse completion times in the prioritized scheme. The “change synch
source” response time has increased from 13087 to 18247. This is largely a conse-
quence of the MSG task being flooded with notifications from the high priority FAULT
task and thereby being unable to respond quickly to the synch change requests from
the middle priority SYNCH task. Also, the diagnostic and audit responses have
been degraded by approximately 1300 and 400 time units respectively. This situation
was to be expected as a willing compromise was made in the priority assignment to
sasrifice diagnostics for call processing.

The final degraded response is the tones connect response which now takes 670
time units longer to complete. This is curious as the TONES and CONNECT tasks
are involved in the response and these are the highest priority tasks on node3. A
possible explanation is that because of the relatively high priority of the CINIT task,
there are many call setup requests and in turn many connect requests. When a tone
connect request is sent to the CONNECT task, it is queued in a first come first served
manner behind the call setup requests. Thus even though the TCONES task has higher

priority than the CINIT task, there is no prioritization in the message queues and
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the tones request must wait. If this situation becomes a problem, the designer should
consider prioritizing message queues so that high priority requests are handled first.

This initial task prioritization has sacrificed several responses in order to reduce
the time needed to set up a call. During each stage of the process, it is up to
the designer to decide whether such compromises are acceptable for the particular
application. In the given example, the designer may want to reduce the time required
for synch operations such as reporting synch loss and changing synch source. In
addition, the results of table 6.20 show that the CINIT task is spending a relatively
large amount of time in the ready to run state because of the higher priority server
tasks. Since the CHNLS and CONNECT server tasks are used by CINIT, they run
only after the CINIT task has requested their services. As such, their priorities can be
set Jower than that of the CINIT task. (Although the diagnostic subsystem also uses
the CHNLS and CONNECT tasks, it is still considered secondary to call processing
functions).

Thus the new prioritization scheme raises the priorities of the SYNCH and CINIT
tasks to 30 and lowers the priorities of the CHNLS and CONNECT tasks to 20.
The results of this priority assignment are shown in table 6.21. This prioritization
has had a significant effect on the operating system overheads of node2. The results
show that the total system overhead has been reduced from 50% to 43% and the
scheduling overhead is down from 4% to 2%. The main reason for these declines
is the reduction in the number of preemptions and subsequent context switches. In
node2, the heaviest CPU users are the FAULT and SYNCH tasks. Now that they
are at the same priority, they are unable to preempt each other thereby reducing the
overheads associated with preeemption. A similar but less pronounced effect is also
observed in node3.

Raising the priority of the SYNCH task has drastically reduced the time it spends
in the ready to run state from 9984 to 718 time units. Consequently, the times
required for the synch related responses has been greatly reduced (synch loss down
from 7048 to 5943 and change synch source down from 18247 to 2291). The cost of this

improvement has been the increase of almost all other response times. In most cases,
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Scheduling Node Final CPU 0Ss
Method Name | CPU Usage Ovhd
Time o % |
[[STATIC TASK. [ nodel | 37434 82 12
No Time node?2 32348 69 43
Slicing noded [ 36949 97 46
Node Sched. | No. of No, of Avge.
Name Ovhd Context | Task RTR Queue
[ % Switches | Preempts | Size
nodel 1 |24 10 1
node2 2 79 20 1
noded 3 97 29 2
Node Tesk Task Total Msg Queue
Name Name Priority | Ready Size
s Time (avg,max)
nodel " [ msg 10 192 (0,9)
node2 synch 30 718 -
fault 30 421 (1,3)
audits 10 609 -
tlmte | 20 310 (0,1)
diags 10 6941 (0,1)
tldiag | 10 6312 (0,1)
msgdiag | 10 1813 (0,0)
tonediag | 10 2454 (0,1)
chnldiag | 10 1699 (0,0)
node3 tones 30 203 (0,1)
cinit 30 303 (0,2)
chnls 20 7263 (0,1)
stat 20 9914 (1,3)
end 10 854 (0,1)
connect { 20 7760 (0,1}
signal 10 22945 {0,1)
Event Type Response Average Overall
(# Generated) Type Completion | Response
(% Completed) Time Completion
Change Synch (5) (40) || Fault Report 5843 49%
Synch Loas (11) (45) Call Setup 4854
Msg In (25) (56) Conn. Tone 4101
Signal Event (6) (67) [ Call Takedown | 298
Audit (4) (0) Integ Fail Diag | 12255
Synch Changed | 2261
Diag Pass 741

Table 6.21: Static Task Priority Scheme 2 Resulis
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these increases are relatively small. However, the time required for the call setup
response has increased by 1845 time units. This sizeable increase of approximately
60% may be due to the fact that the MSG task is now being flooded with many more
synch related requests and thus requires more time to initiate the call setup responses.
Again, it is up to the designer and end user to decide whether this is an acceptable

compromise.

6.5.1.2 Assigning Response Priorities

All of the previous priority assignment methods have assumed that because tasks are
the schedulable entities in the system, it is the tasks that should be assigned the
individual priorities. However, the execution of an individual task provides only a
partial response. As the response makes its way through its various constituent tasks,
its relative priority changes depending on what stage it has reached in its completion.
This does not seem to be a reasonable approach as the importance of providing a
response should not be based on the nature of the tasks that make up the response.
In fact, the importance of the tasks should be based on the type of response that they
execute.

One way to acheive this type of response scheduling might be to assign a priority
to each response and then assign this same priority to every task that is a part of
that response. For tasks that are a part of more than one response, the associated
responses’ priorities should be combined to determine the final priority of the task
in question. While this type of approach does allow response type to dictate task
priorities, it still places fixed priority constraints on individual tasks. For instance,
consider the CONNECT task. This task may be a part of a diagnostic response and
it is also a part of the call setup response. As such, it would rate a fairly high priority.
This high priority is justified for the call setup response but not for the diagnostic
response. Because of its fixed high priority, the CONNECT task would always be
given the processor over call processing tasks such as CINIT, STAT, and END even
if it were servicing a diagnostic request.

A better way to implement respouse scheduling is to still associate a priority
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with each type of response but to not use these response priorities to establish fixed
task priorities. Instead, the tasks themselves should not have any fixed priority; they
should take on the priority of the response they are servicing at the pariicular instance.
Thus in the case of the CONNECT task, when it is servicing a diagnostic response,
it will take on the low priority of the diagnostic response. When it is servicing a call
processing response, it will take on the high priority of the call processing response.
The practical implementation of this response scheduling scheme is given in sec-
tions B.4.3 and B.4.4. The priorities of the responses of the telephone switching

example have been assigned as follows:

[

. Setup new call (90).

2. Connect tone (80).

%)

. Repcrt failure (80).

[ -

. Change synch source (70).

5. Takedown existing call (70).

{=>]

. Complete diagnostic (no failure) (60).
7. Complete audit (no failure) (60).

In order to be able to propagate a response priority from task to task, the priority
of the response is added as a tag to every message in the system. Thus whenever
an event is generated, the kernel makes the initial responding task ready to run with
the priority associated with the response to be generated. If it is a complex response
(requires more than one task), then each task in the response tags each message with
the response priority.

In the kernel shown in section B.4.3, the send and receive primitives have heen
slightly modified to allow message passed response priorities. If a task is waiting for
a message, when the message is actually received, its priority lag is examined and the
receiveing task is given that priority and placed on the ready to run quene. When it

finishes servicing the response, il again becomes blocked waiting for a message. The
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next time around, this task may have a different priority depending on the priority
of the received message. In addition to the kernel, the application tasks have been
changed to apropriately fill in the priority tag of each outgoing message.

This priority propagation via message tags has an additional benefit in that it
allows the priority of a response to change to reflect changing circumstances. Consider
the case of a diagnostic request. Initially, the associated response will have a relatively
low priority of 60. If there is no failure detected, the response will be propagated
through the system with a priority of 60. However, if a failure is detected, the
message sent to the FAULT task can be sent with a tag indicating a higher priority
of 80. From this point, the response has thus acquired a higher priority and will be
sent through the system with a greater urgency.

A prototype of this type of priority assignment was used to obtain the results
presented in table 6.22. In this simulation, all tasks were given an initial priority of
10 and then their priorities were allowed to vary as dictated by the responses that
they were executing. In terms of operating system overheads, the results are very
similar to those obtained with the second task priority assignment of table 6.21. This
is perhaps because the task priority assignment was also done by considering response
priorities and then mapping them to task priorities. This resulted in similar preemp-
tion and context switching overheads. In any case, there is a slight improvement in
the overheads associated with node3 due to fewer preemptions and context switches,
This is perhaps due to the fact that since all tasks servicing a particular response
have the same priority, they can not preempt one another. If several such responses
occur in succession, there is even less chance of preemption as many of the active
tasks will have acquired the same priority.

The assignment of priorities to responses has a very strong impact on the average
completion times associated with the responses. The results are compared with the
last task priority assignment of table 6.21 as this assignment has given the best overall
results, on average, so far. The call setup response had the highest priority and its
completion time has been reduced to 3115 from 4101 in the case of task priorities and

from 3988 in the baseline case. Similarly, the time required to report a fault has been
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Scheduling Node Final CPU 0s
Method Name | CPU Usage Ovhd
Time %% %
STATIC RESP. | nodel 36605 57 15
No Time node2 31596 63 43
Slicing node3 36665 _ 85 42
Node Sched. | No. of No. of Avge.
Name Ovhd Context | Task RTR Queue
% Switches | Preempts | Sice
nodel 1 36 16 1
node2 3 86 22 i
noded 2 87 14 2 o
Node Task Task Total Msg Queue
Name Name | Priority | Ready Size
Time (avg,max)
nodel msg 10 277 (0,4) ]
node2 synch 10 738 -
fault 10 464 {0,2)
audits 10 1749 -
timtc 10 927 (0,1)
diags 10 3645 (0,1)
tidiag 10 3832 (0,1)
msgdiag | 10 1737 (0,0)
tonediag | 10 1714 (0,1)
chnldiag | 10 1677 (0,0)
node3 tones 10 1279 (0,2)
cinit 10 1526 (0,2)
chnls 10 6574 0,1}
stat 10 12099 (1,3)
end 10 1197 (0,1)
connect | 10 3315 {0,1)
signal 10 11146 (0,1)
Event Type Response Average Overall
(# Generated) Type Completion | Response
(% Completed) {(PRIORITY) Time Completion |
Change Synch (5) (20) || Fault Report (80) [ 3501 54% )
Synch Loss (14) (57) Call Setup (90) 3115
Msg In (18} (63) Conn. Tone (80) 1403
Signal Event (6) (67) || Call Takedown (70) | 597
Audit (4) (25) Audit Pass (60) 961
Synch Changed (70) | 11839
Diag Pass {60) 8164 N

Table 6.22: Static Response Priority Scheme Results
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reduced to 3501 time units from 5943 and 12004 units. The connect tone response
time has been greatly reduced from 4101 and 2408 down to 1403 time units.

As always the improvements in the high priority responses are accompanied by
degradations in the low priority responses. In the case where priorities were assigned
to individual tasks, those relatively unimportant responses that used some of the
same tasks as high priority responses enjoyed a performance boost due to the high
task priorities. This is no longer the case as each task takes on the priority of the
response. Hence the boost is gone and the completion times of the change synch
source, call takedown, diagnostic, and audit responses have suffered.

In this particular case, the results obtained from assigning priorities to complete
responses rather than to individual tasks do not show dramatic differences although
some of the differences are significant. As mentioned previously, the main reason for
this is that in the analysis using task priorities, response priorities were manually
mapped to the individual tasks. In larger systems, this approach may become quite
cumbersome if not impossible. Assigning priorities to complete responses provides a
convenient and flexible way to ensure that urgent responses are serviced before those

of lesser importance.
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6.5.1.3 Time Slicing

In all of the examples presented so far, the static scheduling systems have allowed
tasks to run until they are logically blocked or until they are preempted by tasks of
higher priority. That is, there was no time slicing. In time slicing, the available CPU
time is divided into fixed iength segments and a task is allowed to execute until it
is blocked, preémpted, or until its segment (time slice) expires. Time slicing has the
effect of preventing one task from monopolizing the processor while other tasks of
equal priority remain ready to run. As such, time slicing should be most effective
when the processor contains many tasks of equal priority. In contrast, if most of the
tasks are of different priority, it is likely that when a time slice occurs, there are no
other tasks of a priority equal to that of the running task. As such, the running tasks
is simply momentarily swapped from the running state to the ready to run state and
then immediately back to the running state. This is obviously a needless overhead.

In the kernels used in this scheduling analysis, time slicing is achieved by adding
a cyclic clock interrupt to each processor. When this interrupt is raised, the state of
the currently executing task is saved and it is put back on the ready to run queue
according to its priority (if there are other ready to run tasks with the same priority,
the current task is placed behind these tasks). Finally, the next task is removed from
the ready to run queue and it is given control of the processor. The length of the
time slice (time between cyclic interrupt occurrences) can be varied but has been
arbitrarily chosen to correspond to approximately 300 time units. In light of the fact
that there is no need for time slicing on a processor with all tasks at different priorities
or on a processor with only one task, time slicing has not been implemented in nodel
in the following examples. The modifications made to the kernel to incorporate time
slicing are given in section B.4.2.

In order to get an understanding of the effects of time slicing, prototypes of the
static task priority system of table 6.21 and the static response priority system of
table 6.22 were built using time slicing. The results obtained from their use are given
in tables 6.23 and 6.24 respectively.

In comparing these results with those obtained without time slicing, it seems that
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Scheduling Node | Final CcPU 0S
Method Name | CPU Usage Ovhd
Time % %
STATIC TASK. | nodel 36593 63 12
With Time node2 32719 bl 46
| Slicing } noded 35117 91 51
Node Sched, | No. of | No. of Avge.
Name Ovhd Context | Task RTR Queue
% Switches | Preempts | Size
nodel 1 33 |14 1
node2 4 162 21 1
nodel b 165 26 2
Node Task Task Total Msg_Queue
Name Name Priority | Ready Sise
Time (avg,max)
nodel msg 10 249 {0,6)
node2 synch 30 3563 -
fault 30 476 (0,2)
audits 10 229 -
timte 20 313 (0,1)
diags 10 4298 (0,1)
tldiag | 10 2726 (0,1)
msgdiag | 10 1600 {0,0)
tonediag | 10 1198 (0,1)
chnldiag | 10 1832 (0,0)
noded tones 30 164 {0,2)
cinit 30 609 (0,2)
chnls 20 9121 (0,2)
stat 20 9232 (1,4)
end 10 1077 (0,1)
connect | 20 7007 (0,1)
signal 10 21851 (0.1).
Event Type ﬁesponse Average Overall
(# Generated) Type Completion | Response
(% Completed) Time Completion
[Change Synch (6) (17) [ Fault Report | 7150 46%
Synch Loss {10) (60) Call Setup 2864
Msg In (19) (58) Conn. Tone 2116
Signal Event (11) (36) || Call Takedown | 446
Audit (4) (25) Audit 558
Synch Changed | 2514
_ Diag Pass 9047 | -

Table 6.23: Static Task Priorities With Time Slicing
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Scheduling Node Final cryU 0s
Method Name CPU Usage Ovhd
L | Time %o %
STATIC RESP. | nodel | 34100 53 20 T
With Time node2 28207 76 54
Slicing noded 372711 |75 148
Node Sched. | No. of No. of Avge. T
Name Ovhd Context | Task RTR Queue
% Switches | Preempts | Size
nodel T (2 49 22 1
node2 7 191 23 1
node3d b 171 13 1
Node Task Task Total Msg Queue
Name Name Priority | Ready Size
Time (avg,max)
nodel I msg 10 361 (0,6)
node2 synch 10 hT17 -
fault 10 2019 (0,1)
audits 10 3045 -
tlmte | 10 2755 (0,1)
diags 10 3798 (0,1)
tldiag | 10 1426 (0,1)
msgdiag | 10 585 (0,0)
tonediag | 10 1938 {(0,1)
chnldiag | 10 1016 (0,0)
noded tones 10 2249 (0,2)
cinit 10 5405 (0,2)
chnls 10 6417 (0,1}
stat 10 4976 (0,2)
end 10 357 (0,1)
connect | 10 4218 (0,1)
_ signal 10 2458 (0.1)
Event Type Response Average Overall
(# Generated) Type Completion | Response
(% Completed) (PRIORITY) Time Completion
Change Synch (5) (20) || Fault Report (80) | 5472 51% o]
Synch Loss (22) (55) Call Setup (90) 6253
Msg In (18) (67) Conn. Tone (80) 4553
Signal Event (5) (60) || Call Takedown (70) | 548
Audit (4) (25) Audit Pass (60) 1337
Synch Changed (70) | 6098
Diag Pass (60) 4924

Table 6.24: Static Response Priorities With Time Slicing
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time slicing causes a small increase in the amount of operating system overhead (about
3% per processor). This increase is also reflected to the same degree in the scheduling
overhead. The number of context switches required in both of the systems increased
dramatically with the introduction of time slicing. The responee completion data must
now be analyzed to determine whether the extra overheads have been compensated
for.

If time slicing has been effective, it should be evident in the response completion
times for those responses that use tasks of the same priority (in the case of task
priorities) or in the completion times for responses of the same priority (in the case
of response priorities). In both cases, the response times of shorter responses should
be improved somewhat while the times of the longer responses should be degraded
somewhat. This is because the short responses are no longer completely shut out
until a particular task completes its portion of a long response.

The results of the telephone switching examples do not bear out this conjecture. In
considering the task priority example of table 6.23, all of the diagnostic tasks are of the
same priority but they do not benefit from time slicing as they do not run with enough
frequency so that two or more of them are ready at the same time. The results show
a slight degradation in the diagnostic responses requested by the switching center.
The results also show a degradation in the fault report, synch source change, and
call takedown responses. These degradations are likely due to the increased context
switching and operating system overhead of the time slicing scheme. In contrast,
there is significant improvement in the call setup and tone connect responses. These
improvements may be due to more equitable processor sharing on noded between
these two response types.

The results obtained from the time slicing version of the response priority system
of table 6.24 are no more conclusive. The results show improvements in the change
synch source, call takedown, and diagnostic responses and degradations in the fault
report, tone connect, call setup, and audit responses. In most cases, the improvements
in response completion times are overshadowed by the degradations of the remaining

response completion times.
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The only consistent factor in the time slicing analysis for the telephony example
is that slicing increases system overheads. In this case, there were no real benefits
in including time slicing. This is likely due to the nature of the application. In the
example system, there are not very many responses or tasks with the same priorities.
As such, it is a relatively rare occassion when two tasks of the same priority are ready
to run on the same processor at the same time (the required conditions for effective
time slicing). Also, it may be that the task cycle times are not long enough for time
glicing to have a significant effect. In this case, an executing task would be able to
complete before its time slice expired. It is possible to make the time slices smaller
in this case but this simply increases system overhead. If the task cycle times are
so small, it may be better to allow a task to complete as the ready tasks are only
blocked for small periods.

Another reason that time slicing seems to be ineffectivein this example is that the
constituent activities of the tasks are modelled as fixed time delays through the use of
the MDA ticks instruction. Execution of this instruction simply causes an increase in
elapsed processor time. The actual execution of the instruction is indivisible and so a
time slice can not occur during the elapsed time. A true representation of the required
activity time can be acheived by modelling the activities as tight loops executing a
“ticks #1” instruction for the required aumber of iterations. In this way, a check is
continually made for the occurrence of the time slice interrupt during the execution
of the activity.

Despite this shortcoming in the model, it seems that the telephone switching
system is not suitable for the inclusion of time slicing. However, this fact was not
apparent until the system was modelled using the discussed prototype.

This analysis has provided an idea as to the type of responsiveness that can be
expected from the system employing purely static scheduling techniques. The next
step in the process is to determine whether or not this responsiveness can be improved

by using a dynamic scheduling scheme.
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6.5.2 Dynamic Scheduling

There are many different types of dynamic scheduling algorithms used in real time
systems. The purpose of this thesis is not to expound on the details into the workings
and the complexities of any one of these. The details of the scheduling techniques
covered in this thesis can be found in [Cra88] and [Lac80]. Rather, the focus here is
on demonstrating the prototyping method that can be used to model and evaluate
the effectiveness of the different techniques for a specific application.

The main reason for considering the use of dynamic scheduling algorithms is that
real time systems operate in a dynamic environment and must adapt to a changing
workload. Instead of making decisions solely on the basis of the current state of the
system, previous history and expected arrivals must also be takeninto account(WC87].
However, this adaptability does not come for free, the run-time cost of the chosen
scheduling algorithm must also be considered.

There are many dynamic scheduling algorithms including shortest task first, longest
task first, earliest response due date, and least response slack time. Building proto-
types using each of these (and perhaps others) is used to determine whether the
benefits of any of these schemes offset the overheads associated with them. Each of

these four methods is now examined for the telephone switching example.

6.5.2.1 Shortest Task First

The “shortest task first” (STF) scheduling algorithm simply uses the expected run
time of the ready to run tasks to determine which will be the next to run. The task
that has the shortest expected execution time will be put at the front of the ready to
run queue. One way to implement this algorithm (as done in the prototype presented
in section B.4.5) is to simply assign static task priorities based on the predetermined
task execution times with the tasks having shorter cycle times being assigned higher
priorities.

The major aspect of this scheduling scheme is determining the execution times
of the individual tasks. One approach is to always identify the mazimum processor

requirements as determined by the worst case program flow through the task[SR87].
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While this is relatively easy to do, it may not give the best approximation as to the
time each task will ordinarily require. A better way to determine execution time is
to determine each task’s average cycle time.

A task’s cycle time is defined as being the amount of processor time that it requires
to perform its part of a response. Because individual tasks can be part of more than
one response and because the same partial response can take different amounts of time
at each iteration, an average measure is more useful than the maximum measure. In
the prototype used to obtain the results presented in table 6.25, the average cycle
times of tasks were determined by running simulations using a first come first served
scheduling scheme (all tasks at equal priority) and having each task determine its
average cycle time by recording its execution time and dividing by the number of
cycles it had done. These cycle times are given in table 6.25. From these cycle times,
static task priorities were assigned. Because each tack had a different average cycle
time, they all warranted different priorities. As such, there was no need for time
slicing.

While this is not truly a dynamic scheduling approach, it does provide a good
approximation. A truer dynamic shortest task first algorithm would continuously
calculate and update the average task cycle times as the system progressed. In this
way, previous system behavior would have a direct effect on future schednling deci-
sions. However, because the tasks comprising the example system do not show wide
variations in execution times between iterations, the only shortcoming of the mod-
elled prototype is that it may not provide a true indication of the overhead involved
in dynamicelly updating the average task execution times. However, the response
statistics should still be applicable.

In examining table 6.25, it is apparent that even though not all aspects of the
dynamic scheduling algorithm have been implemented in the prototype, there is an
increase in the amount of operating system overhead. (The lack of increase in schedul-
ing overhead is a testimony to the fact that average task cycle times are not dynami-
cally calculated and updated). The increase in the total overhead is likely due to the

fact that the system requires relatively large numbers of context switches and task
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Scheduling | Node Final CPU 0S
Method Name CPU Usage Ovhd
L Time | % %
Shortest nodel | 31118 | 72 18
Task node2 26029 75 50
First noded 30102 81 47
Node Sched. | No. of | No. of Avge.
Name Ovhd Context | Task RTR Queue
L % Switches | Preempts | Size
[nodel i [38 17 1
node2 3 113 36 1
|_node3 3 86 28 2
[Node Task Avge. Total “Msg Queue
Name Name Cycle Ready Size
| Time Time {avg,max)
nodel msg 552 29] 0,4
node2 synch 100 348 -
fault 325 5286 (0,3)
audits 243 417 -
tlmte 258 316 (0,1)
diags 276 2812 (0,2)
tidiag 496 2077 (0,1)
msgdiag | 287 1234 (0,0)
tonediag | 401 3077 (0,1)
chnldiag | 234 370 (0,1)
nodel tones 247 605 (0,1)
cinit 178 1848 (1,3)
chnls 56 341 (0,1)
stat 230 2054 (0,2)
end 184 282 (0,1)
connect | 503 9468 (0,2)
| signal 283 7647 1 (0,1)
Event Type Response Average Overali
(# Generated) Type Completion | Response
(% Completed) Time Completion
Change Synch (5) (20) || Fault Report 2439 52%
Synch Loss (16} (56) Call Sesup 4204
Msg In (16) (69) Conn. Tone 3172
Signal Event {5) (40) | Call Takedown | 350
Audit (4) (25) Diag Failure 16677
Synch Changed | 2502
Diag Pass 7268

Table 6.25: Shortest Task First System Results
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preemptions when compared to the baseline system. This is especially eveident in
node2 with a total overhead of 59% due to 113 context switches and 36 task preemp-
tions. These types of statistics are to be expected in the shortest task first scheme.
Because the system favors those tasks with shorter execution times, it is expected that
a larger number of different tasks will need to be prepared for execution in a shorter
time period. The total overhead could be reduced by eliminating task preemptions
and allowing the tasks to complete. This is, in fact, the most common manner of
implementation.

In determining the effects of the STF scheduling scheme on response completions,
geveral trends become apparent. The first of these is that this scheme allows the
capture and completion of a relatively large percentage of event occurrences (52% in
this case). This can be justified by observing another trend. Because the algorithm
favors responses composed of short execution segments, the response completion vimes
of many of the shorter responses such as synch loss and synch source change have
been greatly reduced from those times produced by the baseline system. As such, the
tosks servicing these types of events spend less time on the ready to run queue and
more time capturing event occurrences. This “pushing through” of short responses
accounts for the increase in the response completion percentage.

However, because the total amount of processing capacity remains the same in
all cases, the increased throughput of responses with shorter components is offset by
an increase in the completion times of those responses that are composed of longer
execution segments. Three of the more notable cases in this example are the call
setup, tone connection, and diagnostic responses. All of these responses require the
use of the CONNECT task which has a long execution time of 503 time units. As such,
it is always placed at the end of the ready to run queue. Consequently, the completion
times for those responses using this and other long tasks are significantly increased
over their times in the baseline systeni. While the STF scheme does produce generally
higher response throughputs, it is inevitable that during prolonged or heavy periods
of system activity, the completion times of the longer responses will be degraded

to unacceptable levels. This is especially true in the example system as the longer
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responses such as call setup and tone connection are quite important. To prevent this

situaiion, the opposite approach might be tried.

6.5.2.2 Longest Task First

The “longest task first” (LTF) scheduling algorithm uses the exact same methods
as the STF algorithm to determine task cycle times. Also like the STF case, the
implementation presented in section B.4.6 predetermines the task cyle times through
simulation rather than calculating and updating them dynamically. The only dif-
ference between the STF and LTF algorithms is that in the case of LTF, the task
with the longer task cycle tii.. is scheduled for execution ahead of the task with the
shorter cycle time. The results of the prototype using this algorithm are presented in
takle 6.26.

In examining table 6.26, there are some marked changes over the results obtained
with the STF algorithm. Just as there was an increase in the amount of system
overhead with the STF echeme, there is a significant decrease in this statistic in the
LTF case with the highest overhead being only 37%. The cause of this decrease is
the opposite of the cause of the increase in the STF case. With the LTF algorithm,
the system requires relatively fewer context switches and task preemptions when
compared to the baseline system. The LTF system favors those tasks with longer
execution times and so fewer different tasks will need to be prepared for execution in
a given time time period.

Like the incurred system overheads, some of the effects of the L'TF scheduling
scheme on response completions are opposite to those of the STF scheme. For ex-
ample, while the STF scheme allowed the capture and completion of a very high
percentage of event occurrences, the LTF scheme allows for the completion of a very
low percentage of event occurrences (only 26%). The numerous short responses are
no longer being pushed through and their event servicing tasks are being stranded on
the ready to run queue for longer periods behind more time consuming responses. For
example, the SYNCH task spends 7179 time units on the ready queue as opposed to

only 348 in the STF case. As a result, these tasks are unable to capture the latched
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Scheduling | Node Final CPU 0s
Method Name CPU Usage Ovhd
| Time % %
Longest nodel 32148 62 18
Task node2 35484 58 29
| First nodel 39267 69 37
Node Sched, | No. of No. of Avge.
Nan.e Ovhd Context | Task RTR Quene
% Switches | Preempts | Size_
nodel i 34 15 i
node2 2 78 26 1
node3 3 82 25 2
Node Task Avge. " Total Msg Queue
Name Name | Cycle Ready Size
Time Time (avg,max)
nodel msg 552 263 (0,3)
node2 synch 100 7197 -
fault 325 423 (0,1)
audits 243 7922 -
tlmtc | 258 1534 (0,2)
diags 273 3236 (0,1)
tidiag | 496 184 (0,0)
msgdiag | 287 580 {0,1)
tonediag | 401 384 (0,0)
chnldiag | 234 1619 {0,0)
node3 tones 247 2681 (0,1)
cinit 178 11998 {0,3)
chnls 56 13893 (0,2)
stat 230 4016 (0,2)
end 184 655 (0,1)
connect | 503 308 (0,1}
signal 283 713 (0,1) |
Event Type Response Average Overall
(# Generated) Type Completion | Response
(% Completed) Time Completion
Change Synch (12) (0) || Fault Report | 2057 26%
Synch Loss (27) (11) Call Setup 7596
Msg In (30) (33) Conn. Tone 4600
Signal Event (8) (13) Call Takedown | 538
Audit (8) (100) Audit Pass 518
Audit Fail 2015
Diag Pass | 6125

Table 6.26: Longest Task First System Results
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event occurrences.

Theoretically, the LTF scheme should favor responses composed of long execution
segments. As such, it would be expected that the completion times of those responses
consisting of longer execution segments would be decreased from the corresponding
times using the STF algorithm. However, the results of table 6.26 show that this is
not the case. In comparing these results with those of the STF results of table 6.25,
it seems that short responses such as synch loss have remained relatively unchanged
(even improved somewhat) while the longer responses such as tone connect and call
setup have suffered degradations. There are two reasons for these observations.

The first is that while the longer responses are favored for execution, there are
several such responses and while one is executing, the others must wait. This situation
is really no different from the STF case except that now, instead of waiting for short
tasks to finish, all tasks must wait for longer tasks to relinquish the processor. Thus
there is no real benefit to the longer responses. The second reason for the degradation
of the longer responses is due to the nature of the responses in the telephony example.
The call setup response requires the services of the CONNECT task and also of the
CHNLS task. While the CONNECT task is favored for execution due to its long
cycle time, the CHNLS task is delayed due to its short execution time of only 56
{ime units. This disparity is reflected in the amount of time these tasks spend on the
ready to run queue (13893 time units for the CHNLS task and only 308 units for the
CONNECT task). Thus compound responses such as call setup which use both short
and long tasks are disfavored in both the STF and LTF scheduling schemes.

Despite the shortcomings of the LTF scheduling scheme for this particular ap-
plication, it has resulted in a decrease in the diagnostic response completion times.
While the diagnostic responses also use the CHNLS task, their occurrence is less fre-
quent than the call setup responses. As such, it is possible that in the course of the
simulation, the diagnostic events were processed at times when they did not have to
compete with other long responses.

From the examinations of the STF and LTF scheduling schemes, it seems that
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ihey pay little attention to the perceived urgency of the individual responses and sim-
ply attempt to increase the overall response throughput of the system by increasing
the percentage of captured events or by decreasing OS overheads. It was observed
that the STF scheme was more successful than the LTF scheme in achieving this goal
for the telephony application. If all of the responses of a particular application are of
equal importance, the STF algorithm may be quite useful. However, in the switching
example, the objective is to selectively increase the throughput of specific responses.
The “earliest response due date” and “least response slack time" algorithms are per-

haps better suited for this purpose.

6.5.2.3 Earliest Response Due Date

The “earliest (response) due date” (EDD) algorithm schedules tasks based on the
time at which the response currently being processed by the task, is required. For
systems with different response priorities, this scheduling algorithm is favored because
it bages its decisions on the characteristics of complete responses rather than on the
characteristics of individual tasks (as was the case with the STF and LTF schemes).

In the EDD algorithm implemented in the prototype presented in sections B.4.7
and B.4.8, as each event is triggered in the kernel, it is assigned a due date time. This
due date is based on the time of the event occurrence, on the perceived urgency of the
response associated with the event, and on the time required to complete a response
to the event. In considering these factors, a response time is calculated (statically)
for each event. The due date is then dynamically calculated by adding this response
time to the time of the event occurrence. The response times used for the events in

the telephony example are as follows:.
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\ EVENT [ RESPONSE TIME |

- Cimnge synch source | 900 units
Synch loss (fault report) 700 units
Call setup 5000 units
Connect tone 3000 units
Diagnostic pass 12000 units
Handle integrity okay 2000 units
Handle integrity failure 1000 units
(fault report)

Call takedown 700 units
Periorm audit 1100 units

These response times convey the relative importance of each event with due consid-
eration to the best times (from previous results) required for their servicing. Several
prototyping iterations can be performed later and the response times can be tightened
at each iteration until reasonable numbers are found.

As each of these evenis occurs during run time, its due date is calculated and
posted for the initial tagk handling the event. From this point, the due date for the
response is propagated from task to task as a tag field in each message generated in
the execution of the response. In a manner similar to that used in the static response
priority scheme of section 6.5.1.2, the kernel schedules tasks based on these message
tags. However, unlike the static response priorities case, the scheduling is not based
on predefined static priorities, it is based on the dynamic due dates of the responses.
Those tasks servicing responses that have earlier calculated due dates are favored over
those servicing responses with later due dates. The relative functional importance
of the response is not explicitly considered although it is reflected in the calculated
response time. Using this scheduling algorithm, the results presented in table 6.27
were obiained.

Because of the relative simplicity of the implemented due date calenlation scheme,
the system and scheduling overheads of table 6.27 do not show any significant increases
over those incurred by the baseline system. Also, the number of context switches
and preemptions are consistent with the static priority systems (those without time
slicing). However, there are significant differences in the response completion data

stalistics.
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Scheduling | Node Final CPU 0Ss
Method Name | CPU Usage Ovhd
_ Time % %o
Earliest nodel | 33845 64 15
Due node2 30077 73 44
Date noded 37390 82 46 .
[ Node Sched. | No. of No. of Avge.
Name Ovhd Context | Task RTR Queue
I__ % Switches | Preempts | Size
nodel i 37 i |1
node2 3 81 19 2
| noded 3 96 21 2
Node | Task Task Total Msg Queue
Name IName Priority | Ready Sise
Time (avg,max}
nodel msg - 309 (0,2) -
node2 synch - 6606 -
fault - 11156 (0,2)
audits - 6143 -
tlmte | - 2930 (0,1)
diags - 3304 (0,1}
tidiag | - 532 {0,1)
msgdiag | - 649 (0,0)
tonediag | - 1312 (0,0)
chnldiag | - 867 (o,1)
node3 tones - 3735 (0,3)
cinit - 4092 (0,2)
chnls - 4173 (0.9
stat - 6766 (0,2)
end - 891 (0,1)
connect | - 5372 (0,1
signal - 3884 !0,1!
Event Type Response Average Overall
(# Generated) Type Completion | Response
(% Completed) _ | Time Completion
Change Synch (6) (17) || Fault Report 27 17%
Synch Loss (14) (43) Call Setup 4758
Msg In (23) (57) Conn. Tone 4814
Signal Event (3) (100) || Call Takedown | 1281
Audit (5) (20) Audit Pass 6332
Changed Synch | 1007
Diag Pass | 6998

Table 6.27: Earliest Due Date System Results
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In comparing the average response completion times with the predetermined re-
sponse times, it is apparent that some responses averaged completions within their
response times while others did not. The call setup and diagnosstic responses aver-
aged completion times of 4758 and 6998 time units respectively which were within
their allotted lapse times of 5000 and 12000 respectively. All of the other responses
averaged completion times longer than their allotted lapse times. While on the sur-
face this may seem to be quite an unfavorable scenario, 2 closer look indicates that
for most responses, there was no major increase in actual response completion times
over the predetermined response times. It is interesting to note that there were no ex-
treme response completion times as have been seen in other implementations (ex. the
times for synch loss and synch source change responses in tables 6.19 and table 6.20,
the times for diagnostic responses in table 6.21, etc.). All of the response completion
times were reasonable in relation to the other scheduling schemes.

The reason for this uniformity is that the earliest due date is a relatively fair
scheduling scheme like the first come first served scheme except that EDD is based
on “first due date, first served” rather than on “first task ready, first served”. There
are no extremely large response time deviations for any one type of response as there
is generally no “starvation” of one type of response by other responses. Such a fair
scheme may not be well suited in applications that have some critical events and some
noncritical events. However, this problem can be overcome by assigning due dates
based on event importance as was done here by assigning an elongated response time
to diagnostic events,

While the EDD scheme does appear to be a very good choice for the telephony
application, it does have a few minor drawbackr. From the ready to run time data of
table 6.27, it seems that the SYNCH, FAULT, and AUDIT tasks spend large amounts
of time on the ready to run queue. This is due to the fact that the due dates for
diagnostic, audit and synch source change events have been set to relatively large
values compared to the actual execution times required by these responses. For this
reason, the tasks involved in these responses are not generally favored for execution.

This in itself is not a major concern but the SYNCH and AUDIT tasks are also
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responsible for the initial servicing of several interrupts. If they spend lnarge amonnts
of time on the ready to run queue, larger numbers of latched events will be missed.

This is reflected in the event response completion percentage which is down slightly

to 47% from its high of 52% in the case of STF scheduling.

6.5.2.4 Least Response Slack Time

In the proceszing of a response, slack time refers to the amount of time that will
remain between the completion of the response and the response’s assigned deadline.
The “least (response) slack time” (LST) scheduling algorithm is based on the notion
that the next task that should be allowed to run is the one servicing the response
that has the smallest slack time. Slack time is truly a dynamic quantity in that its
value changes continuously for each active response as the system progresses.

The amount of slack time for each response is calculated using the following for-

mula:
slack = deadline - elapsed time - remaining response processing time

This concept is illustrated in figure 6.9. In a busy multitasking system, it is unlikely
that a complex response will be allowed to complete in an uninterrupted manner.
Rather, response execution will be interleaved with other responses. As such, the
slack time for every active response needs to be recalculated every time there is an
opportunity for a new task to execute because the elapsed time and the tlime remaining
for the completion of the response are continually changing.

The LST scheduling algorithm was implemented in the switching example as pre-
sented in sections B.3.7 and B.3.8. In order to implement the LST algorithm proto-
type, it was necessary to determine the actual times required for the completion of
each response. To determine these absolute times, simulations were done in a sequen-
tial event response manner (only one response active in the system at a time). From
these simulations, the event response times given in table 6.28 were obtained.

As in the case of the EDD system, scheduling data was passed [rom task to task

by means of tags associated with IPC messages. These tags contained the response
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Amount of Amount of
Processingl  Processing SLACK TIME
Comopleted Remaining
Event Current Response
Occurrence Progress Deadline
|
TIME
Figure 6.9: Slack Time Calculation
] EVENT I RESPONSE [ EXECUTION TIME
Change Synch | Change Synch Source T 279 IR
Synch Loss Report Synch Loss 54
Call Start Msg Initiate Call Setup 694
Connect Tone Msg Connect Tone 1031
Diag Request Mag Diagnostic Pass 1302
Diag Request Msg Report Diag Fail 1569
Integrity Fail Report Failure 128
Call Hung Up Call Takedown 210
Audit Request Audit Passed 228
Audit Request Report Failure 846

Table 6.28: System Event - Response Execution Times
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deadline, the amount of time elapsed in processing the response, and the total amount
of time needed to service the response (the values presented in table 6.28). This
information was then used by the scheduler to calculate response slack times and
schedule the individual tasks accordingly. The results of this prototyping activily are
presented in table 6.29,

The LST algorithm has been implemented as a truly dynamic scheduling algorithm
in that slack times are calculated at run time by the scheduler. This fact is reflected
in the values for operating system overhead and scheduling overhead. This system
by far exceeds all others in the amount of CPU time devoted to scheduling functions
with node2 and node3 showing 13% and 14% scheduling usage respectively. This
overhead is due to the fact that the scheduler must calculate slack times for every
task on the ready to run queue each time the currently executing task is blocked. As
the number of ready to run tasks increases, so too should the scheduling overhead.

Another interesting aspect of the results of table 6.29 is the large number of task
preemptions and the relatively large average ready to run queue sizes. The large
number of task preemptions are to be expected in this case as the task priorities
(their slack times) are dependent on many factors including the length of lime other
tasks have control of the processor. For instance, task a may be ready to run with a
slack time of 100 while task b is currently executing with a slack time of 80. If task
b executes for 30 time units, its slack time will still be 80 but task a’s slack time wiil
have been cut to 70. If task b calls a system primitive that causes scheduling action
(a nonblocking send, for example), it will be preempted in favor of task a. This type
of preemption is absent in the other scheduling schemes as the due dates and task
cycle times do not change. These types of overheads can be reduced both in this
algorithm and in the EDD algorithm by not using task preemption (as is the usual
implementation).

The large ready to run queue sizes are a direct consequence of the large number
of task preemptions. When a task is preempted, it does not become blocked. It
remains eligible for execution and therefore stays on the ready to run queue. In the

LST algorithm, a task can expect to have shorter but more numerous stays in both
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Scheduling | Node Final CPU 05§
Method Name CPU Usage Ovhd
Time P 1%
Least nodel | 44878 53 13
Slack node2 31887 88 50
Time noded 32498 96 52
Node Sched. | No. of | No. of | Avge.
Name Ovhd Context | Task RTR Queue
% Switches | Preempts | Sige
nodel 3 30 |27 1
node2 13 [ 66 2
node3 14 61 52 4
Node Task Task Total | Msg Queue
Name Neame | Priority | Ready Size
Time (avg,max)
nodel msg - 642 {0,2)
node2 synch - 12381 -
fault - 6114 (1,3)
audits - 8640 -
tlmtc | - 4225 (0,1)
diags - 8115 (0,2)
t1diag - 1682 (0,1)
msgdiag | - 1182 (0,0)
tonediag | - 1973 (0,1)
chnldiag | - 1028 (0,0)
nodel tones - 11758 (0,2)
cinit - 5545 (1,4)
chnls - 8101 (0,4)
stat - 18147 (0,6)
end - 7282 (0,1)
connect | - 7420 (0,2)
L signal - 12284 (0,1)
Event Type Response Average Overall
(# Generated) Type Completion | Response
(% Completed) Time | Completion
Change Synch (5) (20) || Fault Report 874 T 30%
Synch Loss (14) (21) Call Setup 7430
Mag In (19) (63) Conn. Tone 5012
Signal Event (6) (33) Call Takedown | 2279
Audit (5) (40) Audit Pass 4548
Changed Synch | 1119
Diag Pass gs11 o

Table 6.29: Least Slack Time System Results
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the ready to run and running states. This situation is most pronounced in noded as
the average size of the ready to run queue has gone up to 4 tasks. Usually, longer
stays in the ready to run queue, indicate a lowering of responsiveness.

In examining the response results, it seems that this is indeed the case. In every
case, the average response completion times are worse than those encountered in
the EDD system. The effect is especially pronounced in those responses that go
through node3 including the call setup and tone connect responses. The reason for
this degradation is that the LST algorithm takes a significant amount of processor
iime away from the application tasks and it may cause tasks to spend long periods in
the ready to run state {especialy on node3). A direct consequence of tasks spending
long periods on the ready to run queue is that they miss a significant number of
latched events. The results show that only 39% of the events were serviced. This
figure could have been even lower except for the fact that the MSG task was able to
handle a large number of incoming message events. This is due to the fact that it
was less busy in handling response completions as the rest of the system was bogged
down.

One final aspect should be noted about the response completion results is that like
the EDD case, there were no wide variations in average response completion times.
Although all of the average responses were completed after their assigned deadlines,
none showed a consistently huge departure from their due dates.

Because the response components of this system take relatively lazge chunks of
processing time, the LST algorithm does not have a fine enough control over execution
sequences. That is, individual response chunks often take longer than the slack times
of the tasks on the ready to run queue thereby making these waiting tasks late.
As such, the LST scheme is not well suited to this application. However, if more
of the activities required smaller amounts of procesing time (had finer granularity),
the LST algorithm may be the best suited. It is very difficult (if not impossible) to
make this type of determination via inspection. Prototyping is by far a more practical
approach. For the telephone switching application, the prototyping activity has shown

that dynamic scheduling does not necessarily have to be extremely computationally
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expensive and it may be quite beneficial in some cases (the EDD schemein particular).

6.5.5 Local and Global Scheduling

The final aspect of the scheduling analysis process is the consideration of the use of
global scheduling. In systems that use global scheduling, each processor can include
o local scheduler which determines whether the deadline of a given task can be met.
If it can not, the task must be scheduled in another processor. This can be done
by having a single centralized global scheduler or by having distributed functionality
across several processors. The factors that must be considered in making this design
decision have been discussed in section 4.1.4. The details on the effects of such a
desicion are beyond the scope of this thesis but are the subjects of numerous other
publications[PBR89, Pil90, Cra88].

A global scheduling scheme is most meaningful when a system is comprised of
simple responses (those composed of a single task). Because the telephony example
does not fit this criteria, it has not been implemented in this manner. However,
it would be a relatively straightforward matter to build such a prototype. In the
MDA environment, a single processor could be defined that contained only a single
operating system task that performed all of the scheduling operations for all appli-
cation processors. Communications between the system and application processors
would take place through the SHARED construct. As global scheduling generally
involves the duplication of tasks across several application processors, the same task
declarations could simply be included as part of the required MDA NODE files.

The consideration of global :cheduling concludes the process of defining & sche-
duling scheme that is well suited to the application in question. At the end of this
process, most of the major scheduling parameters will have been defined. One of the
major advantages of the MDA prototyping process is that unlike other methods, it
allows measurements on complete responses in addition to those on individual tasks.
This is very important as system behavior is observed in terms of event responses
rather than in terms of individual tasks.

The scheduling analysis is the final phase of the design by prototyping method.
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At this stage, a final system design should be at hand as it is with the telephone
switching example. This systematic design method has brought about a complete
design in a relatively short time period. Further, many aspects of the design have

already been refined and tested in preparation for final implementation.

257



Chapter 7

Conclusion

The purpose of this thesis has been to determine the feasibility of developing a soft-
ware tcol and a concrete methodology to assist in the design phase of the real-time
system development cycle. The development of a general methodology for this part
of the development cycle is difficult because of the wide range of application areas
and the numerous possible implementation options.

The functional specification phase of the design cycle has received much attention
and as a result, there has been an increasing availability of application oriented speci-
fication tools. As such, designers are getting more precise requirements specifications.
However, because of the lack of analogous design phase tools and methodologies, they
have not been able to substantially improve their final designs. In order to show that
the ideas employed in the functional specification phase could be equally applicable
in the low level design phase, this thesis introduced a prototyping tool that could be
used in a manner similar to an executable functional speciﬁcation—. That is, it could
be used to model a proposed system and o observe its behavior through statistical
indicators. The identification of problems in the design would then lead to revisions
of the model.

Based on this iterative prolotyping approach, 1 generally applicable design method-
ology was defined by example. This methodology concentrated on four separate areas
that must be considered in the design of any real-time multitasking system: software

partitioning, choosing a hardware platform, choosing an appropriate IPC scheme, and
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the definition of a response scheduler. It was shown that while each of these aspects is
an important part of all systems, the choices regarding the details of each can not be
generalized and must be made based on application specific factors. Further, it was
shown that the effects of the design phase choices on these factors can not fully be
determined by inspection nor by a mathematical analysis. Instead, a more realistic
approach is to build a prototype of the proposed system and observe its workings.

To this end, a prototyping tool (the Multitasking Design Assist tool) was intro-
duced that was geared specifically towards the modelling of design phase details of
multitasking systems. This tool is able to model a functional specification at vari-
ous levels of design detail and provides the designer with immediate feedback on the
consequences of the proposed decisions. Using this tool, a fairly substantial system
was able to be modelled along with several system kernels, all in the course of one
month. The MDA tool was used to show that proper system partitioning can have
significant effects on the communication and operating system overheads incurred by
the system. A similar effect was observed in the area of the hardware platform. It
was shown that the choice of the number of processors as well as the task to processor
allocation had very significant and very specific effects on system responsiveness, com-
munication requirements, and system overheads. With respect to IPC metlods, it
was demonstrated that several factors must be balanced in making the proper choice
of IPC schemes. These included: costs of the individual primitives, the resulting com-
plexity of the application software, and the need for specialized primitives. Finally,
the MDA tool was used to do an analysis of scheduling methods that could be used
for the example system. It was found that several scheduling methods would have
been feasible but the application favored the use of the earliest due date scheme. To
the best of the author’s knowledge, this was the first time that complete responses
and not individual tasks were considered in the scheduling decisions for real-tin.]e
multitasking systems.

The fact that this tool and its associated design process were able to transform an
example requirements specification into a good design specification shows that such

tools and concrete methodologes are required in the design phase to complete the
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revolution of the development process started by the functional specification phase
tools. While the tool and methodology presented in this thesis go to some length-
in helping to complete the process, there is still room for improvement both in the
simulator and in the design phase methodology.

The main purpose of the MDA tool was to provide a structured controlled en-
vironment which could be used to model a wide variety of systems at various levels
of detail. In order to allow this flexibility, the MDA language included a large num-
ber of low level assembly language type instructions along with several higher level
“metn” instructions. In addition, it provided a number of base data types along with
the capabilities for the definition of user-defined abstract data types. However in
building the prototypes, some “workarounds” still needed o be done to overcome
the limitations of the MDA language. To overcome the need for such workarounds, a

requirement for the following enhancements has been identified:

1. The need for an array structure. In the simulations, the array structure was
replaced by using queues of elements. This proved to be quite cumbersome
as the queue elements could not be accessed direccly but required one by one
examination accompanied by the corresponding delq and addq operations. The
availability of an array structure would have simplified access of individual ele-

ments and would have give truer indications of program overheads.

2. The need for additional boolean operations. The current implementation of the
MDA tool allows only the assignment of #true and #false constants to boolean
operands. The inclusion of instructions such as end, or, and not (perhaps in a

format similar to the arithmetic instructions) would be useful.

3. Tle ability to have dynamic variable allocation. This facility has been identified
as being very useful in the simulations performed as part of this thesis. The
main reason for this is that the designer of the kernel software is unaware of
a number of system attributes (such as the number of resident tasks) at the
time the kernel is coded. If unique structures are required for these tasks, for

example, then the designer has no option but to put these structures into some
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~ kind of queue from which they are not directly accessible. If dynamic variable
allocation were supported, these structures could be dynamically allocated as

directly accessible variables at run-time.

4. The ability to partition activity execution times. The MDA ticks instruction
causes a specified number of simulated time units (representing the execution
of an activity) to elapse in the simulation. However, this instruction is treated
as an indivisible operation. As such, the interrupt system is not checked for the
duration of the specified interval. This is a fairly unrealistic situation if some
type of preemptive scheduling is in use. The designer can get around this by
putting a ticks #I instruction inside a while loop set for the proper number of

iterations. However, this type of workaround should not be necessary.

5. The ability to easily move activities from one task to another. The MDA sys-
tem provides a very simple means to move tasks between processors but no
such facility exists for moving and assigning activities to tasks. Currently, this
process involves the complete restructuring of the changed tasks. The system

partitioning process could be greatly simplified with this addition.

6. Reduce the simulator's dynamic memory requirements. The current MDA im-
plementation places all of its compiled application code into the main memory
of the host machine at all times. While this speeds up the simulation time, it
limits the use of the tool to large host machines or to small size simulations.
Perhaps a better approach would be to swap dynamically allocated siructures

between secondary storage and main memory.

7. Allow the saving of simulation states. The MDA system has no means to save
the state of a simulation in midstream on a secondary storage device. If this
were possible, a simulation could be stopped, saved, and then reloaded and

resumed at a later date. This might be useful for very long simulations.

Apart from further update opportunities for the prototyping tool itself, there are

a number of issues that need to be addressed before the use of prototyping tools and
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methodologies for the design phase gain widespread acceptance. The first of these
is to provide a single prototyping tool for all phases of the development process as
has been done in multiactivity systems using PAL based tools [KHL88]. A single
tool would not only make the designer’s task easier in that he or she would only
have Lo Jearn one system but it would also pay dividends in the accuracies of the
prototypes. With a single tool for both the functional and design phases, there would
be no chance for any loss of information in the porting of the functional specification
from one toolset to another.

While this thesis has focused on four general areas of the system design phase
(system partitioning, hardware platform, IPC, and scheduling), it is likely that there
are other application specific aspects such as reliability! that must be considered for
certain classes of systems. These aspects need to be identified and incorporated into
the general design methodology. If the design process is not generally applicable, it
stands less chance of gaining widespread popularity.

The design methodology presented in this thesis relies on the designer being able
to analyze the statistics gathered by the prototyping tool. In many cases, this can
become quite an arduous task and mistakes can be made. There is a need to somehow
automate this analysis process so that the statistical results can be presented to the
designer in a concise preprocessed manner. Depending on the degree of processing,
the results should clearly point to the direction that the design should take.

Once ali of these issues have been addressed, it is possible that real-time systems
design will benefit from the structured design techniques currently enjoyed by other,

more established, engineering disciplines.

I"The MDA tool can be used to build prototypes to model aspects such as system reliability but
these were not included in the thesis because of time and especially size considerations.
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Appendix A

Multitasking Design Assist User
Guide

This appendix containa the user guide for the Multitasking Design Assist (MDA) tool. As this user
guide is meant to be used as a standalone document, the reader may find some of the descriptions
of thesis chapter 5 repeated in the following sectione. This appendix is & superset of thesis chapter

The MDA tool described in this user guide is used to model uniprocessor or multiprocessor
multitasking real-time systems. The MDA tool provides its own modelling language as well as an
interpreter on which to run the language. The tool is very fexible in allowing different liardware
and software configurations to be modelled as will be described in the following sections.

A.1 MDA Architecture

The MDA tool provides a system composed of one or more virtual machines on which the application
and kernel software can run. All software is specified by the user in a fairly high level assembly
language (the MDA language) which is interpreted directly by the virtual processors!.

Each virtual processor contains local memories for the storage of code and data associated
with it. In addition, there is a shared memory area which is used for communications between the
individual processors. As such, only data items (not code) can be resident in this shared memory.
The details of the data storage areas are left to section A.2.2.1. Besides its memory, the other
main aspect of the virtual processor is its virtual CPU. It is the virtual CPU that is responsible for
simulating the execution of the user programmed application and system software.

A.1.1 Virtual CPU Execution

The execution engine of the MDA simulator is responsible for several things including the actual
interpretation of the loaded instructions, determination of which events are to be raised at what
times, and the interleaving of a single real processor between a number of virtual processors. The
pseudo code for the execution engine is given in figure A.1.

After all of the application and kernel code is loaded into each virtual processor, the simulation
can be started. The MDA environment allows any number of processors to be specified in the

1In this discussion, the term “virtuai processor” is used to describe the processors defined in the
gystem prototype while the term “actual machine” refers to the real machine running the simulation.
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Set current virtual processor

WHILE not end of simulation time DO
Get environment of current virtual processor
Check for interrupt on current virtual processor

IF interrupt occurred THEN
Push PC onto TASKSTK (task stack)
PC <- Address of interrupt handler
ENDIF

Fetch instruction located at PC
PC <- PC + 1
Execute instruction

Increment virtual CPU time by 1

IF not running locked AND
not executing statistical instruction THEN

Increment current virtual processor
ENDIF

ENDWHILE

Figure A.1: Virtual CPU Operation

system. (The maximum number of allowed processors can be configured by the user and would
depend on the amount of memory available in the actual machine. See section A.11). If the system
consists of more than one processor, then the execution engine simply cycles through all processors
executing one instruction per processor per cycle. Each instruction uses one time unit on its virtual
processor. There is no overhead associated with changing virtual processors every instruction as the
code for all processors is always resident in memory. The advantage of switching processors after
every instruction is that a more realistic sequencing of the multiple processor execution stream is
achieved.

Because multiple processor execution is interleaved on a single machine in the MDA environment
in this manner, it is possible for several processors to access the same shared data item “simultane-
ously”. To prevent collisions of this type, the MDA language provides a LOCK instruction which
operates much like the “test and set” type instruction found on real processors. This instruction
essentially locks out other processors from shared memory access until the current access is complete
(as signalled by the UNLOCK instruction).

As a result, the only circumstances under which multiple instructions are consecutively exccuted
for & single virtual processor are when there is only one processor in the system, or when the LOCK
instruction is encountered. If a processor executes a LOCK instruction, that processor is allowed to
continue execution uninterrupted until an UNLOCK instruction is encountered.

The last major function of the execution engine is to check for processor interrupts, MDA
allows up to six separate interrupts to be associated with each virtual processor. Each time through
the instruction execution cycle, each of the six interrupts associated with the current processor is
checked to gee if it is active. If an interrupt has been raised, the current program counter is saved
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on the TASKSTK and the PC is set to the address of the appropriate user defined interrupt handler
code. These interrupt handlers must be coded as part of the processor kernel. The times at which
individual interrupts are asserted are determined by the characteristics of the events associated with
the interrupts.

A.1.1.1 Virtual Processor Interrupts

Each virtual processor has six interrupt lines associated with it. By default, at the start of the
simulation, all of these interrupts are disabled (inactive} and their interrupt handlers are set to
be undefined. The event file described in section A.5.4 is used to define these handlers and the
characteristics of the interrupts.

As the pseudo code for the execution engine of figure A.1 shows, the interrupts are checked
before every instruction execution. However, not all interrupts are checked in each cycle. First of
all, only the six interrupts associated with the current virtual processor are eligible to be checked at
each cycle. Of these, only one is checked per cycle. Consider a three processor configuration, The
six interrupts associated with each of these processors will be checked in the following sequence:

1. Interrupt 0 - Processor 0
2, Interrupt 0 - Processor 1
3. Interrupt 0 - Processor 2
4, Interrupt 1 - Processor 0
6. Interrupt 1 - Processor i
6. Interrupt 1 - Processor 2
7. Interrupt 2 - Processor 0
8. Interrupt 2 - Processor 1
9. Interrupt 2 - Processor 2
10. Interrupt 3 - Processor 0
11. Interrupt 3 - Processor 1
12, Interrupt 3 - Processor 2
13. Interrupt 4 - Processor O
i4. Interrupt 4 - Processer 1
ib., Interrupt 4 - Processor 2
16. Interrupt 6 -~ Processor 0
17. Interrupt 5 -~ Processor i
18, Interrupt 6 =~ Processor 2
19, Interrupt ¢ - Processor 0
20, Interrupt 0 - Processor 1

Thus it takes 18 instruction executions to check and update all of the interrupts in the system and
each interrupt must wait 18 time units before it is revisited. Checking and updating the interrupts
involves several actions. The first of these is to check whether or not the interrupt is active. If it is
inactive, no further updating takes place. If it is active, then its counters are updated based on its
interrupt type. After the counters are updated, a decision is made on whether or not the interrupt
should be asserted during the current cycle.

For cyclic interrupts, the counter update involves incrementing a connter associated with the
event. If the counter has reached its specified period, then the interrupt is asserted and the counter
is reset to 0. It should be noted that since this update is done every 18 instruction cycles (for a
three processor configuration), the period should be chosen appropriately.

For sporadic interrupts, a random number between 0 and the specified probability is generated
each time the event is checked. If the random number is less than the probability, then the event is
agserted. Because events are checked relatively often, specified probabilities should be fairly low (1
- 20%) if reasonable delays between interrupt occurrences are expected.

Delayed interrupts are those that are raised after some other specified interrupt has been raised.
There are two types of such interrupt, each of which can be specified through the event file. In
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VAR int_val, integer;
VAR stk_val, stack;
VAR bool_val, boolean;
VAR g_value, queue;
VAR str, string;

Figure A.2: Example Variable Declarations

the firat type, the delayed interrupt is raised a fixed (specified) amount of time after the triggering
interrupt. This type of interrupt is implemented in & manner similar to the cyclic interrupt except
that the counter is started after the triggering interrupt occurs. In the second type of delayed
interrupt, the interrupt occurs a random amount of time after the triggering interrupt. In the MDA
interpreter, this random amount of time varies each time the triggering interrupt is raied between
1 and 200 interrupt checks.

The final type of interrupt is the dependent interrupt. This interrupt is raised after a CAUSE
instruction is executed that requests triggering of the interrupt in question. The interrupt is raised
the next time time it is checked after the CAUSE instruction has been executed.

Whenever an interrupt occurs, its occurrence is indicated by incrementing the queue associated
with it and recording the virtual CPU time at which the interrupt occurred. If the queue contains
the maximum specified number of occurrences then subsequent event occurrences are ignored until
an ACKINT instruction has been executed to remove one occurrence from the queue. An interrupt
is rajsed in the virtual machine as long as there is an interrupt occurrence in the associated queue.

A.2 MDA Variables and Data Types

The MDA system allows data items to be declared as variables and constants just like in most
standard high level programming languages. Variables are identified by symbolic names and can be
of one of a number of builtin or user defined data types. One thing that must be kept in mind is that
while the MDA language allows identifiers in any type of symbolic reference (variables, user defined
type names, type field names, file names, etc.) to consist of any type of character {except <space>,
17, ', or ;') and to be of any length, only the first eight characters are considered significant. For

example the identifiers “field_type 1" and “field.type.2” are both valid, they are both stored as
* “feld.ty” and refer to the same item. In addition, the MDA language is case insensitive as all input
characters are converted to uppercase before compilation.

A.2.1 Data Types

There are five base data types in the MDA language: INTEGER, BOOLEAN, STRING,
STACK, and QUEUE. Variables can be defined as being any of these types while constants must
be one of INTEGER, STRING, or BOOLEAN. Variables must be defined befoie they are used by
means of the VAR directive as illustrated in the examples of figure A.2. The syntax of the VAR
directive is as follows:

VAR <variable_name>, <variable_type>;

Constants on the other hand, can not be explicity declared but are coded as instruction operands.
A constant value is always preceded by the '#’ character. Thus the opurand #-764 represents the
constaat integer -764.

The INTEGER data type is used to represent whole number values (real numbers are not
supported). The size of the integer type iu dependent on the size of integers on the machine hosting
the siraulation. Typically, the valid range of integers will be not less tha. -32767 to +32768. Only
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assignment, arithmetic, arithmetic comparison, and I/O type operations are allowed on integer data
types.

The BOOLEAN data type is used to represent the logical values true and false. The internal
representation of the boolean type is based on the integer values 0 (false) and 1 (true). As such, a
boolean type requires the same amount of space as an integer. However, the MDA language does
not allow the direct integer assignment of the values 0 or 1 to boolean variables. The only values
that can be assigned to boolean variables are the constants #true and jfolse. The only operations
allowed on boolean types are assignment, logical comparison, and 1/0.

The STRING data type is the same as in any other language except that the characters in a
string constant are delimited by the '/’ character. The operand # /string constant/ is an example
of a valid string. Strings are limited to a maximum of 39 characters. The operation types valid
for strings are assignment, comparison, and I/O. In the case of comparison, strings can only be
reliably compared for equality or inequality. If arithmetic compatisons are attempted on string data
types, the results will be unpredictable. As will be discussed shortly, string types are instrumental
in indirect addressing.

The STACK and QUEUE types do not have any constant representationa and exist as variables
only. The stack is aimply a LIFO list, each element of which is capable of storing elements of any
data type. That is, a single stack may contain elements of different types. The elements of & stack
are dynamically allocated so there is no preset upper bound on the size of the stack. The only
limitation is the amount of memory available on the actual machine. The queue data type is simply
the FIFO equivalent of the stack. Only stack type operations such as push, pop, and sizes are allowed
on the stack data type and only queue type operations such as addq, delg, and sizeg are allowed on
the queue data type. The queue data type is used in place of conventional arrays.

A.2.1.1 TUser Defined Types

In addition to the five base builtin data types, the MDA language allows the user to define his or her
own abstract data types through the use of the TYPE directive. These complex data types use the
five base types to build record aggregates to better organize related data. An example of such an
aggregate is the task control block maintained by the kernel. The type definition of such a control
block along with its corresponding variable declaration is given in figure A.3.

The general form of the TYPE directive is:

TYPE <type_name> = <fleldi>:<fieldl_type>,..,<fieldn>:<f ieldn_type>;

If there are too many fields to comfortably fit on a single input line, the type declaration can span
multiple lines using the ™' as a continuation character. The '*' can be used in place of any of the
commas separating the individual fields of the type. This is illustrated as follows:

TYPE <type_name> = <fieldi>:<fieldl_type>, <field2>:<field2_type> *;
<field3>:<field3 _type> #*;

LR

<fieldn>:<fieldn_type>;

Note that each input line must end with a semicolon even in the case where the type definition
spans more than one line,

The individual fields within the aggregate record are accessed as in most high level languages
by separating the qualifiers with periods as in: curr.tcb.run data.rdy time . This allows accesr to
the “rdy_time” field of the task control block. A user defined data type can be nested to any level
and can use any of the five base types or other user defined types in its declaration. The only
operation that can be performed on a complete aggregate is the assignment operation (with the
move instruction), For one complex variable to be assigned to another, they must both be of the
same user defined type. The operations that can be performed on the individual fields making up
the user defined type are limited only by the type of the field itself.

While the user defined type can be used to define virtually any type of abstract data lype, the
user must be careful when including a queue or stack type as a field of the aggregate record. In most
cases there is no problem in this situation except when such an aggregate is assigned as a complete
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TYPE t_tcb_stats = rdy_time : integer *; Total ready time
run_time : integer *; Total run time

wt_time : integer *; Total blocked time
resp_q : queue ;
TYPE +¢_tcb = name : string * ; task name
status : string * ; task state
priority : integer * ; priority
pent ! integer * ; program counter
m_wait : string * ; queue waited upon
elt_str : string * ; rcy msg elt
msg_in : integer * ; signal for msg rx
stk : stack * ; local task stack

run_data : t_tcbh_stats task statistics

current task control block
copy of task name list
current task name;

ready to run queue;

VAR curr_tcb, t_tcb
VAR proclist, quene
VAR  tcb_name, string;
VAR rtr, queue

- we was wa

Figure A.3: Example User Defined Type

block or when such an aggregate is added to a queue or stack. The MDA language does not allow
queue or stack variables to be directly added as elements of other stacks or queues. That is, a queue
type element can not be added to another queue for example. However, user defined types can
be added as elements to queues, If the user defined type contains a stack or queue field, it is atill
ayntactically valid. However, it is up to the usar to explicitly manage this embedded queue. For
example when an assignment operation is done on a structure containing a queue, only the pointer
to the front of the queue is copied so that after the assignment, both structures will point to the
same queue. This is not the case for moves on first level queues where a new queue is created and
all of the elements are automatically copied. In cases such as these, it is advisable to perform the
complete aggregate assignment and then to separately perform the assignment of the qualified queue
field.

A.2.2 Variable Definition

As mentioned in the previous section, the VAR directive is used to declare data items. This directive
performs two functions: it makes the name and type of the data item known to the MDA system,
and it reserves the required amount of space for the data item. The place where this space is reserved
depends on where the VAR directive is encountered. The VAR directive can be found in one of three
places: within a node file, within a kernel file, and within a task file. These files are described in
detail in later sections. At this point, it is sufficient to state that the node file describes all data
items global to a virtual processor and a task file describes all data local to a particular task within
a virtual processor. The data declared within a kernel file is for use by the kernel software on a
particular virtual processor.
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Like the VAR directive, the STAT directive can be used to declare data items. The STAT
directive can be used any place that the VAR directive is used and it functions in exactly the same
manner. The only difference between the two is that the STAT directive is used to declare data items
whose values need to be examined at the end of the simulation. These variables can act as statistics
gatherers programmed by the users. At the end of a simulation, the MDA interpreter records Lhe
values of all STAT variables and copies them to an output file. Any user defined or builtin type
variable may use the STAT directive.

The final directive used to declare variables is the SHARED directive. Again, the SHARED di-
rective behaves in exactly the same manner as the VAR directive with one exception. This exception
deals with the location at which space for the declared variable is reserved. Variables declared with
the SHARED directive are allocated in the shared memory used to interlink the virtual processors

of the system. With these various levels of memory aliocation, there is a need for some type of scope
rules to arbitrate their access.

A.2.2.1 Scope Rules

Along with its memory requirements for code space, each task also has private data associuted with
it. This data is accessible only to the task in which it is defined. As each tnsk is loaded into the
virtual machine, space is allocated for each of the variables defined within the task., Each task is
allotted its own local data space. The MDA system does not provide any facilities for dynamic
memory management. As such, all data must be defined in a static fashion prior to use. Durring
execution, a context switch automatically changes the task data set that is accessible to the newly
executing task. Context switches are performed by the CXTSW instruction of the MDA language.

Like the application tasks, kernel code is user programmed in the MDA language. The kernel
consists of the instructions used to define the operating system of the virtual processor. However,
unlike the application code, there is only one kernel per processor. All data associated only with
the kernel is treated as local data for the kernel task. Although the kernel variables are allocated
in the same place as the virtual processor’a global variables, by convention this data should only be
accessed by the code included as part of the kernel.

The final memory atea is allocated to data that is global to the processor. All tasks as well
as the kernel can access this data at any time without the need for any type of context switching.
Data is considered to be global if it is defined outside the syntactic scope of any task. Any type of
data, be it global or local is defined in terms of named variables and constants. If the same name is
used for a data item local to a task and for a global data item, the local item is accessed when the
common name is encountered within that task.

The interlink scheme between the individual virtual processors is quite straightforward in that
the underlying structure is simply a single shared memory, Data items can be placed in this shared
memory by one processor and accessed by the other processors. The only restriction is that all
data items to be placed in the shared memory must be defined (with the SHARED directive) before
they are used. This allows the MDA tool to allocate a fixed area of shared memory for each shared
varjable prior to the start of execution.

The access rules for shared memory are similar to those for global data except that any task on
any processor in the system can access the shared memory at any time. For any variable access, the
task's local data is searched first, followed by global processor data, followed finally by the shared
data. As o result, a shared structure can be accessed only if no structure of the same name exists
in the accessing task's local or global data space.

In summary, there are three scopes defined in the MDA environment as illustrated in figure A.4:
local, global, and shared. No two identifiers may have the same name in the same scope regardless
of whether they are variables or fields or types. However, if they are declared in different scopes,
they may have the same name and the above described scope rules will be used to access them.

A.2.2.2 Predefined Variables

Along with the variables defined by the user, there are several variables that are predefined and
preinitialized by the MDA system. They are used to facilitate the transfer of information from the
run-time environment to the user written application and kernel software, These six special globel
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Code Data
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Code Data
Global Data
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Global System
Variables

Figure A.4: Virtual Processor Memory Map

system variables are predefined in each of the virtual processors and initialized by the MDA loader.
The functions of these variables is outlined in the following list.

1. TASKSTK - This stack variable represents the stack associated with each task in the proces-
sor. There is one stack for each task. When a context switch occurs, the stack of the old task
is saved and the stack of the new task is assigned to the TASKSTK variable.

9. CURRTASK - This is a string variable that contains the name of the task that is currently
executing.

3. TASKSTRT- This variable contains the start address of the currently executing task. Because
the MDA language requires that all subroutines be defined before use, the start address of
the mainline of a task is not known until the task has been loaded into memory.

4. CURRPRIO - This integer variable provides the current priority of the presently executing
task.

5. TASKLIST - This queue variable contains the name of every task resident in the processor.
The names are queued in the order that the tasks were loaded.

6. PC - This integer variable is the program counter associated with the currently executing
tisk. It contains the address of the next instruction to be executed in the task. When a
context switch occurs, the PC of the old task is saved and the program counter of the new
task is assigned to the PC variable.

The TASKSTK, CURRTASK, TASKSTRT, CURRPRIO, and PC variables are automatically
updated to contain the information associated with the newly executing tazk after every context
switch. All of these six variables are declared in the global scope of each virtual processor. As such,
they can not be redefined in that scope. However, they may be redefined within the local scope
of an application task. If this is done, it will be impossible for the application task to access the
predefined variables as the scope rules will access the local variables instead.
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IMMEDIATE : #744
#/This is a string/

DIRECT : curr_tcb.run_data.run_time
rtxr
tcb_namse

INDIRECT : Qtcb_name
Q@tcb_nare.priority

Figure A.5: MDA Addressing Modes

A.3 Data Addressing Modes

The data items declared through the VAR, STAT, and SHARED directives can be accessed using
any one of three addressing modes: immediate, direct, or indirect. When accessed in any one of
these ways, they can act as instruction operands. There are no restrictions as to which addressing
mode can be used with which MDA instruction.

The immediate mode simply refers to constant operands which can be of type integer, boolean,
or string. The direct mode refers to variables of any type defined through the VAR, STAT, or
SHARED directives. Direct operands have no special character prefix and they may be qualified if
they are of a user defined type.

Indirect operands are variables that serve as pointers to other variables. However, rather
than containing the storage address of the dereferenced variable, indirect operands contain the
symbolic name of the variable to which they are pointing. As a result, all indirect operands must
be of type string. Indirect operands are prefixed by the '@’ character. For example, assume that
curr_task.stats.rdy.lime is a valid direct variable reference to the curr_task variable which is of & user
defined type. This data item could also be referenced by the expression @lsk_name.siais.rdy lime
provided that tsk_name was a string variable which contained the value “curr.task”. The indirect
addressing mode is made more powerful by the fact that the pointer itself can contain any level of
qualification for referencing user defined structures. That is, in the previous example, the same field
could have been referenced by the expression @isk_name.rdy.time if the tsk.name string contained
the value “curr.task.stats”.An example of each type of addressing mode is given in figure A.5.

A.4 The MDA Language Instruction Set

The MDA language is similar to many mnemonic based assembler languages with three significant
exceptions. The first is the inclusion of high level control constructs similar to those found in
languages such as C or Pascal. The second is the inclusion of powerful “meta” instructiona that
allow high level operations on abstract data types or complex system operations such as context
ewitches. The final deviation from standard assembler languages is that the MDA language directly
supports the definition and access of abstract data types.

All of the MDA instructions have the format:

opcode operandi, ..., operand4; <comment>

The number of operands varies between zero and four. The purpose of these instructions is to
program the details of activities, procedures, system primitives, and task mainlines, The instructions
can be divided into seven distinct classes. These classes and their constituent instructions are
described in the following subsections,
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A.4.1 Assignment Class

The assignment class of instructions is used to movc data items from one variable to another or to
move constants into variables. The only instruction included in this cless is the move instruction.
MOVE Instruction

FORMAT: move <opndl>, <opri>; <comment>

This instruction copies the contents of opndl to opnd2. The two operands may be of any type as
long as they are of the same type. One further restriction is that opnd2 can not be a constant. For
uger defined types, entire strucivrss or paris of structures may be assigned using one move operation
as long as the structures or substructures are of the same user defined type,

For arrays and stacks, opnd2 is first purged (all elements removed) and then every element of
opnd1 is pushed (in the case of stacks) or queued (in the case of queues) onto opnd2 so that at the
end of the operation, the two queues contain the some elements in the same order.

A.4.2 Arithmetic Class

The arithmetic class of instructions is used to perform numerical operalions.
ADD Instruction

FORMAT: add <opndl>, <opnd2>, <opnd3>; <comment>
The add instruction performs the following operation:
opnd3 <- opndi + opnd2

All operands must be of type integer and opnd3 can not be a constant.
SUB Instruction

FORMAT: sub <opndil>, <opnd2>, <opnd3>; <comment>
The sub instruction performs the following operation:
opnd3 <- opndi - opnd2

All operands must be of type integer and opnd3 can not be a constant.
DIV Instruction

FORMAT: div <opndi>, <opnd2», <opnd3>; <comment>
The div instruction performs the following operation:
opnd3 <- opndl / opnd2

All operands must be of type integer and opnd3 can not be a constant. The result assigned to opnd3
is an integer. Any remainder is ignored.
MULT Instruction

FORMAT: mult <opndi>, <opnd2», <opnd3>; <comment>

The mult instruction performs the following operation:
opnd3 <~ opndl * opnd2

All operands must be of type integer and opnd3 can not be a constant.
RAND Instruction

FORMAT: rand <opndl>, <opnd2>; <comment>

The rand instruction generates a random integer value between 0 and opndi - 1 and assigns it to
opnd2. Both operands must of type integer and opnd?2 can not be a constant. If opndl <= 0, then
a value of 0 is assigned to opnd2.
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A.4.3 Stack Class

The stack class of instructions is used to maintain LIFO stacks.
PUSH Instruction

FORMAT: push <opndl>, <opnd2>; <comment>

This instruction pushes the value of opndl onto the top of the stack specified by opnd2. Opndl is
not altered in any fashion. Opnd}l can be of any type while opnd2 must be of type stack, There is
no limit to the number of items that can be pushed onto a stack (except the host machine’s memory
size). A stack can contain elements of any type and even of different types.

POP Instruction

FORMAT: pop <opndi>, <opnd2>; <comment>

The pop instruction removes the top item from the stack specified by opnd1l and assigns it to opnd2.
Opndl must be of type stack while opnd2 must be of the same type as the element being popped
from the stack. Because a stack can contain any type of element {possibly different types in the
same stack), it is up to the user to ensure that the element being popped will be of the same type
as the receiving variable (opnd2). Also, opnd2 can not be a constant. In addition, the user must

ensure that the stack is not empty before performing the pop operation. Otherwise, a run time error
occurs.

SIZES Instruction
FORMAT: sizes <opnd1>, <opnd2>; <comment>

The sizes instruction is used to determine the number of elements contained in the stack specified
by opndl. This integer value iz assigned to opnd2. Opndl must be of type stack and opnd2 must
be of type integer. Opnd2 can not be a constant.

A.4.4 Queue Class

The queue class of instructions is used to maintain prioritized queues.
ADDQ Instruction

FORMAT: addq <opndl>, <opnd2>, <opnd3>; <comment>

This instruction adds the value of opndl to the end of the queue specified by opnd2 at the priority
specified by opnd3. Opndl is not altered in any fashion. Opndl can be of any type while opnd?2
must be of type queue and opnd3 must be of type integer. There is no limit to the number of items
that can Le added to a queue (except the aost machine’s memory size. A queue can contain elements
of any type and even of different types.

When an item is added to a queue, opnd3 is examined to determine the position of the new
clement. Elements with higher priority (higher values of opnd3) are placed closer to the front of the
queue. Items to be added with the same priority as existing queue elements are added behind the
already existing queue elements. Thus a standard FIFO queue can be attained by always adding
elements using the same value for opnd3.

DELQ Instruction

FORMAT: dely <opndl>, <opnd2>; <comment>

The delq instruction removes the first item from the front of the queuc specified by opndl and
assigns it to opnd2. Oprdl must be of type queue while opnd2 must be of the same type as the
element being removed from the queue. Because a queue can contain any type of element (posaibly
different types in the same queue), it is up to the user to ensure that the element being removed
will be of the same type as the receiving variable (opnd?2). Also, opnd2 can not be a constant. In
addition, the user must ensure that the queue is not empty before performing the delq operation.
Otherwise, a run time error occurs.
SIZEQ Instruction
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FORMAT: sizeq <opndi>, <opnd2>; <comment>

The nizeq instruction is used to determine the number of elements contained in the stack specified
by opndl. This integer value is assigned to opnd2. Opnd1 must be of type queue and opnd2 must
be of type integer. Opnd2 can not be a constant.

A.4.5 System Class

The system class of instructions is quite varied and contains instructions used for task management,
interrupt management, and control of simulation time.
CX'TSW Instruction

FORMAT: cxtew <opndl>; <comment>

The context switch instruction serves to change the application task thal gets access to the processor.
Opnd! specifies the name of the task that is to take control of the virtual processor. As such, opndl
can be a string constant, string variable, or simply an identifier corresponding to the name of &
defined task. For example, if a task has the name fask!, then the instructions:

cxtsw taskl;
cxtey #/taskl/;

are equivalent. The only stipulation for a string variable as opndl is that it must contain the name
of a valid task when the cxtsw instruction is executed. Otherwise, a run time error occurs.
The execution of the cxtsw instruction performs the following actions:

1. The variable CURRTASK is set to the name of the newly active task,

2. The variable CURRPRIO is set to the priority of the newly active task,

3. The variable TASKSTRT is set to the start address of the newly active task,

4. The variable TASKSTK is set to the automatically saved stack of the newly active task,
LOCK Instruction

FORMAT: lock; <comment>

The lock instruction does not have any operands. Its purpose is to prevent the execution engine
of the interpreter from interleaving virtual processor execution. When a virtual processor executes
this instruction, its instructions are executed contiguously without interference from other virtual
processors,

UNLOCK Instruction

FORMAT: unlock; <comment>

This instruction serves to undo the action of the lock instruction. When the unlock instruction is
executed, the execution engine resumes interleaving inatruction execution between all of the defined
virtual processors.

CAUSE Instruction

FORMAT: cause <opndi>, <opnd2>; <comment>

The cause instruction causes the assertion of a specified interrupt on a specified processor. The
name of the processor on which the interrupt is to be raised in specified in opndl. As such, opndl
must be of type string and must contain the name of a defined node. The interrupt number that is
to be raised in specified by opnd2. As such, it must be of type integer. This interrupt number must
be in the range U-5 corresponding to the interrupt range and it must refer to an interrupt that has

been defined as being of the dependent type. Qtherwise, a run time error is generated,
ACKINT Instruction
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FORMAT: ackint <opndi>; <comment>

This instruction serves to acknowledge an interrupt. The interrupt number to be acknowledged
is specified in opndl. Opnd! must be of type integer and its value must be in the range 0-5,
corresponding to the valid interrupt number range. For interrupts which have current queue sizes
greater than 0, this instruction simply decrements the number of pending interrupts by 1. If there
are no pending interrupts, then no action is taken.

HALT Instruction

FORMAT: halt; <comment>

This instruction simply causes execution to stop on all virtual processors. It is treated as an error
condition and results in the termination of the simulation.
ENABLE Instruction

FORMAT: enable <opndil>; <comment>

This instruction is used to activate a specified interrupt. The interrupt number to be activated is
apecified by opndl. As such, opndl must be of type integer. If the value of opndl is greater than
the highest interrupt number (5), then all interrupts on the processor executing the instruction are
activated. The action of the enable instruction is delayed by one instruction execution cycle on the
processor in question. For example, in the sequence:

enable #10;
move #itrue, bool_var;

interrupts may be generated only after the move instruction has completed execution. This is to
allow systemn primitives to return execution to the calling task safely.
DISABLE Instruction

FORMAT: disable <opnrdl>; <comment>

This instruction is used to deactivate a specified interrupt. The interrupt number to be deactivated
is specified by opnd1l. As such, opndl must be of type integer. If the value of opnd| is greater than

the highest interrupt number (5), then all interrupta on the processor executing the instruction are
deactivated.

BIND Instruction
FORMAT: bind <epndl>, <opnd2>; <comment>

The bind instruction is used to associate a kerne! primitive interrupt handler with a specified in-
terrupt number. Opndl is used to specify the name of the primitive and must be of type string.
Opnd? is used to specify the number of the interrupt to be associated with the primitive. Assuch, it
must be an integer type in the range 0-5. After this instruction is executed, whenever the specified
interrupt is raised, the specified primitive will be called.

TICKS Instruction

FORMAT: ticks <eopndl>; <comment>

The ticks instruction is used to simulate a fixed time delay. It simply increments the time clock of
the virtual processor that executes it by the specified amount of time units. The number of time
units is specified in opndl. As such, it must be of type integer.

BRKPT Instruction

FORMAT: brkpt; <comment>
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This instruction interrupts the execution of the virtual processora and tranafers control to the MDA
run time debug environment which allows single stepping, variable examination, etc. (See section A.9
for details about this environment).

TIME Iustruction

FORMAT: time <opndi>»; <comment>

"The time instruction notes the virtual CPU time of the processor on which it is executed and copies
it to the variable specified by opndl. As such opndl must be of type integer and it can not be &
constant. The time instruction is used to obtain time atamps.

ETIME Instruction

FORMAT: etime <opndi>, <opnd2>; <comment>

This instruction operates much like the time instruction except that instead of returning the current
virtual CPU time it returns the virtual time at which the next pending interrupt event was originally
raised. This instruction must be called before the corresponding ackint instruction to obtain the
interrupt occurrence time. Opndl specified the number of the interrupt and opnd2 specifies the
variable that will be used to store the time. As such, opnd1 must be an integer in the range 0-5 and
opnd2 must be an integer variable (not a constant). If there are no interrupts pending, the time at
which the last interrupt was raised is returned (0 if it was never raised).

A.4.6 Control Class

The control class of instructions is used to alter the flow of execution within an MDA program either
by pros=dure calls or logical constructs.
CALL Instruction

FORMAT: call <epndi>, <opnd2>, ..., <opndn>; <comment>

This instruction executes a procedure call, The name of the procedure to be called is specified
by opndl. As such this operand must be the name of a procedure that has been defined prior to
the compilation of the call instruction. It should be noted that the call instruction may also be
used to call primitives but ONLY IN THE KERNEL FILE. If application tasks need to call kernel
primitives, they must use the CALLP directive as indicated in section A.5.3. Note that opndl is
MOT a string constant or variable but the actual name of the procedure. The other operands specify
the parameters to be passed as part of the procedure call. These parameters can be of any type.
Parameters can be passed by value or by reference. To pass by reference, the name of the variable
to be referenced is passed as a string parameter and then used in indirect addressing by the called
procedure,
The actions taken by the call instruction are as follows:

1. Push the current program counter onto the stack (TASKSTK),

2. Push the specified parameters onto the stack (TASKSTK) in order of appearance. That is,
opnd?2 is pushed first and opndn is pushed last,

3. Set the program counter (PC) to the address of the first instruction of the specified procedure.

It should be kept in mind that the called procedure should pop the parameters from TASKSTK in
the reverse order that they were pushed by the call instruction. Also, the called procedure must not
pop the return address off the stack (unless this is the actual intention).

RET Instruction

FORMAT: ret; <comment>
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The return instruction can be used anywhere in a called procedure or primitive to return control
to the calling code. This instruction pops the return address from the TASKSTK and sets the
program counter to this location. The called procedure must be careful to pop all parameters off
the TASKSTK before executing the ret instruction. If an ENDPROC or ENDPRIM directive is
encountered before a ret instructio, it has the same effect as a ret instructicn.

IF..ELSE..ENDIF Instructions

FORMAT: it <logical expression>; <comment>
<instructions>; <comments>
else; <comment>
<instructions>; <comments>
endif;
OR
i? <logical expression>; <comment>
<instructions>; <comments>
endif;

The if construct is used in exactly the same manner as in high level languages. It may include an
optional else clause. If the logical expression evaluates to “true”, the instructions within the body
of the if clause are executed. Otherwise the else clause is executed if it is present.

A logical expression can consist of operands separated by the following arithmetic comparison
operators: >, >=, <, <=, =, <> or by the following logical operators: &, |+ - which represent
the logical operations and, or, and not respectively. Arithmetic comparisons can be done only on
integer or string data types and the logical operations can only be done on boolean data types or on

arithmetic comparison subexpressions that evaluate to irue or false. The following are two examples
of valid logical expressions:

((tcb.prio >= currprio) & (size = #27))
(running) & ("error)

The results of any logical expression must be able to take on the values 7#irue or #false. In the
second example above, the variables “running” and “error” must be declared to be of type boolean.

The if construct can be nested to any level and can contain any number and nesting levels of
while conatructs as well,

WHILE.ENDWHILE Instructions

FORMAT: while <logical expression>; <comment>
<instructions>; <comments>
endwhile;

The while construct defines the looping construct in the MDA language. The instructions between
the while and endwhile instructions are repeatedly executed in sequence while the logical expression
evaluates to irue. {See the discussion on the if instruction for a description of logical expressions).
The logical expression is always evaluated at the top of the loop. The while construct can be nested
to any level and may contain any number and nesting levels of if constructs as well.

A.4.7 I/0O Class

The 1/O class of instructions is used to interface between an executing MDA simulation and the
outside world through terminal input and output and through file output.
READ Instruction

FORMAT: read <opndl>; <comment>

282



‘The read instruction is used to do input from the terminal. Execution of this instruction causes
the simulation to wait for input from the terminal once carriage return <CR> is entered, the value
entered is assigned to the variable specified by opndl and execution continues. Opndl mus! be a
variable (not constant) of type string, integer, or boolean, The value entered at the terminal must
correspond to the type of opndl. If opndl is of type string, then any character sequence of up to 39
characters may be entered. In opnd} is an integer then a numeric value preceded by an optional +
or - sign may be entered. For boolean types, the input must be either true or false.
PRINT Instruction

FORMAT: print <opndi>; <comment>

The print instruction causes the value of opndl to be printed to the terminal screen. Opndl can be
a variable or constant of type string, integer, or boolean. For boolean items, the values irue or false
are printed.

PRINTCR Instruction

FORMAT: printcr <opndl>; <comment>

The printer instruction is exactly the same as the print instruction except that a carriage return is
printed at the end of the output item.
FPRINT Instruction

FORMAT: fprint <opndi>; <comment>

The fprint instruction is analogous to the print instruction with two exceptions. The first is that
instead of printing the value of the specified operand to the terminal screen, it is copied to the
output statistics file specified at the start of the simulation. The second exception is that opndl is
not limited to string, integer, and boolean types. Opndl can be of any type including user defined
types, stacks, and queues. For user defined types, the entire contents of the data structure are
dumped to the output file in hexadecimal format. It is up to the user to identify the individual fields
of the structure. In addition to the value contained in the structure, its size and user defined type
are printed (the sizes and types are printed for all types of operands). For stacks and queues, each
element of the stack or queue is individually printed reardless of whether it is an integer, string,
boolean, or user defined item. Also, its position within the stack or queue is printed. If the stack or
queue is empty, a message to that effect is printed to the ouput file.
FTYPE Instruction

FORMAT: ftype <opndl>; <comment>

The ftype instruction is completely analogous to the print instruction except that it prints to the
user specified output statistics file instead of to the terminal screen. The ftype instruction is used
instead of the fprint instruction when output formatting is required and when extra information
such as data size and type are not required. Like the print instruction, opndl is limited to integer,
string, and boolean types.

FTYPECR Instruction

FORMAT: ftypecr <opndi>; <comment>

The ftypecr instruction is exactly the same as the ftype instruction except that a carriage return is
printed at the end of the output item.
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A.5 MDA Input Files

There are five types of input files required by the MDA system as well as two types of output files
produced by MDA, The input files are used by the user to specify the description of the system to be
moedelled by MDA, It is these files that contain all of the MDA language instructions to be executed
in the virtual machines, the specification as to the number of virtual processors to include in the
model, the application tasks and kernels that cach processor should contain, and the number and
types of events to be raised in each of the processors. The output files provide listings of compiled
input files and also provide statistics on the simulation run. The input files are the system descripior
file, the node file, the kernel file, the task file, and the event file. The output files are the listing files
and the siatistics file.

The only real common feature to all of the input files is that each statement in the file must end
in a semicolon (;) and that any comments can follow the semicolon. Also, no statement except the
TYPE directive may span more than one input line and blank lines are allowed in any input file.
Finally, if the MDA tool is used in the UNIX environment, all input file names must be in lowercase

letters, In the DOS environment, the case of the input file names is not important. The individual
files are detailed in the following sections.

A.5.1 System Descriptor File

The system descriptor file can have any name but by convention, it ends in the suffix .sys. The .sys
file contains only the NODE directive. This file is used to specify the number and symbolic names
of all virtual processors that are to be included in the system. The names of the processors also

must be the names of the node files associated with each. For example, a file named ezample.sys
may contain the following lines:

NODE cpui;
NODE cpu2;
NODE dsp;

This signifies that there are to be three processors with names cpul, cpu2, and dsp corresponding
to virtual processors 0, 1, and 2 respectively. It also indicates that the specifications for these three
nodes are contained in files cpul.nod, cpu2.ned, and dsp.nod respectively.

A.5.1.1 Node File

All node file names must end with the suffix .nod. The .nod files are used to specify five thing
associated with each virtual processor. These are: the kernel to be used in the processor, user
defined types global to the processor, the global varinbles, the events (interrupts) associated with
the processor, and the tasks resident on the processor. The syntax of the node file is given in
figure A.6.

8 The TYPE directives are used to define the global user defined types that are to be visible to
all tasks in the processor. Similarly, the VAR directives define the global data items that are to
be accessible to all tasks in the processor. Both the TYPE and VAR directives are optional in the
node file and the VAR directive may be replaced or freely intermixed with the STAT directive as
described in section A.2.2.

TheEVENT directive specifies the name of the file that contains the event (interrupt) specifica-
tione for this processor. For example, if the node file included the lines:

EVERT clock;
KERKEL base;
TASK taski, 50;
TASK task2, 10;

then the event file would be named clock.evt. The EVENT directive is optional and may be omitted
if there are to be no interrupts associated wilh the virtual processor;
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H
; RUDE FILE SYNTAX

TYPE <type definitiondy

TYPE <type definition>;

VAR <variable name®, <varinble sypeX;

VAR <wvariable name>, <variable type>;
EVENT <event fils neme {no suffix)>;
KERNEL <kernel f£ile name (no suffix)>;

TASK  <task name>, <task priority>;

TASK  <task name>, <task prieority>;

ENDHODE;

Figure A.6: Node File Syntax

The KERNEL directive is used to provide the name of the kernel to be loaded into the virtual
processor. In the example, it indicates that the specifications for this kernel are contained in a file
named base.kn!l. There must be one KERNEL directive in zach node file.

The TASK directives are used to specify the names and priorities of every application task that
is to be resident in the processor. The task names specified in these directives must correspond to
the names of the files that contain the individual task specifications. In the example, these files
would be named taskl.tsk, and task2.tsk. The tasks would have priorities of 50 and 10 respectively.
There must be at least one TASK directive in each node file. Finally, each node file must end with
the ENDNODE directive.

A.5.2 Kernel File

All kernel file names must end with the suffix .knl. A processor kernel defined in the MDA system
consists of a number of elements. The entire kernel is syntactically contained within a single task
and consists of local kernel data, definition of shared data items, definition of subroutines, definition
of system primitives, interrupt handlers, and the task mainline code. These subroutines, system
primitives, interrupt handlers, and task mainline are coded in the instructions of the MDA language.
The syntax of the kernel file is as follows:

EERNEL <Xkernsl name>;

TASK <kernsl task name>, <priority>;
TYPE <kernel user defined type declarationd;
{YPE <kernsl user defined type decleration>;
TYPE <kernel user defined type declaration>;

VAR  <kernel varimble declaration>;
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VAR  <kernel variable declaration?;

VAR  <kernel variable declmnratien?;

SHARED <sharsd variable declarationsd;
SHARED <mhared variebls declarations>;

4

SHARED <sharsd variable declarntions>;
PROC <procedure name>;

<Lcoal Procedure Instructions»i
ENDPROC;

PROC <procedurs name>;

<Local Procedurs Instrunctions>;
ENDPROC;

PRIM <primitive nume>;

<System Primitive Instructionsr;

ENDPRIN;

PRIM <primitive name>;

<Syatem Primitive Instructions>;
ENDPRIN;

PRIM <event handler name’>;

<Event Handler Inatructions>;

ENDPRIN;
BEGIN; {Kernel Task Mainline}

<System Initialization Instructions>;

bind <event handler name’>, <interrupt #>;
ENDTASK;
ENDXERNEL;

The first two statements of this file must be the KERNEL and TASK directives. They serve
the same functions as in the .nod file except that they do not reference any subsequent files. The
KERNEL directive serves to identify the name of the kernel and the TASK directive merely gives the
name and priority of the kernel task. These directives may be followed by any number of TYPE and
VAR directives that specify the user defined types and data items local to the kernel In addition,
the kernel may include one or more SHARED directives. These directives are similar to VAR except
that they define data items that are to be resident in shared memory and thus are accessible by
any task on any processor. All of the TYPE, VAR, and SHARED directives are optional. The only
stipulation is that the TYPE directives must come before any VAR or SHARED directives. The
positions of the VAR and SHARED directives can be intermixed among themselves and as always,
the VAR directive can be replaced by the STAT directive.

286



The local kernel data defin.d by the VAR directives consists of items such as the contral blocks
of all the application tasks, possibly IPC buffers, possibly semaphore structures, elc. These items
are accessible only to the kernel and are used for system retated functions®. All of this data is defined
by the user. The other class of data definition within the kernel is the definition of shared data.
This is the data that is accessible to any task on any processor in the system regardless of the kernel
in which it is defined. Shared data variables can be defined in the kernel of any processor. If two
kernels define a shared data item with the same name, a warning is issued and only the definition
contained in the kernel loaded first remains valid.

The type and variable declarations are followed by the definitions and code of local procedures
and system primitives. There is no restriction as to the numbers of procedures and primitives
that can be coded and in fact, it is not necessary to have any procedures or primitives. The only
stipulation is that 21l procedure definitions must precede all primitive definitions,

The main bodies of precedures and primitives contain the MDA language instructions, All
procedures must start with the PROC directive that specifies the name of the procedure and they
must end with the ENDPROC directive. ENDPROC serves the same funtion as the ret instruction.
All procedures must be defined before they are used. Any procedures defined within the kernel task
can be called only by the kernel task mainline, by other procedures defined within the kernel task,
and by primitives defined within the kernel task.

Primitives are very similar to procedures with three notable differences. The firat difference is
that the PROC and ENDPROC directives of the procedure are replaced by the PRIM end ENDPRIM
directives even though they serve exactly the same purposes. The second difference is that primitives
are well known throughout the processor and can be called from any application task resident on
the same processor. The third difference is that primitives can be defined only in the kernel task.
Kernel primitives can be defined for two reasons. ‘The first ia that they are to act as functions that
can be called by application software to perform operations such as intertask communication. The
gecond reason is that they are to act as interrupt handlers, Only primitives can be used as interrupt
handlers. Once an interrupt is raised, control is transferred to its associated primitive. Thus all
interrupts must first be channelled through the kernel. In this way, the kernel has conirol over things
such as which task(s) should be readied as a result of the interrupt, what data should be saved, and
whether task preemption is warranted.

Finally, the mainline of the kernel task is used primarily to initialize system data as it is the first
user coded software that runs on processor startup. The mainline is delineated by the BEGIN and
ENDTASK directives. The mainline can contain any MDA instructions and can be of any length.
One of the purposes of the mainline may be to bind the system interrupts to handling primitives.

Kernel functions such as scheduling can be driven from an interrupt or they can be part of
the kernel task itself. Since the main goal of the MDA tool is flexibility, the details of all kerne!
applications and functions are left entirely to the system designer. The designer can choose to model
any type of operating system primitive that he or she can devise,

A.5.3 Task File

All task file names must end with the suffix .Zsk. These files contain the complete specifications
of the application tasks in the system. They can include TYPE and/or VAR directives to define
structures and data local to the task. In addition, they contain the code for all the activities and
procedures of the task as well as the task mainline.

The application software is divided into a number of tasks that can execute concurrently with
other tasks. In the MDA system, the form of these application tasks differs greatly from that of
the kernel task. The first difference is that unlike the kernel task, application tasks can not have
primitives defined within them nor can they define shared data. The second difference is more
profound and concerns the actual structure of the application.

2Although variables and types defined in the kernel should logicaily only be accessible to the
kernel, they are actually stored as global variables. Thus they can not have the same names as
identifiers defined in the node file. It is good programming practice for the user to code the appli-
cation tasks so that they do not access data defined in the kernel. However, the MDA tool does not
explicitly prevent this occurrence.
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Figure A.7: Typical State Machine

Becausge of the complex and diverse nature of the operations performed by a real-time kernel
and because the main kernel task is usually only used for initialization, MDA allows a grent deal of
freedom in how it can be coded. However, this is not the case for the application tasks. In order to
promote a well structured design right from the prototype stage, MDA requires all application tasks
to conform to a state machine representation. A typical state machine representation of a task is
given in figure A.7.

In this figure, states A, B, and C represent the places at which a task may be suspended due
to the actions of system calls. Hence these states represent calls to potentially blocking IPC or
synchronization primitives, device handler calls, or any action that may temporarily impede the
progress of the task. The transitions between the states represent the individual activitiea that
make up the task. These activities perform the basic functions of the task and once started, they
do not require any external data, services, or resources and are therefore atomic entities. In many
instances, it is possible to have several transition arcs emanating from a single state. To allow this
situation, conditions are placed on the execution of each of these arcs.

This state machine representation imposes an implicit structure on the design of the application
tasks. This structure is shown in figure A.8.

As this is a direct translation of any task’s state machine representation, it is also the basic
control structure chosen for the MDA language. The only modification to the basic structure is
that the inner case contruct has been replaced by a series of if..endif constructs to allow different
conditions to be tested within each state. The syntax of an MDA Lask file i as follows:

TYPE <Local Type Definition>;

TYPE <Local Type Definition>;

VAR <local Variable Definition>;

VAR <Local Variable Definition>;

PROC <procedure name>;
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TASK
Loor
CASE current state OF
State A: CASE condition OF
1: Do activity 1
Call system primitive
Set next state to B
2: Do activity b
Call system primitive
Set next state to C
Endstate

State B: CASE condition OF
1: Do activity 2
Call system primitive
Set next state to B
2: Do activity 3
Call system primitive
Set next state to C
Endetate

State C: CASE condition OF
1: Do activity 4
Call system primitive
Set next state to C
2: Do activity 6
Call system primitive
Set next state to A
Endstate
ENDCASE
ENDLOOP
ENDTASK

Figure A.8: Application Task Structure
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<Local Procedure Instructions>;
ENDPROC;

PROC <procedure name>;

<Local Procedure Instructions>;

ENDPROC;

ACTIVITY <activity name>;
<Activity Inétructions);

ENDACT; .

ACTIVITY <activity name>;

<Activity Instructions>;

ENDACT;
BEGIN;
{DO_ACT  <activity name>;}
CALLP <primitive name>, {<parameter list>};
SETSTATE <string constant of state name>;
LOOP;
STATESELECT;

STATE <state nama>;
IF <logical expression>;
{DO_ACT <activity name>;}

CALLP <primitive name>, {<parameter list>};
SETSTATE <string constant of state name>;
ENDIF;

IF <logical expression>;
{DO_ACT <activity name>;l}

CALLP <primitive name>, {<parameter list>};
SETSTATE <string constant of state name>;
ENDIF;
ERDSTATE;

STATE <state name>;
IF <logical expression>;
{DO_ACT <activity name>;}

CALLP <primitive name>, {<parameter list>};
SETSTATE <string constant of state name>;
ENDIF;

IF <logical expression>;
{DO_ACT <activity name>;}
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CALLP <primitive name>, {<parameter list>};
SETSTATE <string constant of state name>;
ENDIF;

ENDSTATE;

ENDSELECT;
ERDLOOP;
ENDTASK;

The TYPE and VAR directives serve the same purpose as in the node and kernel files except
that the type and variable definitions are local to the task in which they are defined, That is, they
can not be referenced by other tasks. As always, the inclusion of these directives is optional and the
VAR directive can be interchanged with the STAT directive.

The variable and type declarations can be optionally followed by the definitions of any number
of procedures and activities. There is no limit as to the number of procedures and activities that
con be defined. In fact, it is not necessary do define any. Howevr, if both are present, all procedure
definitions must precede the activity definitions. The local task procedures are exactly analogous to
the procedures of the kernel file. The only difference is that the task procedures may only be called
from within the activities defined in the task file.

Activities are very similar to procedures with a few differences. The first of these is that they
are delineated by the ACTIVITY and ENDACT directives. These directives serve the same purpose
as the PROC and ENDPROC directives described previously. The second difference between pro-
cedures and activities is that activities can not have any parameters associated with them. A call to
an activity is done using the DO.ACT directive described below rather than with a call instruction
(as is the case with procedures).

Following the definition of any procedures and activities is the mainline of the application task.
The mainline is started by the BEGIN directive just as in the case of the kernel file. However,
from this point, the MDA tool imposes a strict structure on the way the task mainline must be
programmed. The BEGIN directive is followed by an initialization state composed of the DO.ACT,
CALLP, and SETSTATE directives. These three directives make up the execution sequence of every
task state. The DO_ACT directive is similar to the call instruction in that it tranafers control to
a subroutine (specifically an activity), however it can not have any parameters associated with it.
NOTE: In any task state, the DO.ACT directive is optional. If no activity is to be done during
a task state then the DO_ACT directive may be omitted. However, the CALLP and SETSTATE
directives must always be present. The CALLP directive is used to call a system primitive defined
in the kernel file. It is exactly the same as the call instruction but it is used only to call primitives.
In fact, it is the only means by which primitives can be called from outside the kernel file. The
CALLP directive may have parameters associated with it. If in some state(s) there is no need to
perform any primitive function, then a “nilprim” primitive must be defined in the kernel which does
nothing but satisfy the requirements for the presence of the CALLP directive in every state. The
SETSTATE directive is used to specify which task state is to be executed the next time through the
task loop. It must specify the name of the next task state in the form of a string constant.

Following this initialization state, the main loop of the task is defined by the LOOP directive
at the top of the loop and by the ENDLOOP directive at the bottom of the loop. This is an
endless loop which is executed for the duration of the simulation. Within the main loop, the
STATESELECT...ENDSELECT directives serve as the case construct for selecting an execution
path based on the current task state that was set by the SETSTATE directive executed during the
last task cycle,

Inside the STATESELECT case construct are the definitions for all of the states in the task.
Each state is delincated by the STATE...ENDSTATE directives, The STATE directive gerves to
identify the location of the start of the state while the ENDSTATE directive branches to the bottom
of the loop at the end of the state. There can be any number of states in a task. Each state may
contain any number of conditicnal execution clanses, each delineated by the IF...ENDIF directives.
These directives are the same as their if and endif MDA instruction counterparts. The only difference
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EVERT <avent name>; {identifier}
INTERRUPT <interrupt number>; {integer 0-6}

TYPE <event type>;

PERIOD <event period>; {integer}
PROBABILITY <event probabilty>; {integer 0-100}
QUEVE <max. queue size>; {integer}

EVENT <event name>; {identifier}
INTERRUPT <interrupt number>; {integer 0-5}
TYPE <event type>;

PERIOD <event period>; {integer}
PROBABILITY <event probabilty>; {integer 0-100}
QUEUE <max. gqueue size>; {integer}

Figure A.9: Event File Syntax

is that the IF...ENDIF directives can not have an else clause. Once a particular state is entered, Each
IF directive in the state is checked. The body of the first one with a logical expression evaluating
to true is executed. NOTE: It is imperative that at least one of the IF conditions evaluates to true.
For this reason, it is good practice to have each state end with the following IF clause:

IF #true;

ENDIF;

This is the equivalent of an “otherwise” clause which is executed if nothing else is true.
Finally, the ENDTASK directive is required to mark the end of the application task.

A.5.4 Event File

All event file names must end with the suffix .evt. The event file is used to specify the number
and nature of the interrupts associated with each virtual processor. A single event file specifies the
interrupts for a single virtual processor. The event file has the format shown in figure A.9.

In order to allow a zomplete and realistic modelling of environmental events, the MDA system
allows for the specification of a large variety of event types. The events associated with each virtual
processor are specified by means of the event file which contains a number of directives. There are
gix different directives and all must be specified for each event. The directives are EVENT, INTER-
RUPT, TYPE, PERIOD, PROBABILITY, and QUEUE. The EVENT directive simply serves to
give a symbolic name to the event and the INTERRUPT directive associates a particular interrupt
line with the event. The interrupt number must be an integer in the range 0 to 5 corresponding to
the valid interrupt numbers.

The TYPE directive specifies whether the event is to be cyclic, sporadic, dependent, or delayed.
As such, the directive must include one of these identifiers as the <event type>. A cyclic event
occurs at regular intervals, For this type of event, the PERIOD directive specifies the number of
time units that must elapse between assertions of the event. For cyclic events, the PROBABILITY
must always be 100. A sporadic event is the opposite of a cyclic event in that it has no fixed
period but it occurs with a certain probability. As such, the PERIOD directive must be 0 while the
PROBABILITY directive must be in the range 1 - 100. The determinalion of whether an event with
probability less than 100 will occur during any cycle is based on a random number generator. A
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Figure A.10: MDA Input File Structure

random number between 0 and 100 is generated. If this number is less than the specified probability,
then the event will be raised during the cycle.

A dependent event is one that can be raised only through the execution of a cause instruction,
A dependent event, when used in conjunction with a task simulating the environment, provides an
effective means of modelling environment state dependent occurrences. A dependent event associated
with any processor can be raised by a cause instruction on any processor. Thus it ia possible to
dedicate a virtual processor to modelling the environment while the other virtual processors model
the proposed controller. Both the PERIOD and PROBABILITY of a dependent event must be 0.

Finally, a delayed event is one which alwaya occurs some time after another event. For this type
of event, the PROBABILITY directive is used to specify the interrupt number associated with the
event that the delayed event is to follow. As a result, the probability value must be in the range 0
- 5 (corresponding to the range of interrupts) and it must not be the same a3 the number specified
in the INTERRUPT directive. That is, a delayed event can not follow itself. A delayed event can
occur either a fixed amount of time after the triggering event or it can occur a random time interval
after the triggering event. In order to specify a fixed lag time, the PERIOD directive should specify
a value greater than 0. If the specified PERIOD is 0, then a random lag value of between 1 and 200
time units is selected. A different random value is chosen after each triggering event occurrence.

The final directive used to specify event parameters is the QUEUE directive. This directive is
used to specify the number of event occurrences that are to be queued for each event. A queue size
of 0 indicates that the event is volatile in nature and if not acted upon immediately, it will be lost.
A queue size of | indicates that the event is latched. The event occurrence will be saved until it
can be acted upon. Larger queue sizes indicate the number of occurrences that are to be saved.
For all events with queue sizes greater than 0, the ackint instruction must be used to clear an event
occurrence from the queue. If several event occurrences are queued, then several ackint instructions
must be executed to clear them.

A.6 File Structure and Loading Sequence

The input files required by MDA follow the hierarchical structure shown in figure A.10. Each of
these files consist of various directives along with the actual instructions of the MDA language as
described in the previous sections.

The actual loading of the user input files involves reading each line of the input file, compiling it
into an internal code format, an then loading it into its proper memory lovcation in the proper virtual
processor. The sequence of loading all the source files into the virtual processors closely follows the
hierarchical structure of the file system. An example of such a sequence is given in figure A.11.
The file loading process starts with the .sys file and then is interrupted by the loading of the first
.nod file specified in the .sys file. The loading of the .nod file is then temporarily interrupted by the
loading of the .knl file specified in the .nod file. Once the .knl file is loaded, the loading of the .nod
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Figure A.11: Input File Loading Sequence

file continues until it is again interrupted, this time by the loading of the .evt file. In other words,
loading always starts with the .sys file. As soon as a file name of a lower level file is encountered
during the loading of the current file, loading of the current file is temporarily suspended to load
the lower level file. Once the lower level file and all of its “child” files have been loaded, the loading
of the current file continues.

Of all the input files, only the kernel file and the task files actually generate any executable code.
This is because these are the only two files that contain any MDA language instructiona, All of the
other files consist only of directives that do not result in any compiled code. Each MDA instruction
is compiled into an internal format and loaded into the memory space of the appropriate virtual
processor. The kernel code is loaded starting at logical address 1000 in the virtual processor. Each
instruction occupies one code location. The kernel code can contain up to 1000 instructions.

The application code consists of the instructions of all the application tasks resident in the
processor. The code for cach task is londed starting at address 0 and continues until the end of the
task code is reached or until address 1000 is reached. That is, each task starts at logical address 0
and can have a meximum of 1000 instructions. The maximum number of tasks per processor is a
user modifiable constant. The fact that each application task is loaded starting at logical address 0
does not cause any interference as they are each loaded in different contexts. Again, each instruction
occupies one address location.

Because the MDA system requires all identifiers to be defined before they are used, a problem
can sometimes atise in the compilation of files that reference shared variables (those defined using
the SHARED directive). Shared variables can be referenced by any virtual processor and are defined
in any kernel file. Consider the following example. A shared variable var! is defined in the kernel
of node 2. This variable is referenced by an application task in node 1. The sequence of NODE
directives in the .sys file has node 1 declared before node 2. In the loading sequence, the application
task referencing var! will be loaded before kernel 2 in which the variable is defined. This will cause
a loading error in the application task. To avoid such situations, care should be taken to ensure that
ahared variables have been defined in kernels that will be loaded before any task (on any virtual
processor) using those variables is loaded. This can be ensured by defining all shared variables in
the kernel of the first node to be loaded.

A.6.1 File Structure Usage

The main motivations behind the MDA file system are encapsulation of functionality and software
reusability. The divisions between the five MDA input file types allow the system designer to inde-
pendently design application software, kernel software, define event characteristics, and configure the
system in terms of the number of processors. Because each of these specifications and configurations
is contained within one or more discrete files. it is very simple to experiment with different setups.
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For example, task to processor allocation is accomplished simply by moving the TASK directives
between .nod files. Similarly, different kernels can be tried in different processors by simply changing
the KERNEL directive in the appropriate .nod file(s). These are only two examples but the same
reasoning applies to all configurable aspects of the system.

Another benefit of the file system structure is that the same individual tasks, kernels, or even
complete nodes can be used in different places in the system by simply copying directives. In this
manner, the same task or kernel can be resident on each processor, for example. Also, standard
tasks and kernels can be saved in their approriate .tsk and .kn! files for use when needed.

As a consequence of its file atructure, MDA allows different user defined kernels to run on
different virtual processors during a simulation. In this way, the interactions of different types of
kernel functions can be directly observed. This flexibility in kernel design does not mean that a
system designer always has to program a kernel if it is only the application software behavior that
needs to be analyzed, It is possible to define standard primitives such as the semaphore signal and
wait or the standard Harmony primitives send, receive, and reply and keep them in a permanent
kernel file. This standard kerne!, once defined, can then be used as though it is a builtin part of the
MDA tool as far as the application software is concerned.

A.7 MDA Output Files

In addition to the MDA input files, there are two types of output filea produced by the MDA system.
The output files are the listing files and the siatistics file.

A.7.1 Listing File

As each of five input files is compiled and loaded, the MDA tool creates a listing file for each loaded
file. For example consider a system consisting of two processors specified by the files buf.sys, first.nod,
gsecond.nod, clk.evt, semal.knl, sema2.kn], taski.tsk, and task2.tsk. The hierarchical structure of
this file systemn is given in figure A.12. Note that the same tasks are resident on both processor 0
and on processor 1. The following listing files would be produced by the MDA tool in this case:
buf0.lis, first0.lis, clk0.lis, semalO.lis, task10.lis, task20.is, secondl.lis, clk1.lis, sema2L.lis, task11.lis,
and task21.lis. It should be noled that a .lis file is created for every input file. If the same file is
loaded into more than one processor, then more than one .lis file is produced for it. The name of the
Jis file is made up of the input file name, followed by a number indicating the processor on which it
was loaded, followed by .lis.

A listing file contains a copy of the input source file. Each statement in the source code is
sequentially numbered and accompanied by the address at which it was loaded in the given virtual
processor. Statements that do not generate any compiled code (such as most directives) do not have
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loading address locations associated with them. The load address localions are generated as each file
is loaded, The listing file is extremely useful in loading and running MDA simulations. In an error
occurs during the loading of a file, the MDA loader provided the sequential number of the offending
instruction. This information can be cross referenced with the listing file. Similarly at run time, if
an error occurs, the MDA interpreter provides the address of the instruction that caused the error,
Agein this information can be cross referenced with the listing file to find the cause of the problem.

A.7.2 Statistics File

At the start of a simulation run, the MDA aystem asks the user to enter the name of an output
statistics file. ‘This file is then used as the cutput for any fprint, flype, and flypecr instructions
executed by the virtual processors. In addition, all of the builtin and user defined statistics collected
by the prototype are copied to this statistics file during and at the end of each simulation.

A.8 Starting and Ending Simulations

Once all of the input files required by the MDA tool have been completed, the actual simulation
can begin. The MDA simulator is invoked by typing sim in the directory on which the executable
simulator file is resident, This action results in the following prompt:

REAL-TIME SYSTEM SIMULATOR

Enter System Descriptor File Name >>

This prompt should be responded to by typing the complete name of the system descriptor input
file. Once this is done, the following prompt occurs:

Enter Statistice File Name >>

This prompt should be responded to by entering the name of the file to which the user wants the
statistical information printed. If a file of the specified name already exists, it will be overwritten.
All of the input files required by the MDA system must be resident in the directory from which the
simulator has been invoked. Once the initial prompts have been satisfied, londing commences. The
loading process generates status lines Iike the following:

Loading System Descriptor File : buf.sys
Loading Node Descriptor File : NODE1.ned
Loading Kernel Descriptor File ¢ SEMA.knl
Loading Event Descriptor File : CiX.evt
Loading Task Descriptor File : PROD1.tsk
Loa..:ng Task Descriptor File : PROD2.tsk
Loading Task Descriptor File : CONS.tsk
Loading Node Descriptor File : NODE2.nod
Loading Kernel Descriptor File : SEMA_B.knl
Loading Event Descriptor File : CLK2.evt
Loading Task Descriptor File : PROD1.tsk
Loading Task Descriptor File : PROD2.tsk
Loading Task Descriptor File : CONS.tsk

ALL FILES SUCCESSFULLY LOADED - SYSTEM CONFIGURATION:

NODE: NODE1 NODE2
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KERNEL: SEKA SEHA_B

TASKS: KERN_TAS KERKL
PROD1 PROD1

PROD2 PROD2

CONS COoNS

Enter Simulation Time (0 to Abort) >>

This output serves to show the progress of londing. Once loading has been completed, the system
configuration is shown. Finally a prompt is displayed asking for the length of the simulation run
in units of time. The maximum value to this response depends on the data sizes used by the host
machine but will never be less than 2,147,483,647. Hopefully this will be enough for any purpose.
If the user wanta to abort the simulation immediately after loading, a simulation time of 0 can be
entered.

At the end of the simulation, a message is displayed indicating that the simulation has suc-
cessfully completed. In addition to this, a prompt is issued asking if the simulation time is to be
increased. If this ia the case, the user enters the additional amount of time required. If no extra
time is needed, then the user enters 0 to complete the simulation.

A.9 Run Time Debug Environment

The MDA tool provides a run time debug environment that can be used to monitor and modify the
execution of a running simulation. The debug environment is entered when the brkpt instruction is
executed during the course of a simulation or when the <CR> key is typed during the course of a
simulation. When either of these events occur, the following information is printed to the terminal:

Current Execution Status:
Elapsed Execution Time t 12346
Requested Execution Time : TTTTI727
Currently Executing in NHode : NODE1
Virtual Processor Time s 2274
Currently Executing in Task : PROD2
Last instruction executed at code location : 46
Last Instruction Executed : MOVE
Current PC Value s 47

V¥(alues, S{tep, G(roup step, E{vents, C(ontinue, Q(uit >>

The elapsed ezecution time gives the amount of simulated time that has elapsed in the simulation.
The requesied ezecution time gives the total requested length of the simulation. The currently
ezeculing in node field specifies the name of the virtual processor on which the last instruction was
executed. Virtual processor time gives the time elapsed on the virtual processor specified in the
“currently executing in node” field. Currently ezeculing in lask gives the name of the task which is
the current context on the name virtual processor. The last three fields are self explanatory.

Following the information dump is a menu line that specifies the options available to the user
and waits for a reply to the prompt. Each of the options is invoked by typing the first letter of
the option. The step option allows single stepping through the program instructions one at a time.
After each instruction is executed, the user is returned to the debug environment, The group step
option is similar except that it executes a number of instructions before returning to the debug
environment. The number of instructions is specified by the user in response to a laler prompt. The
continue option simply resumes execution from the point of interruption. The quit option causes
the simulation to terminate.
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The values option allows the user to examine the contents of any type of variable declared in
any scope of the modelled system. Once this option is chosen, the debugger prompis for the scope
of the required variable. ‘This can be any one of L{ocal, G(lobal, or S(hared. The user must respond
with L, G, or S to this prompt. If the variable is local or global, another prompt is issued asking for
the name of the virtual node (processor) in which the variable is defined. If it is a local varinble, a
third prompt is issued asking for the name of the task in which it is defined. Finally, for all variable
scopes, a prompt is issued asking for the name of the variable, The variable name entered can be
qualified if the variable is of a user defined type. If the variable is found, its current value is printed
to the screen along with its type and its size. In the case of user defined types, a hexadecimal dump
of the structure contents is given allowing the user to find the individual fields within the structure.
(Specific base type fields can be printed normally by qualifying the structure name). In the case of
stacks and queues, each element of the stack or queue is printed along with its position (and priority
in the case of queues). After the option has been completed, the user is reburned to the main debug
menu.

The events option allows the user to observe and modify the data associated with any event
defined in the system. When this option is invoked, it prompts for a virtual processor name and an
interrupt number. After these items have been entered by the user, all of the characteristics of the
interrupt (event) are displayed including:

1. Event type,

Name,

Handler location,

Period (for cyclic events),

Current count (for periodic events),
Maximum queue size,

Number of such event occurrences currently queued,

The interrupt’s active state,

© 0N e o 8N

Probability {(for sporadic events},
. The interrupt that is to be followed (for delayed events),
11. The delay period (for delayed events)

—
o

After these values are displayed, the user is free to change them using the events menu. Once
the events option is complete, the user is returned to the main debug menu.
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A.10 MDA Statistics Facilities

In recognition of the fact that prototypes built using the MDA tool will need to be evaluated and
compared to other such prototypes, the 31DA system contains a number of builtin staistics that ai:
automatically gathered and printed t&*che statistics file at the end of the simulation. In addition,
MDA provides facilities for the user to program his or her own statistics gathering functions as part
of the kernel or task code using staadard MDA instructions.

A.10.1 Builtin Statistics

Data belonging to the builtin class is aulomatically collected by the MDA interpreter and is fixed
for all application prototypes. Several such statistical items are gathered by the MDA interpreter
during the course of the execution:

1. Numer of Virtual Processors. This data is simply recorded after all files have been loaded.

2. Total Memory Conflicts. This item represents the number of times that two or more
processors accessed shared data variables (either for a read or a write type operation) during
the same cycle of the MDA execution engine. This data is also broken down by shared data
varizble. That is , data is collected on the number of access conflicts on a per variable basis.

3. Total Shared Memory Writes, This item represents the number of times each shared
memory variable was overwritten. It is collected on a per variable basis.

4. Final CPU Time. This data gives the final elapsed CPU time for each virtual processor.

5. Context Switches. This data shows how many context switches took place in each virtual
procesgsor during the courae of the simulation.

6. Task Data. The number and identities of all tasks is also recorded on a per processor basis
after all of the MDA files have been loaded.

7. Maximum and Average Queue Lengths. For every queue or stack variable defined by
the user in the prototype and for each event queue defined to be of size greater than 1, the
MDA interpreter keeps track of the maximum number of elements contained in the stack or
queue (list) over the course of the simulation and the average number of elements held in the
list. This average is determined by calculating a weighted length:

mazien

3" length x timetengin
length=0

in which length is the length of the list and time is the elapsed time for which the list had a
size of length. The average list length is then be calculated by dividing the weighted length
factor by the tota] elapsed virtual CPU time.

At the end of the simulation, all of these statistica are autematically formatted and copied to
tie statistics file.

A.10.2 User Collection of Statistics

In realization of the fact that it is impossible to predict all the types of data that may be needed
for the complete analysis of a particular application, MDA allows users to program the collection of
their own statistics using the same environment and instructions used to program the system model.

Every MDA instruction that is not part of the prototype but is programmed only for user
data collection should be preceded by an asterisk (*). This signals to the interpreter that the
cotresponding instruction is to be executed but it is not to take any virtual CPU time. Further,
to prevent problems in interprocessor instruction execution timing, all such consecutive instructions
on any processor are execuled contiguously without the normal interleaving through each virtual
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_processor after each instruction. Thus each black of data gathering instructions is executed as an
atomic entity that takes no time to run.

The second item that needs to be addressed with user programmed statistics gathering is how
the data is to be communicated to the outside world, The data collected by the prototype is stored
in the data structures declared within the model through the VAR and SHARED directives. In
addition to these, there is a STAT directive. This directive is used in exactly the same manner as
the VAR directive. A STAT variable can be used for any purpose but at the end of a simulation
run, MDA goes through all STAT variables and copies their names and values to a user specified
output statistics file. If the STAT variable is of a user defined type, the value of each field is copied

to the statistics file. An example of code for a statistics gathering function along with its results is
shown in figure A.13,

A.10.83 Simulated Time

Many of the user defined statistics used in MDA simulations need some type of time basis. In the
MDA environment, each instruction execution requires 1 unit of regardless of the type of instruction.
As such, each instruction execution increases the virtual processor time by one unit. The only
exception to this situation arises when an instruction is preceded by an aaterisk. The execution of
these instructions does not require any virtual cpu time. In addition to instruction execution, virtual
cpu time is incremented by any specified value using the the ticks instruction. This instruction is
used to simulate actions that require some amount of time. To facilitate user statistics gathering,
timestamps are taken using the time instruction which returns the current virtual cpu time.

A.11 MDA System Configurability

The MDA tool has been implemented in both UNIX/C and Turbo C. As such the tool can be
run both on DOS based machines as well as UNIX based machines. The two implementations are
very similar except that due to memory restrictions on the DOS based machines, the Turbo C
implementation is useful for only small simulations vsing one or two virtual processors with three
or four tasks each. In order to allow fast simulation times, all of the compiled code for each virtual
processor is resident in the main memory of the host machine at all times during the simulation.
Thus the number of tasks and virtual processors is limited only by the memory capacity of the host
machine.

The MDA source code comes as a series of C language files, each of which can be separately
compiled. One of these files utiltypes.h, contains all of the type declarations global to all of the MDA
C source files. Included in this file are & number of C g#define directives that specify the constant
values to be used in determining the size of the simulations that can be supported by the MDA
tool. To configure the tool to run larger simulations or to allow the tool to run on host machines
with limited memory, These constant values can be changed and the system recompiled to produce
a more suitable object file. These constants are defined in the following list.

1. MAX_NODES - This constant defines the maximum number of virtual processors that can
be configured. (Standard Value: 5).

5. MAX_TASKS - This constant defines the maximum number of tasks that can be defined
per virtual processor. (Standard Value: 20}.

3. MAX_IN'TS - This constant defines the maximum number of interrupts per virtual proces-
sor. {Standard Value: 6).

4. MAX INT.Q - This constant defines the maximum size to which an event queue can be
configured. (Standard Value: 10).

5. MAXCONSTS - This item defines the maximum number of constants Lhat can be expected
in the input files. (Standard Value: 300).

6. MAX_SHARED - This item defines the maximum number of structures or variables that
can be defined in shared memory. (Standard Value: 50).
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PROCEDURE sched_rtr_task (rtr_pcb : t_pcb)

This procedure accepts a process control block and
adds it to the ready to run gueue in a prioritized
H fashion.

- e e

PROC sched_rtr_task;
*time start_sched;
pop taskstk, rtr_pch;
move #/ready/, rtr_pcb.status;
addq r+tr_pcb, rtr, rtr_pcb.priority;

it (rtr_pcb.priority > curr_tcb.priority);
pop taskstk, ret_pc;
pop taskstk, ret_pc
meve ret_pc, curr_tcb.pent;
move taskstk, curr_tch.stk;

move #/ready/, curr_tcb.status;
addq curr_tcb, rtr, curr_tcb,priority;

#*time end_sched;

+gub  end_sched, start_sched, elapsed;
*ftype #/Time Spent in Scheduler: /;
*{typecr elapsed;

call run_rtr_task;
endif;

*time end_sched;
*gub  end_sched, start_sched, elapsed;
+ftype #/Time Spent in Scheduler: /;
*ftypecr elapsed;

ENDPROC;

futput Produced in Statistice File:

Time Spent in Scheduler: 24

Figure A.13: User Statistics Gathering
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7. MAX QUEUE - This constant defines the number of quenes or stacks for which huiltin
statistics will be kept. More than this number of queues and stacks can be defined and used
but builtin statistics will not be kept for them. (Standard Value: 50).

8. MAX_EV_Q - This constant defines the number of event queues for which builtin statistics
will be kept. More than this number of event queues can be defined and used but builtin
statistics will not be kept for them. (Standard Value: 15).

All of the standard values provided in the above list are for the UNIX/C implementation of
MDA running on Digital Equipment Corporation RISCatations.

A.12 Complete MDA System Example

The following example shows the contents of all of the files that would be needed by MDA to model
a simple producer consumer problem using a single virtual processor. The producer tasks PRODI
and PROD2 send data items to a consumer task CONS, After they have done so, they change their
task priorities. The data exchange is done using a semaphore based kernel.

A.12.1 The System Descriptor File

The system descriptor file buf,ays would contain the following:
i Producer Consumex Problem Using Semaphores

H

NODE nedel}

A.12.2 The Node File (nodel.nod)

; BODE1 FILE
KERNEL sema;
TYPE t_sema = count ! integer *; wmemaphore counter
vait.q ! quense; semaphore wait queue
VAR buf_aveil, t_sema; semaphores tsed by application tasks
VAR mutex, t_semaj

VAR ttem avail, t_sema;

BVENT olk; only externel event is clock intexzupt

TASE predl, 503
TASK pred2, 50;
TASK cons, 1003

ENDKODE;

A.12.3 The Event File (clk.evt)
svent glocks

intexrupt O;

type cyelic

period 7

probability 100;

queue 1 latched event

A.12.4 The Kernel File (sema.knl)

2 KEREEL CODE FOR SEMAPHORE OPERATIONS
i

KERKEL semn;
TASK kern_task, BO;
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TYPE t.pcb = name string #; Process Control Block - task name

status : string ¢; task status

prioc 1 integer »; task priority

pent ¢ integer »; task program countex
stk t stack} task stack

TYPE t_buffer = size:integer, buf_item:queune; Buffer Type

VAR u:gl. stack;

VAR  tlist, stuck}

VAR  semptr, string;
VAR  wsemcnt, integer;
VAR  w_pe, integer;
VAR no_proomiz, boclean;
YAR ret_pc, integer;
YAR t_wait_q, queue;
VAR  temp_pcb, t_pcb;
VAR  pcb_name, string;
VAR  sp_prio, string;
YAR  br_chk, integer;

VAR cont, integer;
VAR nil_quets, quene;

YAR  error, boolean;
VAR ncw_pec, integer;

YAR sc.args, stack;
VAR wo_tlist, stack;
VAR  rtr_peb, t_pcb}
VAR rtr_prio, integer;
VAR cur_prilo, integer;

YAR parms, stackj
YAR  templist, stack;
VAR  tempstr, string;

VAR  t_proclist, queue;
VAR  cur_pob, t_pcb;

VAR rtr, quens;

VAR  buf_list, t_buffer;
VAR  buffer, queus;

; This procedure picks the next task from th ready to run queus
1 for execution.

PAOC run_rtr.task;

sineq rtr, br_chk;
if (br_chk <= 20);
printcr #/ERROR: NO RTR PROCESSES/;

elq rtx, cur_peb;

move #/running/, cur_pcb.status;
move cur_pcb.neme, pcb _name;
cxtsy our_pcb.name;

move cur_peb.stk, taskstk;

enable #0;
move cur_pcb.pent, pe;
endif;
ENDPROC;

{ This procedure adds m task to the remdy to run queus according to
; its priorisy. PARAMETERS: €@pcb : atring;

PROC mched_xtr_task;

pop tuskstk, rtr_pch;
move #/reundy/, rtr_pchb.status;
addg rtr_peb, rtr, rtr_pcb.prio;

if (rtr_pch.pric > our_peb.prio);
pop taskstk, ret_pci
move Iet_pe, cur_pcb.pent;
move taskstk, cur_pchb.stkj
move #/ready/, cur_pcb.stetus;
addy cur_peb, rtr, eur_pcb.prio;
eall run_rtr_task;

printer #/ERROR: SCHEDULE TASK/;
halt;
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endif;
ret}
ENDPROC;

{ This is the clock interrupt haundling primitive.
PRIM eclk_hnd;

disable #0;
ackint #0;

printcr #/clock interrupt occurred./;
pep taskstk, v_pci
move w_pc, eur_pob.pent;
move taskstk, cur_peb.stk;
move #/cendy/, cur_pchb.status;j
addq our_pob, rtr, cur_peh.prie;
call run_rtr_task;

ENDPRIN;

PRIM nilprim;
ENDPRIN;

+ This primitive allovs the culling task to set its own priority.
i PARAMETERS: sp_pric : integer;

PRIM setpri

disable #0;

pop taskstk, sp_prio;

move Qap_prio, cux_pcb.prio;
sizmeg rtr, br_chk;

1 Preempt task if it no longer of highest priority
if (br.chk > #0);

move rty, t.wait_q;

delg t.uait_q, temp_pcbj

i? (temp_peb.prioc > cuxr_pecb.prielt
pop taskstk, ret_pco
move ret_pc, eur_pcb.penti
move taskstk, cur_pcb.stk;
move #/rendy/, ctr_pch.status;
eddq cur_pcb, rtr, cur_peb.pric;
enll Tun_rtr_tusk

printcr #/ERROR: SETPRI/;
halt}
endif;

endif;
ENDPRIN;
; This procedure llows a oalling task to get its current prierity

; PARAMETERS: @sp_prio : string; {pointer to losation where priority
H value is to be placed}

PRIN getpris
disable $0;

pop taskstk, sp_prio;
move cur_peb.prio, €sp_prio;
snable #0}

ERDPRIM;

; The following twc procedures allow the calling task to add items to
+ the buffer gueue and to remove items from the buffer queus.

PRIN putbuf;

pop tuskstk, tempstr;

addg Qtempstr, buffer, $100;
EXDPRIN;
PRIN getbuf;

pep taskstk, tempaty;

delq buffer, Ctempstr;
ENDPRIM;

{ This is the initialize semaphore primitive,
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PRIM initam;

disuble #0;
pop taskstk, cnt;
pop taskstk, semptr;
move ent, Qsemptr.count;
move nil_queus, Ceemptr.wait_q;
snubls %0;
ENDPRIN;

; This is the semaphore WAIT primitive
PRIMN waitsm;

disnble #0;
pop taskstk, semptr;
if (Csemptr.count = $0);
move #/wait/, cur_pchb.status;
pop taskstk, w_pci Pop Return Address From Stack
move taskstk, cur_pab,.stki
move W_pe, cur_pcb,pont;
addq cur_pch, €semptr.wait_q, #100;
cnll run_rtr_tesk;

printer $/ERROR - WAITSM/;

helt;
else;

sub CGsemptr.count,81, Csemptr.counti
endif;

anable RO}
ENDPRIN;

{ This is the semaphore SIGNAL primitive
PRIM sigem;

dissble #0
pep taskstk, memptri
sireq (@semptr.wait_g, br_chk;
if (br_chk = %0);
nd #1, Csemptr.count, Csemptr.count;
else}

delq €semptr.walt_g, temp_pecb;
cull sched_rtr_task, temp_pch;
sndif;
snable #0;
ENDPRIM;

BEGIN; { Task Mainline }
disable #0;

move tasklist, t_proclist;
sizeq t_priclist, br_chk ;
move currtask, tempstr;

while br_chk <> £0;
delq t_proclist, pcb_nams;
¢xtavw pcb_name;
move taskstrt, temp_pcb.pent;
move pcb_name, temp_pch.name;
move $/ready/, temp_pch.status;
move ourrprie, temp_pcb,prio;
move ‘taskstk, temp_pcb.stk;
addq temp_pch, rtr, currprio;
sizeqg t_proclist, br_chk;
sendwhile;

cxtsw tempstr;

call initem, #/mutex/, #i;
call dinitem, #/buf_aveil/, #2;
call initsm, #/item_avail/, #0;

bind clk_hnd, %0;
call run_ttr_task;

printcr #/ERROR - KERNEL TERMINATING/;

ENDTASK;
ENDRERNEL;
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A.12.5 The Task Files

This section contains the code for the three application tasks: PRODL, PROD2, and CONS. Each
is pregented in its own subsection.

A.12.5.1 The prodl.tsk File

: PRODUCER TASK 1 CODE

VAR counter, integer;
VAR myprior, integer;
VAR deltm, integer;

ACTIVITY inité
move 810, delt -,
move %G, courter;
BRDACT;

ACTIVITY startuct;
add counter, #1, counter;

print #/Produced MNessuge - /;
printer counter;

ENDACT|

ACTIVITY pxrtsent;
print currtask)
print #/ Sent Hessage - /;
printer counter;

ENDACT;

ACTIVITY updprie;
if {myprior >= #70);
move #-10, delta;
alse}
move #10, delta;
endif;

add mypriex, delta, myprior;
BADACT

ACTIVITY prtpris
print  ocurrtask;
print #/ Priority = /;
printer myprioxi
ENDACT;

BPEGIS
DO_ACT init;
CALLP nilprim;
SETSTATE #/staxt/;

LDDP*
STATESELECT;

STATE start;
Ir

ttruO{
DO_AC starsact;
CALLP vaitsm, #/buf_avail/;
SETSTATE $/wnit/;
ENDIF;
ERDSTATE;
STATE walt:
IF strue;
CALLP wveitem, #/mutex/}
SETSTATE $/stoze/}

ENDIF;
ENDSTATE;
STATE stoxe;
#true;
CALLP putbuf, #/counter/}
SETSTATE t/getprio/;

ENDIF;
ENDSTATE;

STATE getpzio;
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IF Btrus;
0_ACT

present;
CALLP getpri, 8/mypriox/;
SETSTATE #/udjprie/;
EEDIF;
ENDSTATE}
STATE wdjprio;
IF #trus:
po_act updprio;
CALLP setpri, #/myprioxr/;
SETSTATE #/prprios/
BEDIF;
ENDSTATE;
STATE prprioc;
IF $trus
nu_lc* prtpriy
CALLP sigsm, #/mutex/;
SETSTATE #/utavail/;
ERDIF;
ENDSTATE;
STATE wtawail;
IF #true;
CALLP sigsm, #/item_avail/;
SETSTATE #/start/;
EBNDIF;
ENDSTATE;
ENDSELECT;
ENDLOOP
ENDTASK;

A.12,5.2 The prod2.tsk File

i
; PRODUCER TASK 2 CODE
¥

VAR  counter, integer;
VAR myprior, integer;
VAR  deltm, integer;

ACTIVITY 1nit&
move #10, delta;
nove 01060, counter;
ENDACT;

ACTIVITY startact;
add counter, ¥1, counter;
print #/Produced Message - /;
printcr counter;

BEDACT}

ACTIVITY prisent;
print currtask;
print #/ Sent Message - /;
printer counter;

BIDACT;

ACTIVITY updprio;
1 (myprior < #70);
move #10, delta;
slse;
move #-10, delta;
endif;

add myprior, deltms, myprier;
EXDACT;

ACTIVITY prtpri;
print currtask;
print %/ Priority = /;
printcr myprior;
BNDACT;

DO_ACT init;
CALLP nilprim;

SETSTATE #/start/;
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LDDP*
STATESELECT;
STATE start;

IF #tzue;
po_act stertact;
CALLP waitsm, #/buf_avail/;
SETSTATE #/onit/;
ERDIF;
ENDSTATE;
STATE wait;
I strue;
DO_ACT nilect;
CALLP waitam, #/mutex/
SETSTAIE 8/store/;
ENDIF;
ENDSTATE;
STATIE store;}
IF #tTue
Do_k nilmct;
CALLP putbnf, #/countexz/;
SETSTATE  $/getprio/;
ENDIF;
EEDSTATE;
STATE getprio;
IF atrua&
DO_A present;
CALLP getpri, $/mypriox/;
SETSTATE  #/adjpriec/;
ENDIF;
ENDSTATE]
STATE adjprio;
IF #true
DO_AC updprio;
CALLP setpri, #/mypriox/;
SEISTATE  #/prprioc/;
BEDIF;
ENDSTATE;
STATE prprio;
IF #true;
DO_ACT prtpri;
CALLP sigsm, #/mutex/;
SETSTATE #/utavail/y
EBDIF;
ENDSTATE;
STATE wtavail;
IF #true
D0_AC nilact}
CALLP sigem, #/item_uvail/;
SETSTATE #/start/
EXDIF;
ENDSTATE;
ENDSELECT;
ENDLOOP
ENDTASK}

A.12.5.3 The cons.tsk File

; COBSUMER TASK CODE
]

VAR counter, integer;
VAR mypriox, integer;
VAR dummy, integer:
VAR  limit, integer;
VAR tmtk, stack;

ACTIVITY init;
print currtask;

printer #/ Waiting to Receive Message./;
ENDACT

ACTIVITY prmsg;
print currtask;
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print t/ Received Mensage - /;
printer counter
ERDACT}

ACTIVITY updprioj
sub myprior, #20, myprior)

STATE wtmutex;

IF ltruE*
DO_A
CALLP
SETSTATE

ENDIF;

ENDSTATE;
STATE gbuf}

IF #trus
DD,AC%
CALLP
SETSTATE

ENDIF;

ENDSTATE;
STATE deprie;

IF $trne;
po_ict

CALLP
SETSTATE

EEDIF;
ENDSTATE;
STATE sdjprios

eaitem, #/item_avail/;

ENDACT;
ACTIVITY pranprio;
print  currtask;
print 8/ Priority = /[
printecr myprior)
ENDACT;
BEGIN
DO_ACT nilact;
caiLp nilprim;
SETSTATE #/start/;
LOOP;
STATBSELECT;
STATE atart;
IF strue
DO_AC init;
CALLP
SETSTATE #/etmutex/}
ENDIF;
EEDSTATE;

nilact;
waitsm, #/mutex/;
#/gbut/;

nilact;
getbuf, #/countez/;
#/dopzic/;

PrRsg}
getpri, #/myprior/;
8/edjprio/;

IF myprior > #40;

DO_ACT updpriot
CALLP setpri, #/myprior/;
SETSTATE #/prprio/y
ENDIF;
IF myprior <= $40;
CALLP nilprim;
SETSTATE  #/prprio/;
BEDIF;
ERDSTATE}
STATE prprie;
IF Strue;
- praprio;
CALLP sigam, #/mutex/;
SETSTATE #/utbut/;
ENDIF;
ENDSTATB;
STATE wtbuf;
IF #true
DO_A nilact;
CALLP sigam, #/buf_avail/;
SETSTATE s8/utart/;
ERDIF;
ENDSTATE;
BHDSELECT:
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ENDLOOP
ENDTASK;
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Appendix B

Prototype Source Code

This appendix contains the Design-Aid language source files that were used to model the systems
described in the thesis, Because there were a large number of prototypes developed, the source code
has been divided into sections and is presented in the same order as it was encountered ir chapter 6.

B.1 Application Software Partitioning

This section contains code for the software partitioning process. The node descriptor file, kernel,
and IDLE task code were used in all examples of this section. Their code is presented below.

B.1.1 Node File

NODE FILE

t_trace_elt.act Values: #1 - Msg Sent
#2 -~ Msg Accspted
83 - Shared Datm Write
#4 - Shered Data Read
= Response Ont
#8 - Event Txigger
#7 - Start Read Delimiter
#8 - End Read Delimiter
#9 -~ Start Msg Delimiter
#10 - End Msg Delimiter

H
i
i
H
H
1
i
i
i #6
i
i
i
H
i
¥
5

GLOBAL TYPE DEPINITIONS

TIPE t_trace_elt = node_name:string +;
tosk_neme:string +;
act tinteger *; Action to be done

time tinteger »; Tims of occurrence
miscl tinteger #;
misc2 tinteger;

TYPE t_msg_elt = data t integer »;

tro_size : integer; No. of uwssociated trace elts

ViR nod_name, string ; Symbolic node name
EVENT clk;

KERNEL baseb;

TASKE ti, 614

TASK  ¢2, 50O
TASK  ¢3, 5Oy
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TASK  idle, 13
ENDNODE;

B.1.2

: KERNEL CODE FILE

i
]

KERNEL bassb;
TASK kern_task, 6O}

TYPE +_tch_stats -
TYPE t_shared_stuts =
TYPE t_tcb L)

TYPE t._q = list : guene #»;
trace: quete *}
vait t gneus;

} Messuge quenes

Kernel Code

rdy_time : integer *; Total ready time
run_time : integer #; Total run time
wt_time ¢ integer #; Total blocked time
staxrt t integer #;

and t integer *;

Tesp.q ! quede 3 of t_trace_elt
data_trace tqueus ; of t_trace_elt
name : string * t task name

num 1 integer #;

status : string * i task state
priority: integexr o ; prioriey

pent @ integer # { program counter
m_welt : string ¢ 1 queue waited upon
slt_str: string * ; Tov mag olt
ME_in H i.nhgor . 1 signel for msg rx
st 1 steck * ; local task stack
[ 3] 1 t_tco_stats ; task control block

actuel queue

VAR qi, t_q;

VAR q2, +_q}

VAR q3, t.qi

VAR q4, t_q;

VAR g6, t_q;

VAR g8, t.q;

VAR q7, t_q)

VAR qB, t.q;

VAR qB, t.q;

VAR qi10, t.q;

VAR qi1i1, t_q;

STAT wsends, integer;
STAT os_ovhd, integer;
VAR  start_os, integer;
VAR end_os, integer;
VAR rdy_str, string;
YAR wt_str, string;
ViR run_str, string;
VAR  end_str, string}
VAR swalt , queds}
VAR wt_chk, integer;
VAR msg_str, strings;

VAR
VAR
VAR
VAR
VAR
VAR
VAR

dent_stzr, string;
temp_ tch, t_ taob;
temp2_tob, t_tchy
ret_pc, integer;
tmp_stk, atack;

got_msg, integer;

num_parms, integer;

{ Global Kernel Variables

VAR curr_tcb, t_tcb

list of trace elelments of msg elements
1list of tcbs waiting for queus element

current task control block

VAR
VAR
VAR
VAR
VAR

proclist, queus
br.chk, integer
tempatr, string;
teb_name, string;
rtr, queus

- wa e wh W me

copy of task name list
branch condition check
temporary string value
current task name;
ready to run quene;

1 Variables for response_update procedure
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VAR
ViR
VAR
ViR
VAR
ViR
ViR
VAR

VAR

VAR

action, integer
trace_elt, t_trace_elt
msg_elt_name, string
dest_elt_name, string
delim_elt, t_trace_slt
q.size, integer
data_name, string
temp_q, queue

- we e e G s

action requested in responsze_update
ney response trace element

name of meg elt for response trace
nane of meg quene

nmeg or data trace delimiter

size of truce queue

name of shared date veriable

data response queus copy

VARIABLE declurations for procedure RUN_RTR_TASK

error, boolean;

S5et if no Teady processess

VARIABLE declurations for precedure SCHED_RTR_TASE

rtx_pch, t_ tob}

PCB to be scheduled

; PROCEDURE response_update {Cname : string;

H action: integer)

i

} This procedurs updates the Tesponse trace quenes
PROC response_update;

4pop tasketk, action;

*move nod_name, trace_ elt.nods_name}
smove ourr_tch,.name, trace_elt.task_nume;
stime trace.elt.time;

*move nction, trace_elt.act;

«if (mction = #1); SEXD MSG

+pop tllklti’.. dest_elt_name;

*pop taskstk, mag_elt_name;

saddgq trace_elt, curr_tcb.sts.resp_q, #1;
smove curr _tcb.sts.resp_q, temp_q;
*sizeq temp.q, q._size;

smove q_size, Cmsg_elt_name.trc_size;

sghile {q.size > %0);

+delq temp_q, trace_elt;
saddq trace_elt, Cdest_slt_name.trace, ¥1;
«sizeq <temp_q, q.size;
sondyhile;
wandif;

*if (mction = #2) RCY HSg

*pop taskatk, dest_elt_neme;

*pop taskstk, meg_slt_name;

smove trace_elt, delim_elt;

*addq trace_elt, curr_tocb.sts.resp_q, #1;
'move #96, delim_elt.unct;

*addq doii.m_olt, curr _tcb.sts.resp.q, #1;
*move Cmag_elt_name.trc_size, q_size}

syhile (q_size > #0);
tdelq Qdest_elt _name.trace, trece_elt;
vaddg trace_.elt, curr_tch,sts.resp_q, #1;
*sub q.size, %1, q_size;

sendwhile;

smove #10
*addq del
sondif;

sif (mction = 23);
*pop

delim_slt.mct;
_e#lt, curx_tcb.sts.Tesp_q, #1;

DATA WRITE
tukntﬁ. data_name;

saddq trace_elt, curr_tcb.sts.resp_q, #1;

smove  curr_tcb.sts.resp_q, Odate_name.state.trace_q;
sendif;
oif (nction = #4); DATA READ

*pop taskstk, datn_name;

snove  trace_elt, delim_elt;

saddg trace_elt, curr tcb.sts.resp_q, ¥1;

‘move #7, delim_ elt.nct;

+addq doiin_olt. curr_tcb.sts.Tesp.q, ¥1;

*move @data _neme.stats.datn_trace, temp_q;

+sizeq temp_q, q._size;
suhile (q.size > 20);
*delq temp_q, trace_elt;
*addq trmce_elt, curr_tcb.sts.resp_q, ¥i;
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*sizreq temp.q, q.#ize;
sanduhile;

smove #8, delim_elt.act;
del

saddq im_elt, curx_tcbh.sts.resp.q, ¥1;
sendif;
»if (mction = $5); RESPONSE OUT

s*pop taskstk, trace_elt.miscl;
saddg teace_elt, curr_tob.sts.Tesp.q, ¥1;
spigen curr_tcb.sts.resp_q, q_size;
wvhile (q_size > #0);
idol} curr_tchb.sts.resp_q, trace_slt;
*#fprint trace_elt.tnsk_name;
+fprint trace_slt.act;
sfprint trace_elt.time;
snizeq ocurr_tcb.stu.resp_q, q.mize}
ssndehile;
sfprint end_stry
wyndif;

sif (action = #6) EVENT TRIGGER
*pop taskstk, trace_elt.miscl;
setime trace_elt.mlsgl, t:aco_olt.mhc!‘
saddq trace_elt, curr_tob.sts.resp.q, #1;
vendif;

ENDPROC;

i
i
H
i
i
}
b

PROCEDURE run_rtzr_task

This procedure tekes the first ready to run task off the rtr

quene (this is the one with the highest pr
its saved state into the current processor
noe ready to run tasks, then an error messa
the Xernel terminutes.

PROC run_rtr_task;

sizeq rtr, br_chk;

IF (br_chk = 80);
printor #/ERROR: NO RTR PRUCESSES/;
halt;
ELSE;
delq rtr, curr_tecbj
move curr_tcb.name, tcb_name;
cxtasy tob_nome;
move curr_tcb.meg_in, got.msg;
stime curr_tch.sts.end}
ssub ourr.tcb.sts.end, curr_tcb.sts.start,
sadd curr_tch.sta,start, curr_tcb.sts.rdy_
smove curr_tcb.sts.rdy_time, @rdy_str;
smove curr_tcbh.sts.gt_time, Cut_str;
stime curr_tcb.sts.start;

move #/running/, curr_tcb.status;
move c¢urr_tob.stk, taskstk:;
atime end_osm;

egyb end_os, start_os, start os;
sadd atart_os, os_ovhd, os_ovhd

snable #0;
move curx_tcb.pent, poj
ENDIF;
ENDPROC;

1
i
H
i

PROCEDURE sched_rtr_task (rtr_peb : t_pcb)

This procedure rocepts m process control ble

iority) and copies
state. If there are
ge is printed and

curr_tchb.sts.start;
time, curr_tcb.sts.zdy. time;

ck and adds it to

the ready to run quene in a pricritized fashionm.
PRNC sched_rtr_task;

pop  tamkstk, rtr_pch;
nmove #/rendy/, rtr_pcb.status;

stime rtr_pchb.sts.end;

#sub rtr_pcb,sts.end, rtr_pob.sts.start, rtr_pcb.sts.start;
spdd rtr_pch.sts.start, rtr_pcb.sts.vt_time, rtr_pch.sts.wt_time;

*move tuskstk, tmp_stkj
stime rtr_pob.sts.start;

addq rtr_peb, rtr, rtr_pcb.priority;
i? (rtr_peb.priority > curr_tcb.prierity);
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pop taskstk, ret_pcj
pop taskstk, ret_po
move Tret_pc, curr_tcb.penti
move tuskstk, curr_tcb.stkj

stime curr.tch.sts.end;

sgub  curr_tcb.sts.end, curr_tob.sts.start, curr_tcb.sts.start]

sadd ourr_tch.sts.start, curr_tcb.sts.run_time, curr_tcb.sts.run_time;
‘move uurr-tob.sts.:un_tluo. orun_stri

stime gurr_tcb.stsz.start;

move #/rendy/, curr_tcb.status;
addq curr_teb, rtr, curr_tcb.priority;
call run_ttr_task}
halt;
endify
ENDPROC;

4 PRINITIVE nilprinm
3

H This primitive performs a dunmy opsration

PRIM nilprim;
EXDPRINM;

t PRIMITIVE send

: This primitive performs & nonblocking send operation

PRIM send;
digable 80;
sadd %1, sends, sends;
#time start_os}
Pop taskstk, msg_str;
pop taskstk, dent_str}

call responsse_update, msg_str, dest_str, #1;
addg Csg.sty, Odent_str.list, #1;

sizeq Gdest_str.wait, br_chk;

IF (br_chk > 80);
de Gdest_str.veit, temp_tcb;
onll sched_rtr_task, temp_tcb;

BLSBi
sizeq swalt, br_chk;
IF (br_chk > 80);
delq suait, temp_tcb;
IF (temp_tcb.msg_in = #$1};
move  temp_tcb.m _vait, dest_str;
sizeq QOdest_str.list, br_ohk;
IF (br_chk > #0);
move #2, temp_tob.msg in;
call sched_rtr_task, temp_tcb}
ENDIF;

SE
lédq temp_tcb, svalt, temp_tob.prioritys
ENDIF;
EEDIF;
ENDIF;

s5ime end_osng
egub end_ox, sturt_o-& start_os}
1]

sndd sturt_os, os_ovhd, os_ovhdi
anable 30
ENDPRIN;

3 PRIMITIVE sand

i
i This primitive performs n blocking receive operation

PRIN reov;
disable #0;
etime  start_os;
pop taskstk, msg_str;
pop taskstk, dest_ntr;

sizeq Odest_str.list, br_chk;
IF (br_chk <> #0);
delg ©Cdest_str.list, Cmasg_str;
*call response_ update, msg_str, dest_str, ¥2;
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stime end_osmj

egub end_os, start_os, start_os;
sadd start_os, os_ovhd, os_ovhd;
ELSE;

stime curr_tcb.sts.end;
#gub curr_tcb.sts.end, curr_tcb.sts.start, curr_tcb.sts.start]

endd curr_tcb.sts.start, ourr _tch.sts.run_time, curr_tob.sts.run_time;
*move cu:_tcb.nl.m,tlm. Qrun_str}

stime curr_tob,sta.start;

move dest_str, curr_tcb.m_wait}
move msg_stx, curr_tch,elt _str
move #/weilt/, curr_tcb.status;
move taskstk, curr_tcb,stk;

ndd #2, peo, curr_tcb.pont;

addq curr.tch, Odest_str.wais, ¥1;
call run_rtr_task;

disable #0;

movys  ourr_tob.elt_str, mag_str}
move ourr_tcb.m_wailt, dest _str;
dely Cdest_str.list, Cmeg_stri
call response_update, msg.str, demt_str, #1;

ENDPRIM;

} PRIMITIVE evt_hnd
1

3 This clock event handler returns waiting tasks to the rendy to Irun queus
PRIN evt_hnd

disable 80;

ackint 30;

stime start_os;

sizeq swait, wt_chk;

IF (wt_chk > %0);
delq suait, temp_tcb;
nove #0, temp_tcb.msg.in;
smove curr_tch, temp2_tcb;

smove temp_tchb, curr_tcb;
scall response_update, #0, #6;
smove curr_ tech, temp _teb;

smove temp2 tok, curr_tcb;
call sched_rtr_task, temp_tcb;
ENDIF;

stime and_ os;

esub end_cos, starc_om, start_os;
sadd start_os, os_,orha. os_ovhd;
enable %0;

ENDPRIN;

{ PRINITIVE waits
: This primitive allouvs tesks to voluntarily suspend themselves.
PRIN waits
disable #0;
stime  staxt_os;
pop  taskstk, num_parms;
IF (num_parms <> $0);
pop taskstk, msg str;
pop tanketk, dest_str;
BLSE}
pep taskstk, ret_poi
ENDIF;

stime curr_tch.sts.end;

«gub curr_tcb.sts.end, curr_tcb.sts.start, curr_tcb.sis.start;

#add ctrr_tcb.sts.start, curr_tch.sts.run_time, curr_tch.sts,run_time;
*move cutr_tch.sts.:un_timo. Orun_satr;

s%jme curr_tcb.sts.start;

move t!n.:l.t{. curz_tcb.status;
move taskstk, curr_tcb.stk;
IF (num_parms <> #0);
move dest_str, curr_tcb.m_wait;
move mag.str, curr_tob.slt_str;
move #¥1i, curr_tch.mag_in;
ndd #2, pe, curr_tcb.pent)
addg curr_tcb, swait, curr.tcb.priority;
esll run_rtr_taski
IF (cuzr_tch.msg.in = #2};
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move curr_tcb.elt_str, meg_str}
moye curr_tchb.m_walt, dest_str}
delq Cdest_str.list, Omsg_strj
call response_update, msg._siw, dest_str, $2;
ENDIF;
EL3E;
move 30, curr_tecb.msg_in;
move Tet_peo, curr tch,pent;
nddq curr_teb, swalt, curr_tcb.priexity;
gnll run_rtr_task;
ENDIF)
ENDPRIN;

+ PRIMITIVE endxesp

; This primitive simply prints svent trmces at the end of un responss.

PRIK endremp;
sdisable #0;
scull response update, $0, #5;
ssnable #0;

ENDPRINM;

PRIMITIVE neuresp

i
: This primitive simply cleers a tasks current trace history before it
i starts vorking on = new response,

PRIE newrssp;
disable #0;
sxizeq curr_tob.sts.resp.q, q._size;
*HEILE {g_size > #0);
*delq curr_tch.sts.resp.q, trace_slt;
*sigeq onurr_tch.sts.rTesp_q, g.size;
*ENDWRILE;
snable #0;
ENDPRINM;

move ®#/nodel/, nod_name;
disable !g&

move taskiist, proclist;
sizeq proclist, br_chk ;
move cuzrtask, tempsty;
smove #1, wt.chk;

while br_chk <> #0;
delg proolist, tch_neme;
cxtsv tcb_name
stime curr_tch.ots.start;
smove wt_chk, curr_tcb,num;
eadd #1, wt_chk, wt_chk;
move tlliltrt. curre_tcb.pent;
move tcb_name, curr tcb.name;
move &/ready/, curr_tob.statusi
move currprio, curr_tcb.priority;
move tuskstk, curr_teb.stk
addq curr_tcb, rtr, cnrxprio:
sizeq proclist, br_chk;
andwhile;

cxtsw tempstr}

move ®/rdy_tm/, rdy_str;

move #/wt_tm/, wt_str;

move #/run_tm/, run_str;

smove #/END RESPONSE ,.........../, end_str}
bind evt_hnd, $0;

enable 20}

printor #/Kernel Starting.../;

enll run_rtr_task;

printer #/ERAOR - KERNEL TERMINATING/;

ENDTASK iﬂ.
ERDRERNEL;
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B.1.3 1Idle Task Code

; Low priority idle task code

STATE clear;
Iir ltxuo}
bO_AC

i CALLP
entET
STAT rdy_tm, integer; }
STAT wt_tm, integer; ENDSTATE;
STAT run_tm, integer; STATE stazs;
¥ Gy
BEGIN
CALLP nilprim; E'Dggrsrnrz
SETSTATE #/stars/; EIDSTATEi
Loop
stateseLeer; STATE Strae)
DO_A
STATE start -
IF Strne; CALLP
CALLP nilprimi Bnbggfsrnra
BID%%}ST.TE #/avuxt/y ENDSTATE;
ENDSTATES STATE wots;
L R IF e
ENDTA -ii gg-rs-r‘-rg
i
IF (b = #1);
- . . CALLP
B.1.4 Initial Application Task -
Partitioni ENDSTATE}
artitioning
. STATE nctl;
The followin tasks correspond to the partition- IF Berie
ing depicted in figure 6.5 in chapter 6. CALLP
E'Dggrsrnrz
TASK T1 :
: Activity A1, A2 Code ENDSTATE;

STAT rdy.tm, integer;
STAT wt_.tm, integer;
STAT run_tm, integer;

VAR megl, t_msg.elt;
VAR msg2, t_nmsg._elt;
VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT oycle, integer;
VAR b, integer;

ACTIVITY inits
stime tsk_atrt;
ENDACT;

ACTIVITY upd_oyocle;
stime tsk.end;
wgub  tak_end, tsk_stxt, cycle;
stime tsk_ntrti

ENDACT}

ACTIVITY get_rand;
rand #1, b;
ENDACT}

ACTIVITY nI&
ticks #200;
ENDACT;

ACTIVITY I:&
ticka #100;
BEDACT;

BEGIK
DO_ACT  init;
CALLP nilprim;
SETSTATE #/clenx/;

LOOP
S*ITESELBCT:

STATE act2;

IF $true;
DO_ACT
CALLP
SETSTATE

ENDIF;
ENDSTATE;

ENDSELECT}
ENDLOOP
ENDTASK}

TASE T2
H Activity A3, A4 Code
b

STAT rdy_tm, integer;
STAT wt_tm, integer}
STAT run_tm, integer;

ViR amsgl, t_msg_elt;
VAR msg2, t_msg._elt;
VAR  meg3, t_msg_elt;
VAR msgd, t_msg_elt;
VAR  cyc_stzt, teger;
VAR oyc_end, integer;
STAT cycle, integer;

ACTIVITY inity
atime cyc_mtrs;
ENDACT;

ACTIVITY upd_cycls;
stime cyc_end;

upd_oycle;
Newrssp)
s/atnrt/y

units, 80;
8/avent/;

get_rand;
sond, #/q2/, 8/mzgl/;
#/nctu/;

nilprimg
#/uctl/}

nilprim;
$/mct2/;

al;
send, #/q1/, #/mag2/;
#/clenr/}

al;
send, #/qi/, #/magld/;
#/cleax/;

*sub cyc_end, cyc_strt, cycle;

etime cyc_stré;
ENDACT
ACTIVITY a3

ticks #200;
ENDACT;

ACTIVITY nd;
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ticks #200; CALLP nilprim;
ENDACT; SETSTATE #/clear/:
LOOFP;
BEGIN STATESELECT;
DO_ACT init;
CALLP nilprim; s‘u}'g :lllrl
troe
SETSTATE #/clenz/; Bire upd_eyele;
LUDP* CALLP newresp}
STATESELECT; Emﬁg‘l‘SHTE t/start/s
i
STATE clear;
IF hrno; ENDSTATE;
DO.ACT upd_cycle; STATE starti
CALLP nevUTespi IF #truei
BID?:IB'TST‘TE #/stazt/} CALLP recy, #/q4/, #/mugl/;
1
ENDSTATE ) E'ngg':'snrs #/got_4/}
STATE ::u't‘ ENDSTATE;
e} s
CALLP recv, #/q1/, #/magif} STATE Soena.
SETSTATE ®/got 2/ DO_AC nB{
ENDIF; CALLP ailprim;
ERDSTATE; Blngg’l‘s‘l‘l’l’ﬂ #/waitd/;
STATE got_2; ElDSTATE;
IF 3true;
DO_ACT ad; STATE waitd;
CALLP send, 8/q4/, $/msg2/; F #true}
SETSTATE #/enitl/; CALLP recy, 8/q3/, #/meg2/;
ERDIF; SETSTATE #/got _3/;
ENDSTATE; ENDIF;
5“’}5 ;:“1; ENDSTATE;
ruei STATE got.3
CALLP Tecv, #/q1/, #/magd/; IF ggm.:
SETSTATE #/got.1/; CALLP endresp;
ENDIF SETSTATE #/cleax/;
BEDSTATE; ENDIF;
TE
STATE got_1; ENDSTATE;
IF 8true; EEDSELECT;
bD_AC [ % H ENDLOOP
CALLP send, #/93/, #/magd/; ENDTASK;
BIDg*_grsnrz #/clenr/;
Fi - -
ENDSTATE} B.1.5 Second Application Task
- »
oo PEDSELECT; Partitioning
ENDTASK;

The following tasks correspond to the partition-
TASK T3 ing depicted 1in figure 6.6 in chapter 6.
; Aotivity AG Code
' }  TASK TL
STAT rdy_tm, integer; i Activity A1, A2, AE Code
STAT wt_tm, integer; H

STAT run_tm, integer; STAT rdy_tm, integer;

VAR  megl, t_msg_elt; STAT wt_tm, integer;
VAR msgl, t_msg_elt; STAT run_tm, integer;
VAR oyc_strt, integer;
VAR  oyo_end, integer; g:g ::g;: ::::E::i::
STAT cyele, integer; VAR  tsk_stre, gntugu';
VAR  tsk_end, integer;

ACTIVITY init; STAT cycle, integer;

stime cyc_strt; VAR b, integer;
ENDACT}
ACTIVITY upd_cycle; ACTIVITY init;

stime cyc_end; stime tek_strt;

egub  ocyc_end, cyc_strt, cycle; ENDACT;

stime cyo.atrt; ACTIVITY u

pd_cycle;
EEDACT; atime tl:_inﬂ; X N
sgub  task_end, tzk_strt, cyclej
‘ﬂggg 'ﬁoo; stime tlk-ntr::; '
ENDACT; ENDACT;
ACTIVITY get_rand;

BEGIN rand #1, b;

DO_ACT init; ENDACT
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ACTIVITY al;
ticks #200;

ERDACT;
ACTIVITY lﬂé
ticks #200;
ENDACT;
ACTIVITY ab
ticks #200;
move %0, got_meg;
EEDACT;
asugs ACT init
calp n11p§1n;
SBISTATE #/clear/;
LDUP%
STATESELECT;
STATE glear;
IF Strue
DO_AC upd_cycle;
CALLP nevresp;
SETSTATE #/ntare/;
NDIF}
ENDSTATE;
STATE start;
IF #true;
CALLP vaits,#/q4/,#/msgl/, 82;
SETSTATE  #/event/;
ENDIF;
ENDSTATE
STATE event}
IF (got.msg = #2);
DO_ACT ab;
CALLP reay, #/q3/, #/osgl/:
SETSTATE  #/resp/i
ENDIF;
IF terus%
po_A get_zand;
CALLP send, #/q2/, #/msgt/;
SETSTATE #/ncta/;
ENDIF;
BADSTATE;
STATE resp;
IF #true;
CALLP sndresp}
SETSTATE #/clenz/;
ENDIF;
BEDSTATE;
STATE mots;
IF (b = 20);
GALLP nilprim;
SETSTATE  #/mati/:
ENDIF;
IF (b = %1}
CALLP nilprim;
SETSTATE #/mct2/;
DIF;
ENDSTATE;
STATE actl;
IF #true
po_AC al;
CALLP send, #/qi/, #/msg2/;
SETSTATE #/clenr/;
ENDIF;
BEEDSTATE;
STATE mct2;
IF #true;
PO_ACT nd;
CALLP send, #/q1/, #/msg2/;
SETSTATE #/clenx/;
ENDIF;
ENDSTATE;
ENDSELECT;

ENDLOOP
ENDTASK;

;i TASK T2
7 Aotlvity A3, A4 Cede
i

STAT rdy.tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msgl, t_mag_elt;
VAR megl, t_meg_elt;
VAR wmag3d, t_msg_elt;
VAR  msgid, t-ﬂlg_tlti
VAR oyc_strt, integer;
VAR cyc.end, integeri
STAT cycle, integsr;

ACTIVITY init;
wtime cyc_strt}
ENDACT;

ACTIVITY upd_cycle;
stige cyo_end;
sgub cyc_end, cyc_strt, cyole;
stime cyc.strt;

ENDACT}

ACTIVITY a3;
ticks #2004
ENDACT;

ACTIVITY ady
ticks #2100}
ENDACT;

BEGIN

D0._ACT init;
CALLP nilprim;
SETSTATE #/clear/;

LOOP;
STATESELECT;

STATE clear;
IF #true;
po_act
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE stuart;
IF #truse;
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE got_ 2}

IF Ct:uc%
DO_AC
CALLP

SETSTATE
ENDIF;
ENDSTATE;

STATE waitl;

IF #true;

CALLP
SETSTATE

ENDIF;
EXDSTATE;
STATE got_1;

upd_cycle;
nevresp;
8/etart/;

recy, #/q2/, $/msgl/;
#/got_2/;

ad}
send, #/q4/, #/msgl/;
s/uaiti/;

xecv, 8/q1/, 8/megd/;
#/got_ 1/}
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IF strue;
po_act
CALLP
SETSTATE

ENDIF;
ENDSTATE:

a3}
send, 8/q3/, 8/megd/;
#/clenar/;



EEDSELECT;
ENCLOOP
ENDTASK;

B.1.6 Third Application Task

Partitioning

The following taskse correspond to the partition-
ing depicted 1n figure 6.7 in chapter 6.

| TASE T1
t Activity A1, A2 Code
)

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR
ViR
ViR
VAR
STAT
VAR

megl, t_mesg.elt;
nsgl, t_msg_elt;
tsk_strt, teger;
tsk_and, integer;
cycle, integer;

b, integer;

ACTIVITY init;
etime tsk_strt;
ENDACT;

ACTIVITY upd_aycle;
*time tak_end;
*gub  tsk_end, tsk_strt, cycle;
etime tak_strt;

BNDACT;

ACTIVITY get_zund;
rand #1, by
ERDACT;

ACTIVITY 11&
ticks #200;
ENDACY;

ACTIVITY al;
ticks $200;
ENDACT;

BEGIN

b0_ACT init;
cafip nilprim;
SETSTATE #/clenr/;

LOOPt
STATBSELECT
STATE clear;
IF %true
DO_AC upd_cycle;
CALLP newresp;
SETSTATE #/aturt/;
NDIF;
ENDSTATE;
STATE start;
F #true;
CALLP vaits, #0;
SETSTATE #/event/
ERDIF;
ENDSTATE;
STATE event;
IF #true
DO_AC get_rand;
CALLP send, #/q2/, #/msgi/t
SETSTATE #/ucts/;
DIF;
ENDSTATE;
STATE respi
IF $true;
CALLP endresp;

SETSTATE
ENDIF;
ENDSTATE;

STATE scts;
IF (b = 80);
CALLP

%/clenz/;

ailprim;
SETSTATE $/act1fy
ENDIF;
IF (b= %1);
CALLP nilprim;
SETSTATE  #/wect2/;
ENDIF;
ENDSTATE]}
STATE actl;
IF #tzue
DO_AC alj
CALLP send, #/q1/, #/msgd/y
SETSTATE  #/clear/;
ENDIF;
EEDSTATE;
STATE motl;
IF #true;
DOLACT a2}
CALLP send, 8/q1/, #/mag2/;
SETSTATE  #/cleax/;
ENDIF;
ENDSTATE;
ENDSELECT;
ENDLOOP
ENDTASK;
H TASK T2

' Aotivity A3, A4, A6 Code
H

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR
ViR
VAR
YAR
VAR
VAR
STAT

megl, t_mag.elt;
magd, t_mag_elt}
msg3, t.mag_elt;
nsgd, t.meg_elt)
cyc. strt, integer;
gyc_end, integer;
cycle, integer;

ACTIVITY init;
stime cyc_strt}
ENDACT;

ACTIVITY upd_cycle;
stims cyc_end;
ssub  cyc_end, cyc_strt, cyclei
stime oyo_strt;

ENDACT;

ACTIVITY ad;
ticks tio;
ENDACT}

ACTIVITY néi
ticks #10;
ENDACT
ACTIVITY u5;
ticks sio;
ENDACT ;

BEGIN
DO_ACT
CALLP

SETSTATE

injt;
nilprim;
#/clenx/;

LOOP;
STATESELECT;

STATE clear;
IF #true;

DO_ACT upd.cycle;
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CALLP
SETSTATE
EEDIF;
ENDSTATE;

STATE start}
IF Struej
CALLP
SETETATE
ENDIF}
ENDSTATE;
STATE waiti;
IF #true
DO_AC
CALLP
SETSTATE

ENDIF;
ENDSTATE;

STATE waitl;

F $trus
DO_AC
CALLP
SETSTATE

EBDIF;
BNDSTATE;

STATE £in;

IF $troe
DO_AC
CALLP
SETSTATE

ENDIF;

ENDSTAIE;

ENDSELECT;
ENDLOOP;
BNDTASK;

Teuresp;
$/utart/;

recvy, #/q2/, #/maglf}
*/wnitt/;

ndg
Teevy, #/qi/, 8/msgd/;
®/unit2/;

Bn3;
niiprin;
#/£in/}y

(1
andresp;

#/clenx/;
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B.2 Hardware Platform Analysis

This section contains code for the hardware platform determination process. The kernel, and appli-
cation task files were the same for all prototypes. The only changes involved moving tasks within
the node files to generate different task to processor allocations.

B.2.1 Example Node File
i
i

NODE PILE

t.trace_elt.nct Valves: #1 ¥sg Sent

Msg lccepted
Shared Datm Write
Sharsd Data Read
Responsse Out

»
>
LI I I R I I B B |

Event Trigger
7 Start Read Delimiter
8 End Read Delimiter
%9 Start Msg Delimiter
#10 - End Msg Delimiter

e me e wr = weme ma e wa e
*
L]

TYPE t_trace_slt = node_name:string *;
task_name:atring *;

act tinteger *; Action
tine tinteger *3 Time of action
miscy tinteger
mizel iinteger;
TYPE t_msg_elt = data t integer +;
type t integer #;
sre ! string
tro_size ! integer; No, of associamted trace elts

VAR ned_name, string; symbolic nods name

VAR mag_rdy, integer; used for external messages by MSG
VAR magtype, integer; usad for external massages by NSG

VAR synch_loss, integer; used by SYNCH

VAR sig_rdy, integer; used for signalling messzeges by SIGNAL
VAR sigtype, integer; nesed for signalling messuges by SIGEAL

EVYENT olki;
RERBEL basmol;

TASR msg, 10;
TASK signal, 10;
TASK audits, 10
TASK diags, 103
TASK <¢onediag, 10;
TASK chnldiag, 10;
TASK msgdimg, 10;
TASK <+iding, 10
TASK timtc, 10}
TASK idle, i

ENDNODE;
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B.2.2 Kernel File

i
i
i
i
'
'
¥
i
H
1
i
}
1]
]
i
i
H
H
i
H
H
]
i
i
}
i
H
i
i
i
!
’
¥
H
1
i
i
i
}
]
i
i
i
i
H
i
i
i
H
I}
i

KERNEL CODE FILE
This kernel contains the following primitives:

nonblocking send
blocking selective recei
slesp

get date from another ta
nilprim

#1 ~ start call setup
$2 - provide tone
#3 - run diagnostic

integrity failure

#4 - integrity ok
= cull tekedoun

#6 ~ alldings

STAT = call started
#7 - TiNTC -

KERNEL baseb;

TASK
TYPE

TYPE
TYPE

TYPE

TYPE

kern_task, 60;

t_tch_stats = pdy_time 1 integer *;
Tun_time : integer e;
vt _time : integer +;

begin t integer +;
2inish ¢ integer »;
Tesp.q ! queus

t_shared_stuts = data_trace :queue

t_tch = name t atring
nam t integer ¢;
status : string #
priority: integer e

pent : integer *
elt_str: stxing +
stk 1 stack »

ats t t_tcb_stnts

t_sh_data = tsk_nm : string ¢;
num_msgs ¢ integer #;
mEEs ¢ queus ¢}
trcs ! queus;

t_msg._struct = task_nm 1 string *;
waiting : integer +;

Yo

sk

The Zollowing external mesEnge types are supported:

The tollowins internal message types are supported:

#t - START - request call setup
#2 -~ TOWES - request for tone
#3 - DIAG -~ reghest single random dimgnostic
-
85 -
46 -
#7 -~ Ms@ ~ reaport fanlt
8 - NS¢ = perform and report synch operation
#8 - FAULT - synch loss
#10 - FAULT = general fault report
#11 - CONNECT ~ perform connect/disconnect
#12 - CHBLS - allocate channel
#13 - CHNLS = Zres channel
814 - all tusks - channel granted
#1656 - STAT = call setup complets
#16 - SIGNAL ~ start integrity checking
#17 - STAT ~ integzity fallure report
#18 - END - c¢aller hung up
#19 - STAT = call finished
#20 - STAT = stop integrity checking
#21 - all diegs =~ run diagnostic
#22 - TINTIC - stop oarrier checking
#23 - TiINTC - moniter onxriers
The following response types are supported:
#1 - MSG = fault repert sent to svitching center
%2 - M3G ~ synch source changed
#3 - CONNECT suitching centexr tone request connected
:g = STAT call finished

dingnostic completed without failure
currisr scan completed without failure

} of t_trace_elt
: of t_trace_elt

task name

task state
priority

program countex
rcy msg elt

local task stack
task control bleock

[ ]

task name

number of queued messngos
messnge queue {t_mag_elt)
trace quens (t_trace_elt)

tosk name
flag set if blocked for mag
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queue *i
quene *j
integer *}
t_tch;

string *;
string *;
string;

mossnge queus (t_msg_elt)
trace queus (t_trace_elt)
type of msg blocked on
tch unit area

of t_id_struct (one elt per task);

meg.q !
traces @
wt_type
bleck 1
TYPE ¢_id_struct = nom 1
tre_noame i
st_name ¢
SHARED comm_q, queus;
SHARED sh_ti, t_sh_dntai
SHARED sh_t2, lh ~datat
SHARED sh_t3, t_sh_dataj
SHARED sh_t4, _sh ~data
SHARED lh_ts, _lh_dntl;
SHARED -t8, t_sh_datn;
SHARED ~t7, t_sh_data;
SHARED l —tB, t_sh_dataj
ARED sh_t9, t_sh_date;
ARED sh-510, t-eh-dasa’
ARED sh_t11, t_sh_ dntn;
SHARED sh_t12, t_sh_data;
ARED sh_t13, t_sh ~data;
ARED sh_tid, t sh_data;
ARED soh_t15, t,sh_dutu:
SHlRED sh_ ~t16, t_sh_data;
SHARED sh_t17, t_sh_data;
SHARED ti_dats, integer;
SHARED stat_data, integer;
SHARED num_queusd, intesger;

; Message quenes

VAR loc_comm_q, queus;

VAR st_elt, t_id_struct;

VAR

t1l, t_meg_struet;

VAR 1.t2, ¢t_meg_struct;
VAR 1_t3, t_msg_struct;
VAR 1_t4, ¢t _msg_struct;
VAR 1_t6, ¢t _msg_atruct;
VAR 1_t8, +_mig.struct;
VAR 1_tT, t_asg.struct;
VAR 1_t8, ¢t _msg_struct;
VAR 1_t9, ¢ _msg _struct;
VAR 1_%10, ¢t _msg_struet;
VAR 1_%11, ¢t_msg_struct;
VAR 1_t12, ¢ _meg_struct;
VAR 1_t13, t_msg_struct;
VAR 1_t14, ¢t msg struct;
VAR 1_t16, t_msg_struct;
VAR 1_t16, ¢ _msg_struct;
VAR local, string;

VAR shared, string;

VAR 1loo_trec, string;

VAR ah_trc, string;

STAT

sends, integer;

STAT os_ovhd, integer;
STAT switchen, integer;

STAT
STAT
STAT

eyt 0, integer;
ovt_l, integer;
evt_2, integer;

STAT evt_ 3, integer;
STAT evt_4, integer;
VAR  start_os, integer;
VAR  end_osm, integer;

VAR

elapsed, integer;

VAR xdy_str, string:
VAR  wt_stx, string;

ViR
VAR

run_str, string;
end_str, string;

VAR swait , queus;

VAR wt_chk, integer
VAR msg_stx, string;
VAR dest_str, string;
VAR temp_tch, t_tch;
VAR temp2_tcb, t_teb;
VAR xet_pc, integer;
VAR tmp_stk, stack;
VAR num_parms, integer;

of t_id_struct (one elt per local task)
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VAR found, integer;
VAR mog_type, integer;
VAR data_size, integer;
VAR nil_quete, quene;
VAR nil_string, string;
ViR mog_elt, t_msg_elt;
VAR m_num, integer;
VAR temp2_q, queus;
VAR mtype, integer;
VAR q.mx, integer;

VAR done, integer;

t Global Kernel Variables

VAR  curr_tcb, t_tcb ; current tesk control block
VAR roclist, quene } copy of tusk name list

VAR r.chk, integer { brench condition check
VAR  tempstr, stringi i temporary string value
VAR  tcb_neme, string; } current task namse;

VAR rtr, gueune } Teady to Tun queus}

} Variables for get_local and get_sh procedures

VAR g.g.size, integer;
VAR g_found, integer;
VAR g_st_elt, t_id_struct;

} Variables for response_update procedurs

VAR  action, integer

VAR  pric, integer

VAR trace_elt, t_trace_elt
VAR meg_elt name, string
VAR  dest_elt_name, strin
VAR  delim_elt, t_trace_slt
ViR q_size, integer

VAR  data_name, string

ViR  temp_q, queus

action requested in response_update
sond priority

new response trace elemsnt

neme of msg elt for response trace
name of mag quens

msg or data trace delimiter

size of trace gquens

name of shared datm wvariable

date Tesponse queus copy

et e we me e we we

3+  VARIABLE declarations for procedure RUN_RTR_TASK

VAR  error, boolean; Set if no ready processcs
{ VARIABLE declarations for procedure SCEED_RTR_TASK
VAR  rtr_peb, t_tcb; PCB to be scheduled

t PROCEDURE response_update (Cnams : string;
; netion: integer)

i
} Thixz procedure updntes response trace queuss

PROC responss_update;
*pop taskstk, uction;
smove nod_name, trace_selt.node_name}
*move curr_tchb.name, trace_elt.tesk_name;
stime trace_elt.time;
smove action, trace_elt.act;

#1f (action = #1) SEND MSG
spop teekstk, prio;
spop taskstk, dest_elt_name;
spop taskstk, nsg_elt_name;
+*addq  trace_elt, anrr_tcb.sts.resp.q, #1;
*move  curr_tch.sts.zesp.q, temp.q;
sgizeq temp_q, q.size;
smove q.size, Cmsg_elt_name.trc_size:
sghile (g_size > #0);
sdelq temp_q, trade_elt;
wgddq trace_elt, Cdest_elt_neme, prio;
*sizeq temp._q, q_size;
sendvhile;
»endif;

+if {action = ﬂ)i RCY MSG
*pop taskstk, dest_slt_name;
*pop taskstk, msg_elt_name;
smove trace_elt, delim_slt;
*nddq trace_elt, curr_tcb.sts.resp_q, ¥1;
smove #9, delim_elt.nct;
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snddq delim_elt, curr_tcb.sts.resp._q, #1;
smove Cmsg._elt_name.trc_sies, q_size;
svhile (q_size > #0);
sdelg Olest_elt_name, trace_elt;
saddq trace_slt, curr_tcb.sts.resp.q, ¥i;
*sub q.size, #1, q size;
sendvhilsy

smove #10, delim_elt.nct;
snddq dclim_olt, curr._tob.sts.Tesp.q, ¥#1;
sondif}

*if {(mction = 83){ DATA WRITE

*pop taskstk, data_name;

saddg trace_elt, curr_tcb.ste.resp_q, *1;

emove ourr_tcb.sts.resp_q, Gdata_name.stats.trace_q;
sondif;

+it (action = 34) DATA READ
*pop taskstk, data_name;
*move trace_elt, delim_elt;
saddq trace_elt, ourr.tcb.ats.resp.q, #1;
smove 87, delim_elt.act;
saddq doiim_&lt, mrr_tcb.sts.resp_q, ¥1;
"move Cdata_nmums,stats.data_trace, temp.q;

*sizeq temp_q, q.sirze;

evhile (g_size > #0);
sdelq temp_q, truce_selt;
#nddq trace_elt, curr_tcb.sta.resp.q, ¥1;
*sireq temp_q, q.size;

sondwhile;

smove #6, delim_elt.uct;

sopddy doiim_clt. curr_tcb.sta.resp q, #1;
sondif;

*if (motion = OE){ RESPONSE OUT
*pop taskatk, trace_elt.miscl;
#addq trace_elt, curr_tcb.sts.Tesp.q, ®#1;
ssizeg curr_tcb.sts.resp_q, q.size;
sghile (g _size > 30);
sdelq curr_tcb.sts.resp_q, trace_elt;
aftype $/tusk: /3
sftype trace_elt.task_name;
sftyps %/ wction: /j
sftype trace_elt.act;
sftyps #/ time: /;
sftype trace_elt.time;
sftype #/ misci: /;
sftype truce_elt.miscl]
sZtyps #/ miscl: [} .
sftypecr trace_elt.mimc2

sgizeq curr_tcb.sts.resp_q, q.size;
sgndvhile;
sftypecr end_str;
sondif;

+if (action = #8) EVENT TRIGGER
*pop tankstk, trace_slt.miscl;
setime trmce_elt.miscl, trace_elt.misc2;
saddg trace_elt, curr_tcb.sts.resp_q, #1;
sndif;

[ ]
ENDPROC;

PROCEDURE run_rtr_task

This procedure takes the first ready to run task off the rtr
queus (this is the one wvith the highest priority) and copies
its saved state into the current processor state. If there are
ne ready to ruh tosks, then an error messege is printed and
the kerne)l terminates.

PROC zun_xtr_task;

sizeq rtr, br_chk;

IF (br_chk = $0);
printcr $/ERROR: WO RTR PROCESSES/:
haltg
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ELSE;
delg ¥tr, curr_tch;
move curr_tcb.nams, tcb_name}
cxtav tecb_name;
«add #1, svitches, switches;
«time curr_tcb.sts.finish;
ssub curr_tchb.sts.finish, curr_tcb.sts.begin, curr_tcb.ats.begin;
sadd onxr_tcb.sts.begin, curr_tcb.sts.rdy_time, curr_tob.sts.rdy_time;
smove #/rdy_sm/, rdy_stri
*move curr.tcb.ste.rdy_time, Ordy_stri
spiove curr_tcb.ats,ut_ time, Cut_str;
sxime curr_tcb.sts.begin;

move #/running/, curr_tcb.status;
move curr_tcb.stk, taskstk;
stime end_osi

egub end_os, satart_os, elapsed;
sadd elapsed, os_ovhd, os_cvhd}

enable #10;
move <qurr_tcb.pent, pei
ENDIF;
ENDPROC)

PROCEDURE sched_rtr_task (rtr_pcb : t_pcb)

¢
; This procedurs accepts n process contrel block and adds it to
3 the reandy to run quete in m priocritized fashion.

PROC sched_rtr_task;
pop taskstk, rtr_pchb;

move #/reandy/, rtr_pob.status;

stime rtr_pcb.sts.finish;
egub rtr_pcb.sts.finish, rtr_pcb.sts.begin, rtr_pcb.sts.begin;

*ndd rtr_pch,.sts.begin, rtr_pcb.sts.wt_time, rtr_pch.sts.ut_time;
smove tuskstk, tup_stki

stime rtr_pcb.sta.begin;
eddg ztr_peh, rtx, rtr.pcb,priority;

i (rtr_pob.pricrity > curx_teb.priority);
pop taskstk, ret_pc;
PP taskstk, ret_pe
meve ret_pe, curr_tcb.pent;
move taskstk, curr_tcb.stki

stime curr_tch,.sts.finish;
ssub  cnxr_teb.sts.finish, curr_tcb.sts.begin, curr_tch.sts.begin;

sadd curr_tch.sts.begin, curr_tcb.sts.run_time, curr_tcb.sts.run_time;
sgio¥e curr _tceb.sts.run, _time, Grun.stry
stime cucr_tob.sts.begin;

move #/rendy/, ourr_tcb.stutus;
addq curr.tch, rtr, curr .tcb.priority;
call run.rtr_task;
halt;
endit;
ENDPROC;

PROCEDURE get_sh (taskname : string)

i

: This procedure accepts & task name nnd sets the shared and

$ sh_trc varimbles to hold the names of the task’s messaging and trace
3 strnctures.

PROC geot_sh;
pep  taskstk, tempstr;

move #0, g_found;

1eck1
sizeq comm_q, g.q.size;
while {(g_q.size > #0) & ("g_found);
delg comm.q, g_st_slt;
iz (g.st_ele.nom = tempstr);
move ¥1, g_found;
sndif;
addg g._st_elt, comm_q, #i;
sub g-9-size, #1, g q size;
endwhile;
unlock;

if (g.found = $1);
move g.st_slt.st_name, shared;
move g_st.elt.trc_name, sh_tre;
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else}
move nil_string, shared;
move nil_string, sh_tre;
endif;
EXDPROCS

PROCEDURE get_local (teskname : string)

1
: This procedurs mccepts a task nume and sets the local and
i
H

loc.tro variables to hold the nmnes of the task's messaging and trace
structures,

PROC get_local;
pop  taskstk, tempstr;

move #0, g_found}
sizeq loc_comm.q, g.q_sire;
while (g.q.sixze > #0) & (“g_found);
delqg loc_comm_q, g_st_els;
if (g.st_elt,nom = tempatr);
move #i, g.found;
sndify
addq g._mt_elt, lcc_comm_q, ¥i3
sub g-q-size, #1, g_q_sixe;
endwhile;

iz (g_found = #1);
mave pg_st_elt.st _name, local;
move g_st_elt.trc_name, loc_tro}
else}
move nil_string, locul;
move nil_string, loc_troj

sndif;
ENDPROC;

PRIMITIVE nilprim

}
: Thir dummy primitive does nothing except pull in internocde
} messages.

PRIN nilprim;
disable #10;
*time start_os;
emove  curr_tcb.sts.rdy_time, Ordy_str;
smove curr_tcb,sts,vt_time, thnstré
emove c¢urr_tcb.sts.run_time, Orun_str;
if (num_quened > #0);
move %0, done;
sixeq loc_comm_q, q_sZ;
while (q_sz > #0) k ("dene);
delq loc_.comm_q, st_elt;
move st_elt,st_name, local}

call get_sh, st_elt.nom;
lock}
while (Oshared.num_msgs > #0):
sub  num_queued, #1, num_queved;
sub  Oshared.num _msgs, #1, Oshared.num_msgs)
delq ©shared.megs, msg_elt;

if (0local.wmiting = #1);
if (Clocal.wt_ type = msg_elt.type);
nddg meg_elt, Clocal.msg q, #1;
evhile (msg_elt.trc_size > #0)}
*delq Oshered.trcs, trace_elt;
snddg  trace_olt, 0local.treces, #2;
sgub neg_elt.trc_size, #1, meg_elt.tro_sire;
sonduhile;
e

ol
aédq msg_elt, Clocal.msg g, ¥1;
sphile (msg_elt.trc._size > #0);
sdelq Oshared.trcs, trace_elt;
*addq trace_elt, €local.traces, #1;
ssub msg_elt.tro_size, #1, msg elt.trc_size;
vondwhile;
endif;

if (Glocal.ut_type = $0) | (Qlocal,uwt_type = msg.elt.type);
move %0, @local.waiting;
move #1, done;
endif;
endif;
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endehile;
unlock}

addq st_elt, loc_comm. q, #1;

sub q_szx, %1, q_xx;
endwhile;
if {(done u #1)1

call sched_rtr_task, Olocal.bleak;
endif}

endif;
snable $10;

ENDPRIN;

i
H
i
i

PRIMITIVE send (Otausk_name : string; Omsg : string)

This primitive nccepts the nume of n destination task and n
message pointer. It then performs m nonblocking send opsration.

PRINM send;

disable #10;

sadd #1, sends, sends;
stime start_os;

pop taskstk, msg_str;
pop taskstk, dest_str;

call get_locnl, dest_stri
1f (lecal <> nil_string)s
i? (Clocal.wniting = #1);
if (@local.wt_type ™ Cmsg_str.type);
scall responss_update, msg_str, lec_trc, %2, #1%
) addq Gmsg_str, Olocul.msg.q, ¥2;
else;
soall responss_update, msg.str, loc_trc, ¥1, ¥1;
addq Cosg_str, Olocal.msg.q, ¥#ii
endifi

if ((@local.wt_type = 20) | (Clecnl.ut_type = Cmsg_str.type));
move 80, €local.waiting;
call sched_rir_task, @local.block;
endif;
elsnse;
scall response_updats, msg.str, loc_trc, #1, ¥1;
addg GCmsg_str, Clocal.usg._q, #1;

endif}
elaey
call get_sh, dest_str;
lock;
sdd  #1, num_queued, num_gueued;
scull response_update, msg_str, sh_.trec, #1, 81;
addq Omsg_str, Oshared.mags, ¥1;
add #1, Oshared.num_msgs, Oshared.num_msgs
unlock}
endif;

stime end_os]
+zub end_os, start_os, elapsed;
sadd elapsed, os_ovhd, os_ovhd;

enable #10;°
IN;

ENDPR!

i
i
i
1
H
i
i
H

PRIMITIVE recv (msg_t7ps : integer; €msg : string)

This primitive performs a blocking selective receive opsration,

It nccepts the type of message expectsd (80 means mccept any type)
and a pointer to where the message is to be placed, If a

specific Teceive type is specified, the tusk iz blocked until
that type is available. Otheruise, the calling task is blocked
until any message becomes avnilable.

PROC blook_ zcv}

stime curr_tcb.sta.finish;

esub curr_tcb.sts.finisk, curr_teb.sts.begin, curr_tch,sts.beging
epdd curr_tcb.sts.begin, curr_tcb.sts,.run_time, curr_tcb.sts.run_timey
emove curr_tchb.sts.run_time, Orun_str;

stime curr_tch.sts.begin;

move msg_type, Clocal.wt_type;
move #1, Olocal.waiting;

move mag_str, curr_tch.elt_str;
move #/unit/, curr_tcb,.status;
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move taskstk, curr_tcb.stkj
ndd #1, pc, eurr_tcb.pent)
move curr_tchb, €local.block)
call run_rtr_task;

disable %10}

move curr_tch.elt _str, msg stz

call get_loonl, currtask;
move W0, Q@local.uwmiting;
sizeq €local.meg_q, done;
iz {(done > 30);
delq Olocal.msg_q, Omsg_str;
scall response_update, msg_str, loc_trc, ¥2;
endif;
ENDPROC;

PRIN recy;
disable #10;
etime start_os)
pop taskstk, msg_str;
pop taskatk, mag_type;

call get_logal, currtask;
call get_sh, currtasks

while (Oshared.num rsgs > 80);
loak}
stb  nuw_queted, #1, num_cusned;
sub  Qshared.num _msgs, #1, Oshared.num_msgsj
delq Oshared.msgs, msg_elt;
xddq msg_elt, €local.msg_q, #1}
evhile (mug_elt.tro_size > 30);
*delq @shared.trcs, trace_elt)
*addq traoe_slt, Olocal.traces, #1;
*sudb msg_elt,.trc.size, #1, mag_elt.trc_size;
*onduhile;
unlock;
endwhile;

move 80, found;
sizeq €local.msg_q, g.size}
i? (q_size = 80);
call block_rcr;
alse;
move 81, found;

if (msg_type <> #0);
jreorder msg queue becuuse receive specific

move nll_queue, temp._qi
smove nil_gueue, temp2_gq;
move 80, found;
sizeq Clocal.meg_q, m_num;
while (m_num > 30);
delq Olocal.meg.q, msg_elt;
i2 ("found) & (msg.elt.type = mag.type);
move ¥1, found;
nddg msg.elt, temp_q, #1;
svhile (msg_elt.trc_size > #0);
*delq ©Olocal.traces, trace_elt;
wuddq trace_elt, temp2 g, #2;
*sub msg_elt.trc_size, #1, msg_elt.trc_size;
wenduhile;
slse;
addq msg_elt, temp.q, #1;
svhile (meg_elt.trc_size > #0);
*delg @local.trnces, trace_elt;
saddg  trace_elt, temp2_q, ¥#1;
*aub nsg_elt,.tro_size, #1, mag elt.tre_size;
*andohile;
endif;
sizeg €local.msag q, m_num;
enduhile;
move temp_q, Olocal.msg_qi
*move templ_q, Glooal.traces;

endif;
if ("found);

call block_rev;
olee;

delq Olocal.mag_q, Omsg_str;

scall responss_update, msg_str, loc_trc, #2;
stime end_os;

*sub  end_os, start_os, elapsed;
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sadd elapsed, os_ovhd, on_ovhd;
endif;
endif;
enuble #10
ENDPRIN;

PRINITIVE slesp

§
H
} This primitive simply blocks the calling task by putting it in
; the sleap wait quetns.

PRIM sleep;
disable 810}
stime start_osj
pop tusketk, ret_peoi

¢time curr_tcb.sts.finish;

wgub ourr_tch.sts.finish, curr_tch.sts.begin, curr_tch.sts. beging
sadd curr_tcb.sts.begin, curr_tcb.ste,run_time, eurr_tob.sts. zun_time}
emove curr_¥ch.sts.run_time, Crun.str;

etime curr.tob.sta.begin;

move #/uait/, curr_tcb.status;
move taskstk, curr_tch.stk;
move Tet_ps, curr_toh.pent)
eddg ocurr_tecb, swait, curr_tob.prioxity;
call xun_rtr_tesk;
ENDPRIN;

PRIMITIVE get_duta (task_name : string) data_nsme : string; size : integer)

This primitive simulates data nccess betvesn tasks. If the
specified source tusk is not resident on the processor, then a number

of ghared mccesses are made, One nccess is made for every 100 bytes
of duta Tequested.

PRIN got_duta;
disable #10;
stime aturt_os}
PoP taskstk, data_size
Pop tuskstk, meg_strj
pop taskatk, dest_strj

s ms -

¢all get_locel, dest_stx;
i? (local = nil_string);
while (datm_size > #0);
lock;
move Cmsg._str, q.size;
anlocks
aub data_size, $100, date_size;
endwhile;
else;
vhile (datm_size > #0)3
size, q_size;
a_size, #100, datm_size;

enduhile;
endif;

stime end_osi
esub end_os, stert_os, slapsed;
endd elapsed, os_ovhd, os_ovhd;
snuble #10}

ENDPRIN;

PRIMITIVE end_resp

H
!5 This primitive simply calls response update to print the
i response tTaces.

PRIM sendresp;
sdigable #10;
"pop taskatk, o_num;
+#cell response_npdate, m_num, #53
sonable ¥10;
ENDPRIN:

PRINITIVE neu_resp

4
; This primitive clears the calling task's current trace queue.

PRIH newrespi
sdisnble #10;
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saizeq curr_tch.sts.resp_q, q.size;
*WHILE (q_size > #0);
sdelq ourr_tch.sta.resp_q, trace_elt)
s*pixeq ourr_tob.sts.resp_q, q.size}
‘BIDUHIL!i
sgannble #10;
ENDPRIN;

PRIMITIVE evt_synch

i
: This primitive serves as the interzupt handler for the synchronization
H primitive. This interrupt is raised periodically svery 5 seconds.
PRIN evt_synch;
diszable 810}
uckint #0;
*add 81, evt_0, evt_0;
etime mtMTt_oB}
sizeq swait, wt_chk;
move #0, found;
while ({wt_chk > %0) & (“found));
delg swait, temp_tch;
if (temp.tcb.name = #/synch/);
move #1, found;
else;
-&aq temp_tchk, swait, temp_tcb.prioxity;
sub wt_chk, #1, vs_chk;
endif;
endvhile;

iz (found);
smova curr_tch, templ_teb;
smove temp_tcb, curr_teb;
¢call response_update, #2, #6;
*move curr_tcb, temp_tcb;
smove templ_tch, curr _tchj
cell sched_rtr_task, temp_tch;

endif;

stime end_os;

saub end_os, start_os, e¢lapsed;

sadd elapsed, os_ovhd, os_ovhd;

snable #10;
ENDPRIN;

PRIMITIVE evt_loss_synch

H

: This primitive serves ms the interrupt handler for the synchronization

H loss primitive. This interrupt is rauised sporadically to signul a loss of
i synchronization.

PRIM evt_loss_synch;
dissble 8104
ackint 81
agdd #1, evs_1, ev%_1}
stime start_os;
nove 1, lyncﬁ_lesu:
sizeq swait, wt_chk;
move 20, found;
while ({st_chk > #0) & ("found));
delq aswait, temp_tcb}
if (temp_tcb.name = #/synch/);
move %1, Tound;
else;
nddq temp_tch, swait, temp_tcb.priorxity;
sub  wt_ochk, #1, wt_chk;
endif;
sndehile;

iz (found);
smove  curr_tcb, templ_tch;
*move  temp_tcbh, curr_tcb;
*call responss_update, #1, #8;
*move curr_tcb, temp_tchb;
smove  temp2 tcb, curr_sch;
cull sched_rtr_tusk, temp_tch;

sndif;

etime end_oo;

*sub end_os, start_os, elapsed;

*add elupsed, os_ovhd, oa_ovhd;

snadle ¥10;
ENDPRIN;
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PRIMITIVE evt _msg. rx

§
; This primitive serves as the interrupt handler for the incoming external
! message interrupt. This interrupt is raised spormdically to signal the
i arrival of u message. It mekes the M50 tusk ready to run from the
H blocked receive state,

PRIM svt_mzg_rx;
disable $10;
nckint 823
sadd B, evt_ 2, evt_3;
stime ntart_os;
move #1, msg_rdy;
rand £10, wt_chk}
if (wt_chk < $6);
move %1, megtype;
else}
if (wt_chk < %8)
move $2, magtype;
[3ETH
move #3, msgtype;
andif;
endif;

move #0, dons;

call get_loonl, #/msg/;

12 (Qlocel.weiting = 81);
move $0, €local.waiting;
smove curr_tcb, templ_tcb;
emove Ulocal.block, curr, tcb:
scall response_updats, #7, #6;
smove curr_tcb, @local.block;
*move tonp:_tes, curr.toh;
move #¥1, done}

endif;

if (done = $1};

cull sched_zrtr_tusk, €locnl.block;
endif;
wtime end_on}
*sub end_os, start_os, elapaed;
sndd elupsed, os_ovhd, os_ovhd;

snable #10;
EADPRIN;

PRIMITIVE evt_signal

interrupt handler. This interrnpt is raised sporadically to signal the

arrival of a signalling event. It makes the SIGNAL task resdy to run

$
i This primitive serves sz the interrupt handler for the signelling
}
; 2rom the blocked receive stats.

PRIN evt_signal;
disable #10%
nckint #3;
endd 81, evt 3, evt 3}
¢time start_os;
tHove #1, sig_rdy;
rand #10, wt_chk;
if (wt_chk < 86);
move ®8, sigtypes
else;
if (wt_chk < #8);
move #4, sigtype;
elne;
move #5, sigtyps;
endif;
endif;

move #0, donej

call get_local, #/mignal/;

if (@local.waiting = #1);
move #0, Olocal.weiting;
smove curr_tcb, temp2_tchb;
spmove €looal.block, curr_tecb;
»call response_update, %3, Cé;
smove curr_tcb, €local.block;
smove tonp!_tcﬁ, curr_tcb;
movs #1, dons;

endif;

i? (done = #1);
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call smched_xtzr_task, €local.block}
endif;
stime end_os;
esub end_os, start_os, slapsed;
sadd elapsed, os_ovhd, os_ovhd;

enable $10;
ENDPRIN;

PRIMITIVE evt_clk

i
: This primitive serves as the interrupt handler for the clock interrupt
i need as u timing buse for the sudits task. This is = pericdic interrupt.

PRAIN evt clk{
disabie 810;
ackint #4;
*add #1, evt 4, evt_4;
etime start_os;
sizegq swalt, wt_chk;
move #0, foundj
while ((vt_chk > 80) & (“found));
delq swait, temp_tchb;
if (temp_tcb.name = #/andits/);
move #1, found;
.1!'&
addq temp.tcb, swait, temp_tcb.priority;
sub wt_chk, #1, wt_chk;
endif;
endwhile;

if (found);
*move curr_tcb, templ_tob;
*move temp_tch, ourr_tch;
*call response_updats, #4, 868;
*pove curr_tob, temp_tabi
smove tempi_tcb, curr_teb;
call sched_rtr_task, temp_tch;

endif;

otime end_os}

*sub end_os, start_os, elupned;

vadd elapsed, os_ovhd, os_ovhd;

snable #10¢
ENDPRIN;

BEGIN
move #/nodel/, nod_name;
dizable #10;
move #/1_t1/, st_elt.st_name;
move #/1_t1.traces/, st_elt.trc_nume;
addq st_elt, loc_comm_q, ¥1i;
move #/1_t2/, st_elt.st_name;
move #/1_t2.traces/, st_elt.trc_name;
addqg st_elt, loc_comm_q, #1;
move 8/1.t3/, st_slt.st_name;
move #/1_t3.traces/, st_elt.tzc_name;
nddg st_elt, loc_.comm_q, #1i;
move #/1_td4/, st_elt.st_neme;
move #/1_td.traces/, st_elt.tre_name;
addq sat_elt, loc_comm_q, #1;
move #/1_t6/, st_elt.st_name;
move #/1_tE6.traces/, st_elt.trc_name;
addq st _elt, loc_comn_q, #1;
move #/1_t6/, st_elt.st_nams;
move $/1 t6.traces/, st_elt.trc_name;
nddq st_slt, loc_comm_q, $1;
move B/1_tT/, st_elt.st_name;
move #/1_tT.traces/, st_elt.trc_name;
nddq st_elt, loc_comm_q, #1;
move #/1_%8/, st_elt.st_name;
move #/1_tD.traces/, st_slt.tro_name;
nidq st_elt, loc.comm.q, #1;
move #/1_t9/, st_elt.st_nams;
move &£/1_t9.traces/, st_elt.trc_names
nddg st_elt, loc_comm_q, #1;
move #/1_t10/, st_selt.st_name;
move #/1_t10,.traces/, st_elt.trc_name;
addg st_elt, loc_comm_ g, #1}
move #/1_t11/, st_elt.st_name;
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move #/L_ti1l.trmces/, st_elt.trc_name;
uddg  st_elt, loc_comm_q, #1;

move #/1_t12/, st_elt.st_nume;

move #/1_ti2.traces/, st_elt.trc_name;
addq  st_elt, loc_comm_gq, #1;

move #/1L_t13/, st_elt.st_name;

move #/1_t13.traces/, st_elt.trc_name;
addq st.elt, loc_cozm.q, %1}

move  #/1_t14/, st_elt.st_name;

move ¥/1_ti4.traces/, s%_slt.trc_name;
addq  st_elt, loc_comm.g, #1;

move #/1_t15/, st_elt.st_name;

move  %/1_ti5.traces/, st _elt.tre_name;
addq st_elt, loc_comm_q, #1

move #/1_t18/, st_elt.st_name;

move  #/1_t1€.traces/, st_elt.trc_name;
addg  st_elt, loc_ocomm_q, #1;

if (nod_name = #/nodel/);

lock;
move
mave
addq
move
move
addg
move
mave
addq
move
mave
addq
move
mave
addg
move
morve
addq
move
move
addgq
move
move
addq
move
move
addg
move
move
addq
move
move
addq
move
move
addq
move
move
addq
nove
movye
addg
move
move
addq
move
nmove
addq
move
move
nddq
unlock;
endif;

8/sh_t1/, at_slt.st_nume;
#/sh_t1.tzcs/, st_elt.trc_name;
st.elt, comm_q, #1;

#/sh_t2/, st_elt.st_name;
#/sk_t2.trcs/, st_slt.trc_nwme;
st.elt, comm_q, #13

$/sh_t3/, st_elt.st_name;
#/sh_t3,trce/, wt_elt.trc_name;
st_elt, comm_q, #1;

8/sh_t4/, st_elt.st _name;
#/sh_t4.tros/, st_elt,.trc_nume:
st_olt, comm_q, #1;

#/sh_t6/, st_elt.st_nume:
#/sh_t6.tros/, st_elt.trec_name}
st_slt, comm_q, #1;

#/sh_ t8/, st_slt.st_name;
#/sh_t8.trcs/, st_elt.trc_name;
st_elt, comm_q, #1;

#/sh_t7/, st_elt.st_name;
8/sh_t7.¢trce/, st_slt.trc_name;
st_elt, comm.q, #1;

#/sh_t68/, st_slt.st_name;
#/sh_t8,.trcs/, st_elt.trc_name;
st_elt, comm_q, #1;

8/3h_t9/, st_elt.st _name;
#/sh_t8.trca/, at_elt.trc_name;
st_elt, comm_q, $1;

®/8h_t10/, st_elt.st_nume;
8/3h_t10.¢zcs/, st_elt.tro_nams;
st elt, comm_q, #1;

8/sh_ti1/, st_elt.st_nams;
#/sh_ti1.txcs/, st_elt.trc_name;
st_elt, comm.q, #1;

$/sh_t12/, st_elt.st_nanme;
#/sh_t12.trcs/, st_elt.trc_name;
st_elt, comm_q, ¥1;

#/3h_t13/, st_elt.st_name;
#/8h_t13.txcs/, st_elt.trc_nume;
st_elt, comm_q, #1;

#/sh_t14/, st_elt.st_name;
$/sh_t14.trcs/, st_elt.trc_name;
st_alt, commn_q, #1;

#/sh_t16/, st_elt.at_name;
#/sh_t16,tres/, st_slt.trc_nams;
st _elt, comm_q, #1;

#/sh_t16/, st_elt.st_neme;
#/sh_t16,trcs/, st_elt.trc_name;
st_elt, comm_q, %1}

#/sh_t17/, st_elt.st_name;
#/sh_t17.trcs/, st_elt.trc_name;
st_elt, comm_q, #1;

move tamklist, proclist;
sizeq proclist, br. chk ;
movye ourrtask, tempstr;
*move #1, wt_chk;

while br_chk <> 80;
delq proclist, tcb.name;
c¢xtsy tcb_name;
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stime gurr_tcb.sts.begin;

emcve wt_chk, curr_tcb.numi
eadd #1, wt_.chk, vt_chk:

if (teb_nume <> #/idle/);
lock;
*Ltypes nod_name;
delq leoc_comm.q, st_elt}
move tcb_name, st_slt.nom;
efsype B/ --LOCAL-- TASK: /;
eftype tcb_name;
oftype ¥/ QUEUE: /;
sftypecr st_elt.st_name;
sddg st_elt, temp.q, #1;
unlock;

lock;
delq comm_.q, st_elt;
while (at_elt,.nom <> nil_string);
addq st_elt, comm_q, #1;
delq comm.q, st_elt;
sndvhile;
move tchb_name, st_elt.nom;
»frype #/GLOBAL-- TASK: /;
sftype tch_nene;
s«ftype 8/ QUEUE: /;
eftypecr st _elt.st_name;
addg st_elt, comm_q, #1;
unlock;
andif;

move taskstrt, curr_tch,pent;
move tcb_name, curr_tcb.nome;
move #/rendy/, curr_tcb.status;
moeve currpric, curr_tcb.priority;
movys taskstk, curr_tcb.stk
addq cnrr_tcﬁ, I¢r, ou::p:io;
sizeq proclist, br_chk;

endvhile;

move temp_q, loc_comm_q;
move nil_quens, temp_4i

cxtuw tempstr;

move #/rdy_tm/, rdy_str;

move #/uwt_tm/, wt_str;

move #/run_tm/, run_str}

smove 8/BND RESPOESE ............/, end_str;
bind svt_synch, #0;

bind evt_loss_synch, #1;

bind evt_mag_rz, 82}

bind evt_signal, #3;

bind evt_.clk, #4;

ennble ¥$10;
anll run_rtr_tesk;

EADTASK:
ENDKERBEL;



B.2.3 Application Tasks

: Low priority idle tusk code
H

STAT rdy.tm, integer;
STAT vt_tm, integer;
STAT run_tm, integer;

BEGLN
CALLP nilprim;
SETSTATE #/start/;

LOOP;
staTESELECT;

STATE start;
IF $trus;
CALLP
SETSTATE
ESDIF;
ENDSTATE;
ENDSELECT;
ENDLOG?
ENDTASK;

nilprim;
#/ataxt/;

¥SG Task

This task services the message interrupt
and performs messege
sransfer to and from the collector node.

s e wa e e

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR  byte_cnt, integer; Ho. of messagoe bytes
; transmitted or received
VAR nmeg_pending, integer;
VAR msg_out, t_msg elt;
VAR msg.in, t_meg._elt;
VAR  tsk_strt, integeri
VAR tsk_end, integer;
STAT oycle, integer;
ACTIVITY indt;

stime tak_mtrt;

move #0, msg_pending;

move $0, msg_in.typse;
ENDACT;

ACTIVITY upd_cycle;
move #0, msg_in.type;
stime tsk_end;
«sub  tak_end, tak_strt, cycle;
stime tak_strt;
ENDACT;

ACTIVITY
move
move

EWDACT;

ACTIVITY

sprinter
add

ENDACT}

ACTIVITY
move

move
ENDACT;

ACTIVITY
meve
move

EEDACT;

init_cnt;
20, byte_cnt;
$0, nag_rdy;

incr_ont;
#/incr count in meg task/;
#1, byte_cnt, byte_cnt;

send_tone;
#2, msg_out.type;
#/meg/, mug_out.sxrc:

send_start;
#1, meg_out.type;
8/mag/, mag_out.srcy

ACTIVITY send_diag:
move 83, mag_ont.type;
move #/msg/, mog_out.src;
ENDACT;

ACTIVITY wek_in;
if (mog.in.type <> 30)4
move #1, msg_pending;

endif;

ENDACT;

ACTIVITY
move
move

clr_mag;
#0, meg_in.type;
%0, meg_pending;

ERDACT;

ACTIVITY

mave
move

set_synchi

#200;

RO, msg_in.type;
80, nmag_pending;

ticks

EENDACT;

BEUIN
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DO_ACT
CALLP
SETSTATE

init;
nilprim;
8/clenc/;

LUDP{
STATESELECT;
STATE clear;
IF #truei
DO_ACT

CALLP
SETSTATE

ENDIF;
ERDSTATE;
STATE start;

upd_cycle;
nevresp;
t/stext/;

IF (msg.pending = #1);

CALLP nilprim;
SETSTATE #/hnd)l_rag/;
ENDIF;
IF (msg_zdy = #1);
DO_ACT init_cnt;
CALLP nilprim;
SETSTATE #/rxex/}
KDIF;
IF strue;
CALLP recv, %0, #/mag_in/;
SETSTATE  #/sigoug/;
ENDIF;
ENDSTATE;

STATE signsg;
IF #true;
D0_ict

- ack_in;
CALLP nilprim;
SETSTATE #/start/;
ENDIF}
ENDSTATE;
STATE rxtx;
IF (byte_cnt < #32);
DO_ACT incr_cnti
CALLP nilprim;
SETSTATE ®/rxtx/;
ENDIF;
IF 3true;
CALLP nilprim;
SETSTATE 8/meg_tin/;
EHDIF;
ENDSTATE;

STATE msg_fin;

IF (magtype = #1);

DO_ACT

CALLP send, 8/cinit/, #/msg_out/;

SETSTATE
ENDIF;

send_start}

8/cleax/;

IF (mogtype = #2);

DO_ACT

CALLP vcend, ®/tones/, #/msg_out/;

send_tons;



SETSTATE  #/clear/;
ERDIF;
IF {msgtypo = #3);
DO_ACT sond_ding;
CALLP send, 8/diage/, #/msg_out/;
- %B'rsn'rn #/clesx/;
EIDSTATEI

STATE hndl _magi
IF (meg_in.type s #7)1
DO_ACT

elr_nsg;
CALLP endresp, #1;
SETSTATE #8/cleax/;
EFDIF;
IF (msg_in.type = $8)}
DO_ACT set_synch;
CALLP sndresp, $2;
SETSTATE  #/cleax/;
DIF;
ENDSTATE;
ENDSELECT;
ENDLOOP
ENDTASE;
SYNCH Task

This task reports synch faults to the FAULT
task and changes

synch sources anbout svery 1000 time units
by sending & message to

the M30 task.

STAT rdy.tm, integer;
STAT we_tm, intager;
STAT run_tm, integer;

VAR  meg_out, t_mag_elt;

VAR  tsk_strt, integer;
VAR  tsk_end, inug-r;
STAT cyclse, integer;

ACTIVITY ini¢;
stime tzk_strt;
novo #0, synch_loss;

ENDACT;

ACTIVITY upd_cycle;
*time tsk_end;
egub  tak_end, tsk_strt, cycls;
stime tsk_strt;

ENDACT;

ACTIVITY report_synch;

ERDIF}
ENDSTATE;

STATE start;
IF #true;
CALLP

sleop;
SETSTATE #/chk/
E¥DIF;
ENDSTATE}
STATE chk;
IF (synch_loss = #1);
DO_ACT repoxt_synch;
CALLP send, #/fault/, #/msg_out/;
SETSTATE  #/cleaxr/;
ADIF;
IF Ctzu
DO_A change_synch;
CALLP send, #/mag/, #/mag_ocut/;
SETSTATE C/clou’:
EIDSTATE;
ENDSELECT;
ENDLOOP

ENDTASK;

CONNECT Task

This task services reguests for connections
by simulating a fixed

time delay. If the request is from the
suitching center, the

tone request response is completed.

e w Ged e

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT zun_.tm, integer;

VAR msg.in, t_mag_elt;

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;

ACTIVITY init;
etime task_strt;
ENDACT;

ACTIVITY upd_cycle;
etime tsk_end;
*sub  tsk_end, tsk_strt, cycle;
stime tak_smtrt]

ERDACT;

ACTIVITY mnke_conn;
ticks #6003
ACT;

move #0, synch_loss;
move #9, msg_out.type;
move #/cynch/, mag_out.sre; BEGIN
ENDACT; 52{1‘.37 1:;%‘6 } im
ACTIVITY ~hange_synch; P Sy
move #B, mag_out.type; SETSTATE #/cleax/;
move #/synch/, msg_out.sxc; LOOP;
BEDACT; STATESELECT;
STATE clear;
BEGI IF #trus;
DO_ACT init; po_act upd_cycle;
CALLP nilprin- CALLP nevresp;
SETSTATE #/clear/; SETSTATE #/atart/;
a0p: NDIF;
sTATESELECT; ENDSTATE;
ST.l}g :%‘“; STAEIE ::;:::
Tue; CALLP recy, 30, $/msg_in/;
DO_ACT upd_cycle; . . g-2n/i
cALLP nl.’“.zm snniEm TE %/got_msg/:
SETSTATE  #/start/; ENDSTATE;
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STATE got_ mag;
IF ({msg._in.sxrc = #/tones/) &
(msg_in.date = #1));

DO_ACT make_gonni
CALLP endresp, #3;
SETSTATE #/alenx/;
ENDIF;
IF %trus;
DO_ACT make_conn;
CALLP nilprim;
SETSTATE #/clexx/;
ENDIF
ENDSTATE;
ENDSELECT;
ENDLODP
BHDTASK;
CHHELS Tusk

This task mervices requests for channel
allocetions and deallocations,

It mainteins only 16 channels. When an
allocation request im

mude, the requestor must wait for an
noknozledgement nessage.

et WA me We s W wewa w

STAT rdy_tm, integer;
STAT ut_tm, integer;
STAT run_tm, integer;

VAR msg_ont, t_msg_elt;
VAR mag_in, t_meg_elt
VAR  num_amllocanted, integer;

VAR  tsk_strt, integex;
VAR  tsk_end, integer;
VAR  cycle, integeri
STAT mtoch, integer;

STAT eopch, integer;

STAT over_limit, integer;

ACTIVITY initial;
time <tk _mtrt;
BIDICT;

ACTIVITY upd_ cyalo;
stime tok_end
wgub  tak_ ond, tak_strt, cycle;
wtime tek_strt;

ENDACT;

ACTIVITY get_chnl;
add #1, num_allocated, num_allocated;
*if (mug_in.sxc = #/diegs/)1
*add #1, mtech, mtcch;

selse;
sadd #1, cpeh, cpoh;
Oondi!;
move #14, mag _ont.type;
move #/chnls/, meg_out.zrc;
ENDACT;

ACTIVITY ovilw;
sadd #1, over_ limit;
EWDACT;

ACTIVITY free_chnl;
sub num_allocated, #i, num_allocated;
i# (num_ullocated < #0);
move #0, num lllncntod;
endif;
ENDACT;

BEGIN
DO_ACT initial;
cALLP nilprim;

SETSTITB #/clenr/s

L UP%
STATESELECT}

STATE clear;

IF 2true
DO_A upd_cycle
CALLP neuresp;
SETSTATE 8/staxt/
ENDIF}
ENDSTATE;

STATE sturt;
IF (num_allocated < #1E);

CALLP Teay, %0, t/mlg_inl:
SETSTATE $/got. n-g/.
ERDIFj
IF #true
DD_AC ovilug
CALLP recy, #1, #/meg_in/;
SETSTAT® #/tree_rey/;
EBDIF;
ENDSTATE;
STATE got _meg}
IF (msi_in.typo = 212);
get_chnl;
CALLP send, mag_in.src, #/msg_ont/;
SETSTATE  #/clear/;
IDIF;
IF #true;
DO_ACT fres_chnl;
CALLP nilprim;
SETSTATE 8/clear/
EXDIF;
ENDSTATE;
STATE free_reg;
IF #¢rue;
DO_ACT Zree_chnl;
CALLP nilprim;
SETSTATE #/clenr/;
ENDIF;
ENDSTATE;
!!DSELECT;
ENDLOOP
ENDTASK;
CINIT Tusk

weme ma e vt wd Lt mame

Thia twsk accepts messages from the M3IG
task to setup & call, To

do this, the CINIT task roqnolt- a channel,
connects it, and inform

the STAT task that the clll is in progress.

STAT xdy.tm, integer;

STA
STA

T wt_tm, integer;
T run_tm, integer;

VAR mag_out, t_msg_elt;
VAR msg.in, t_mag_elt}

VAR
VAR
ST
ACT
END
ACT

ERD
ACT

tak_strt, integer;
tsk_end, intoger;
T c¢ycle, integer;

IVIT¥ init;
time tsk_strt;
ACT'

IVITY upd.cycle;

stime tsk_end;

*gub  tsk_end, tak_strt, cycle;
etime tak_strt;

ACT}

IVITY chnl_req;

move 812, msg_out.type;
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ENDACT}
ACTIVITY conn_req;

move
move

#11, meg_out.type;
#/cinit/, msg_ont.sxao}

ENDACT;
ACTIVITY atat_Teq)

more
move

#1565, msg_ocut.type;
8/cinit/, msg out.sre;

ENDACT;

init;
nilprim;

SETSTATE #/clear/y

LOOP;
STATESELECT;

STATIE clear;
IF Strue;
DO_ACT
CALLP
SETSTATE
ENDIF;
ERDSTATE;

STATE strt;
IF Btrue;
CALLP

SETSTATE

EXDIF;
ENDSTATE;
STATE got_megi

IF Strue;

DO_ACT chnl_req;
CALLP send, #/chnls/, #/meg_out/;
SETSTATE #/ut_uck/;

EBDIF;
ENDSTATE;
STATE wt_nck)

IF #true;

CALLP
SETSTATE

ENDIF;
ENDSTATE;

STATE get_chnl;
IF #true;
DO_ACT COnN.Teq;

CALLP send, #/connect/, #/msg_out/;
SETSTATE  #/got_conn/;

ENDIF;
ENDSTATE;
STATE got_conn;

IF $true;
DO_ACT stat_xeq;

CALLP wmend, %, 3tant/,

SETSTATE #/clenz/;
EEDIF;
ENDSTATE;

ENDSELECT;
ENDLOOP

upd.cycle;
nevresp;
s/atrt/;

rTecey, #1, #/meg_in/;
#/got_nsg/;

recy, $14, 8/mag_in/;
#/got_chnl/;

#/mag_out/;

EEDTASK;

- et ha A4 ms B me wE me i we

STAT Task

This task nccepts reports of call setup
comnpletions. In response,

it requests that the SIGNALLING task look
for call takedoon messages,

STAT also accepts reports of integrity
fuilures from the

SIGHNALLING task. When tiiis heppens, the
Teport is zent to the

FAULT tmsk. Finally messages from the END

t taek mre sccepted
i Teporting a call taksdewn.
§

STAT rdy_tm, integer;
STAT wt_tm, iateger;
STAT run_tm, integer;

VAR
VAR

VAR
VAR
STAT

meg._out, t_msg.elt;
meg.in, t_msg_elt;

tak_strt, integer;
tesk_end, integer;
dycle, integer;

ACTIVITY init;
stime tsk_strt;
ERDACT;

ACTIVITY upd_cyclie;
stime tak_end;
sgub  tsk_end, tak_strt, cycls;
etime tsk_strt;

ENDACT;

ACTIVITY nev_cuall:
ticks #200;
move %1, stat_data;
move $10, meg_out.type;
move #/stat/, msg_ocut.sre;
ERDACT;

ACTIVITY call_fing
ticks #200;
move #1, stat_datn;
ENDACT

ACTIVITY integ _fail;
move #10, mag _out.typse;

update table

updnte table

move #1, stat_data;
move #/stat/, mag_out.sre;
ENDACT;
BEGIN
DO_ACT init;
CALLP nilprim;
SETSTATE #/cleaxr/;
LOOP;
STATESELECT;
STATE clenr;
F #true;
DO_ACT upd_cycle;
CALLP neVresp;
SETSTATE  ®/sturt/;
ENDIF:
ENDSTATE;
STATE start;
F 8true;
CALLP recv, %0, B/msg_in/;
SETSTATE s/got_mag/;
ENDIF;
ENDSTATE;

STATE got_msg;
IF (meg_in.type = #1E};

DO_ACT nev_call;
CALLP send, #/signal/, #/msg_cut/;
SETSTATE #/zesponse/;

ENDIF;

IF (msg_in.type = #17);
DO_ACT integ. Tril;
CALLP send, #/fault/, #/msg_out/
SETSTATE  #/clenr/;

RDIF;

IF strue;
DO_ACT call_fin;
cALLP endresp, #4;
SETSTATE t/clenr/;

EIDIF;

ENDSTATE;
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STATE response}
IF L :rue;
CALLP endresp, #5;
%/clenx/;
ENDIF;
ERDSTATE;

ENDSELECT}

ENDLODP
ENDTASK;

-t s e wa e e v Ui me s we

END Task

This task accepts messages from the
SIGMALLING task reporting
that & callex hae hung up. This causes the
END tusk to request a

izconnection and the freeing ol the
channel., It completes by

informing the STAT task that the takedown
is complaete.

ENDSTATE;

STATE got_msg)
IF 2true}
DO_ACT conn,_req;
CALLP send, #/connect/, 8/meg_out/;
SETSTATE $/rel_chnl/;

ENDIF;
ENDSTATE}

STATE zel_chnl;
IF #true;
DOLACT chnl_req;
CALLP send, ®/chnls/, #/meg_out/;
SETSTATE 8/call _fin/;
ENDIF;
ENDSTATE;
STATE call _fin;
IF dtrue}
DO_ACT stat_ Teq]
CALLP wsend, #/stat/, $/wag.out/
SETSTATE t/clenr/;

EXDIF;
ENDSTATE;

EBDSELECT;

STAT zdy._tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

ENDLOOP
ENDTASK;

ViR msg_out, t_mmg._elt;
VAR mag_in, t_msg_elt;
VAR  tsk_strt, integer;
VAR tsk_end, integer;
STAT cycls, integer;

ACTIVITY init;
ot

ime tsk_strti

ENDACT
ACTIVITY upd_cycle;

stime
»gub
stime

tak_end;
tak_end, tsk_strt, cycle;
tak_strt;

ENDACT:
ACTIVITY chnl_req;

nmove
move

#13, msg_out.typs;
#/end/, mag_out.src}

ENDACT}
ACTIVITY comn_req;

move
noeve

#11, msg.out.typs;
s/end/, msg_out.arc;

ENDACT;
ACTIVITY stut_req;

FAULT Task

sends them to the MS5G

task for transmission. If = fault is
received fyom the TINTC or

STAT tasks, then 1K of dats must be
transferred between these tamks,

T ok L T

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR mag_out, t_mag_elt;
VAR msg_in, t_nmsg_elt;
VAR tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;

ACTIVITY dnis;
stime tak_strt;
ENDACT;

ACTIVITY upd_cycley
stime tsk_end;
sgub  tsk_end, tsk_strt, cycle;
etime tak_strt;

ENDACT;

ACTIVITY send_report;
move &7, mag_out.typei

This task mccepts reports of fmults and

move #19, msg_out.type}
move $#/end/, mag_out.src;
ENDACT:
BEGIN
bO_ACT indt;
caLLp nilprim;
SETSTATE #/clear/;
LOOP;
STATESELECT;
STATE clear;
IF #tzus;
DO_!C* upd_cycle;
CALLP nevresp;
SETSTATE s8/sturt/;
ENDIF;
ERDSTATE;
STATE starti
IF #true}
CALLP recy, ®/meg_in/;
SETSTATE  #/got_msg/;
ENDIF;

move ®/fault/, msg_out.szc;
ENDACT;

BRGIN
DO_ACT init;
CALLP nilprim;

SETSTATE #/clear/;

LODP;
sTATESELECT;

STATE clear;
IF &true;
DO_ACT upd_cycle;
CALLP nevresp;
SETSTATE 8/starv/;
EUDIF;
ENDSTATE;
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STATE start;

IF #trus;
CALLP recy, %0, #/msg_in/;
SETSTATE  #/got_msg/;
ENDIF;
EHNDSTATE;

STATE got_msg}
Ir (msE_in.lzc
CALLP

= 8/timte/);
get_data, msg_in.sre,
#/t1_data/, #1000}

SETSTATE 8/zropors/;
ENDIF;
IF (meg_in.src = #/stat/);
CALLP get_datm, msg_in.src,
8/stat_data/, #1000;
SETSTATE #/zeport/;
ENDIF;
IF 8true;
CALLP nilprim;
SETSTATE #/report/}
ENDIF;
EIDSTITE;
STATE report;
IF ttrno
* send_reporti
CALLP send, $/msg/, $/msg_ont/;
SETSTATE s/clenx/;
NDIF;
ENDSTATE]
EXDSELECT;
ENDLOOP
ENDTASK;
TONES Task

This task sexvices requests for tone
connections by calling the
CONNECT tusk.

v e e

STAT rdy_tm, integer:
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg _out, t_msg_elt;
ViR msg_in, t_msg.elt;
VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT e¢ycle, integer;

ACTIVITY init;
stime tak_strti
ENDACT;

ACTIVITY upd_cycle;
stime tsk_end;
ssub tsk_ ond, tak_strt, cycls;
etime tak.strt;

ENDACT

ACTIVITY lclnat -tone;
ticks &
ir (nsg_in sxc = 8/mag/);
meve 21, msg_out.datas
else;
move #0, msg_out.duta;
andif;
move 811, msg_out,type;
move l/tononl nsg_out.erc;

ENDACT}

BEGI
DO_ACT init;
CALLP nilprin'

SETSTATE #/clenz/;

LOOP;
STATESELECT;
STATE clear;

IF Strne*
= upd_cycle;
CALLP neuresp;
SETSTATE 8/start/;
ENDIF;
ENDSTATE;
STATE sturt;
IF $true;
CALLP recy, $0, $/mag_in/;
SETSTATE  #/got_msg/;
ENDIF;
EEDSTATE;

STATE got_msg;
IF Strua+
Do_A select_tone;

CALLP send, $/connect/, #/msg.cut/;
SETSTATE #/clear/;
ENDiF
BIDSTI?xl
EBDSELECT;
ENDLOOP
ENDTASK;
SIGEAL Task

This task collects messages from the
signalling herdware every

socond by vay of an interrupt. The message
can be: integrity lost,

integ.ity okmny, or call takedown. Nothing
is done for iatogrit
okay. For iato ty failure, the STAT tesk
is informed ln

request is sent to the DIAG task. For call
takedoun, the STAT

task is informed. Messnges are also
accepted to start and atop

integrity monitoring, These nctions are
simnlated by a fized

delny.

e s mA s G AR WA LS W WA W Ws Wa AR WS wama s

STAT rdy.tm, integer;
STAT wt_tm, integer;
STAT run_tm, integex;

VAL msg_out, t_msg_elt;
VAR msg_in, t_meg_elt;
VAR mag.pending, integer;
VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT c¢ycle, integer;

ACTIVITf initt
time tak_strt:

uovo $0, msg_ ponding:
move 30, msg_in.type;
ERDACT;

ACTIVITY upd_cycle;
move 20, msg_in.type;
etime +¢sk_end:
sguly  tsk_end, tsk_strt, cycle;
stime tak_strt;
ENDACT;

ACTIVITY init_ont;
move #0, sig rdy;
ENDACT;

ACTIVITY upd_integ;

ticks #75;
EHDACT:
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ACTIVITY mend_stat)
move #17, mEg_out.type;
move #/mignul/, mag_out.src;
ENDACT;

ACTIVITY fin_stat;
move €18, meg_out.type;
move &/signal/, mag_out.srci
ENDACT ;

ACTIVITY send_diag;

move %3, meg_out.type;

move #/signel/, msg_out.srcy
ENDACT}

ACTIVITY mck_in;
12 (mag_in.type <> #0);
move #1, msg _pending;
endif;
ENDACT;

ACTIVITY clr_upd_integ;
move #0, msg_in.type;
ticks #75;
move #0, meg_pending;

ENDACT;

|
DO _ACT init;
CALLP nilprim;
SETSTATE #/clear/;

LODP;
STATESELECT;
STATE clear;
tIue;
po_act apd_cycle;
CALLP neUresp;
SETSTATE #/start/;
ENDIF;
ERDSTATE;
STATE start;

IF (msg_pending = #1);
CALLP nilprim;
SEBYSTATE  #/hndl_meg/

EADIF;

IF (sig _rdy = #1);
DB_ACT init_cntg
CALLP nilprim;
SETSTATE  #/rx/;

DIF;
IF Strue;
CALLP recv, #0, #/meg_in/;
SETSTATE t/signsg/;
EADIF;
ENDSTATE;
STATE sigmsg;

IF #Strue
DO_AC ack_in;
CALLP niloprim;
SETSTATE  #/start/;

EXD ‘

ENDSTATE;
STATE zx;

IF (sigtype = #4);
DO_ACT upd_integ;
CALLP nilprim;
SETSTATE  #/clenx/;

ENDIF;

IF (sigtype = #5);
DO_ACT send_stat;
CALLP send, $/stat/, #/meg_out/;
SETSTATE #/ding/;

EEDIF;

I¥ (sigtype = #6);
DO_ACT fin_stat;

CALLP send, #/stat/, #/msg_out/

SETSTATE #/clenx/;
NDIF;

ENDSTATE;
STATE diag;
IF ftzus;
DO_ACT send_ding;
CALLP send, #/disgs/, 8/mag_out/}
SETSTATE $/clenr/]
EEDIF;
ENDSTATE;
STATE hndl_seg;
IF #true
DO_ACT ¢lr_upd._integ;
CALLP nilprim;
SETSTATE  8/clear/;
ENDIF;
ERDSTATE}
E¥DSELECT}
ESDLDOP

ENDTASK;
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SETSTATE

ENDIF;
ENDSTATE;
AUDITS Task

i
i
; This is u periocdic task that requests Ir “ma‘
H diagnostics frem the DIAGS Do_A
} task wvhenever the time for one of the CALLF send,
i thres sudits comes up. & clock SETSTATE
{  handling primitive provides a time hase ENDIF;
H for the tark. ENDSTATE;
; STATE chk_aud1;
STAT rdy_.tm, integer; IF (wudi_cnt =
STAT wt_ta, integer; .
STAT run_.tm, integer} CALLP send,
VIR msg_out, t_msg_elt; Dg;‘:STlTB
VAR  audi_cnt, integer; IF 8true;
VAR  aud2_cnt, intager: CALLP
VAR  audd_cnt, integer; SETSTATE
ENDIF;
VAR  tsk_strt, integer; ENDSTATE;
VAR  tak_end, integer;
STAT ceycle, integer; STATE chk_sudl;
IF (aud2_cnt =
DO_ACT
ACTIVLTY 11;11;; . CALLP send,
etime tsk_strt
ERDACT; ' nggsnrz
ACTIVITY upd_oycle; IF &irues
evime "k-.l\d} SETSTATE
*sub tl:,ond. tak_sirt, cyclej ENDIF;
stime tsk_atrt "
BEDACT; ¥ ENDSTATE;

STATE chk_mud3d;
ACTIVITY incr_cnt; !
a , addi_cnt, andi_cnt; IF (and3_cnt =

add #1, mud2_cnt, audi_cnt} T

wdd #1, wud3d cnt, and3 ent; CALLP send,
ENDACT; SETSTATE

]

ACTIVITY tell_timtc; true;

move #23, ns;_o:’;t.eypo; CALLP'

move ¥/audits/, msg_out.sre; Dg;fsnrs
ENDACT; ENDSTATE]
ACTIVITY wudil;

move #0, mudi_ent} ENDSELECT;

move 116, meg. out.type; BlDE‘:gli?op

neve #/mudits/, msg_out.sre '
ENDACT;
ACTIVITY aud2;

move #0, aud2_cnt; DIAGS Task

move 816, mesg_out.type;

move #/wudits/, msg_out.sre;
ENDACT;

ACTIVITY mudd;

nore 236 aud3_cnt; & request is recelived,

#/trigger timtc/

STATE trigger_timte;

tell_timte;
#/timtc/, #/msg _out/;
#/ohk_aud1/

H
#/dinga/, #/msg_out/y
$/chk_aud2/;

nilprim:
#8/chk_aud?/

i
#/dings/, #/meg_out/;
8/chk_nud3/;

nilprim;
#/chk_sudd/;

#30);

aud3;

#/dings/, #/meg_out/;
#/clenr/;

nilprim;
$/cleax/;

This task accepts messnges to run
diagnostics from the NSG task,

AUDITS task, mnd the SIGNAL task. When such
tve channels are zegquested from the CANLS

sent to the appropriate disgnostic task.

move » DEE_out.type;
move #/andits/, msg_out.azc; task and then a messuge is
ENDACT; ;
STAT rdy_tm, integer;
BBG%E ACT init; STAT wt_tm, .il\tI‘.!;.
calrp nilprim; STAT run_tm, integer;
SETSTATE #/clear/; VAR msg.out, t_msg_elt:
N VAR msg_in, t_msg_elt;
Lungiawsszggcfi VAR dest, string;
VAR  dg_num, integer;
STATE clear;
F :t;;:: VAR  tsk_strt, integer;
DO_ACT upd_cycle; VAR  tsk_end, integer;
CALLP newresp; STAT cycle, integer;
B.nilE?‘I’STATE #/sturt/g
H
. ACTIVITY init;
ENDSTATE; *time tok_strt;
STA}'E :tu‘t; ENDACT;
¥ oerie: inez_cnt; ACTIVITY upd_cycle;
cafLp sleep; *time tak_end;
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ssub  tak_end, tsk_strt, cycls; DO_ACT choose diag;

etime tmk_mtret; CALLP send, dest, #/mag_out/;
ENDACT) Elngg‘l’s‘l‘l'f! 8/clenx/;
ACTIVITY chnl_req; BIDSTATE‘;

move $12, msg_out.type;

Cave  #/diags/, msg_out.sroj BIDEI.JggBLBcn
ENDACT; EEDTASK;

ACTIVITY chocse_diag;

rand #4, dg_nun;
move %11, mag_out.type}
move &/dimgs/, mag_out.src;
if (dg_num = 80);

move #/tonediag/, dest;
elue;

i (dg_num = #1);

move #/chnldiug/, dest;

TONEDIAG Task

This task services regnests for tone
dimgnostics by sending =

request message to the TONES tusk and
then simuluting the diagnostic

- et ma ma e me wwr

olus} by = fixed time delry.
12 (dg_num = $2);
move #/msgding/, dest; STAT rdy_tm, integer;
olse; STAT wt_tm, integer;
dl::vu #/¢t1ding/, dest; STAT Tun_tm, integer;
on
endify i VAR mag_out, t_mag_elt;
endif; VAR  msg_in, t_meg_elt;
ENDACT; VAR  zesult, integer
VAR  fail, integer;
BEO%; ACT init: VAR  tsk_strt, integer;
CALLP nilprim; VAR  tsk_end, integer;
SBISTATE &/clesr/; STAT cycle, integer;
LOOP}
ACTIVITY inix
S*ATBSELECT; ot ime tlk.‘,ltl".'l
sn}'g :1..-:; ENDACT;
rae .
ou_tc‘i' upd_cycle; I.CTE:.I:: “z:icz:::'
CALLP newresp; ssub  tak_end, tsk_strt, cycls;
slngﬁs““ ¥etart/y stime tmk_strt)
ENDSTATE; ENDACT;
ACTIVITY welect_tone}
STI}; ::g:: move #1, mag_out.type;
CALLP recy, #3, #/msg.in/; !'D::oc;o 8/toneding/, msg_out.sro;
SRTSTATE  #/got_msg/; i
ENDIF; ACTIVITY do_ding:
ENDSTATE; move 07 fall;
ticks 8
STATE gor-mesi zand’ #10, result;
if (result = 89}
DO_IC{‘ chnl_req) move #1, !liis
CALLP send, #/chnls/, 8/msg_out/; endif;
B.DggTSTATB #/wt_ncki/; EHDACT;
llDSTlTBg ACTIVITY report_fail;

move %10, msg_out.type;

STATE wt.mckl; move #/toneding/, msg_out.src;

#trne;
CALLP recy, $14, 8/msg_in/;  DIOACTH
SETSTATE $/got_chnl/y
ENDIF; BEGIN
ENDSTATE; DO_ACT init;
CALLP nilprim;
STATE got._chnlj SETSTATE #/clear/;
IF #true)
DO_ACT chnl_req; LOOP;
CALLP send, #/chnls/, #/msg_out/; STATESELECT;
Blngg‘rs'l‘l‘l‘! l/ut_ackﬂh STATE cloar;
!lDSTA'IEi I 55’2&" upd_cycle;
ST +_nck2 CALLP newresp;
‘;g :&r::; i / p E'D!;%TSTATB $/utart/;
CALLP recy, %14, £/msg_in/} :
SETSTATE  #/pick_disg/; EADSTATE;
ENDIF; STATE start;
ENDSTATE; IF Stries
. CALLP recv, 10, ¥/mag_in/;
STA}; 1;:::;?1;5. SETSTATE s/got_msg/;



ENDIF;
ENDSTATE;

STATE got_msgi
IF ¥txuse;
DD,IC* select_tone;
CALLP sand, #/tones/, #/msg_out/;
SETSTATE #/diagnose/;
ENDIF;
EXDSTATE;
STATE diagnose;

IF B%true;
DO_ACT do_diag;
CALLP nilprim;
SETSTATE  #/chX_results/;

i
ENDSTATE;

STATE chk_results;
IF (fail = #1);

DD_ACT report_fail;
CALLP send, #/fault/, 8/mag_out/;
SETSTATE #/respons/;

ENDIF;

IF #true;
CALLP nilprim;
SETSTATE #/respons/;

BEDIF;

ENDSTATE;

STATE respons;
IF (fail = 80);
CALLP sndrasp, #8;

SETSTATE 8/clenz/;

NDIF;

IF Strue;

CALLP nilprim;
SETSTATE #/clenr/;

ENDIF;

ENDSTATE;

ENDSELECT;
ENDLODP
ENDTASK;

move &/chnldiang/, meg_ont.src)
ENDACT;

ACTIVITY stop_integ;

move #1210, mag.out.type;

move #/chnlding/, msg_out.sre
ENDACT;

ACTIVITY do_diug;
movs $0, fallg
ticks #1f0;
zand #10, result;
i2 (result = 89){

move &1, fail;
endif;

ENDACT;

ACTIVITY report_fail;

move ¥10, meg_out.type;

move #/chnlding/, msg_out.src;
EXDACT;

BEGIN
DO_ACT init;
CALLP nilprim;

SETSTATE #/clear/i

LODP}
STATESELECT;

STATE clenr;
IF $true;
DO_ACT upd_cycle;
CALLP neuresp;
SETSTATE #/stezt/;

EBDIF;
ENDSTATE;
STATE start;

IF strue}

CALLP recy, #0, #/msg_in/;

SETSTATE
ENDIF;
ERDSTATE}
STATE got_mag;
IF $txue;

#8/got_msg/;

connect_chnl;

CHELDIAG Task

disgnestics by sending »
then one to the SIGNAL
by a fixed time deluy.

. me meme me me mewame W

STAT rdy_ta, integer;
STAT wt_tm, intager;
STAT run_tm, integer;

VAR meg_out, t_mag_elt;
VAR msg.in, t.msg_elt;
VAR result, integer;
VAR  fail, integer;

VAR  tsk_strt, integer;
VAR tsk_end, integer;
STAT cycle, integer;

ACTIVITY init;
stims tesk_strt;
ERDACT;

ACTIVITY upd_cycle
*time tsk_end;
ssub  tsk_end, tsk_strt, cycls;
stime tak_strt;

ENDACT;

ACTIVITY connect_chnl;
move %11, msg_out.typs;

This task services requests for channal

request message to the CONNECT task and

task and the finally simmlating the diagnestic
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CALLP send, $/connect/, #/mxg_ocut/;

SETSTATE  #/wignal/;
ERDIF;
ENDSTATE;
STATE signal;
IF $true
DD_AC{ stop_integ;
CALLF send, #/signal/, #/meg_out/;
SETSTATE #/diagnose/;
EEDIF;
ENDSTATE}
STATE diagnose;
IF Struei
no.ict do_dieg;
CALLP nilprim;
SETSTATE #/chk_results/;
EADIF;
ENDSTATE;

STATE c¢hk_results;
IF (fail = #1);

DO_ACT Toport_fail;
CALLP send, #/fault/, #/mag_out/;
SETSTATE #/zespons/;

EBDIF;

IF strue;
CALLP nilprim;
SETSTATE #/zespons/;

ENDIF:

ENDSTATE;

STATE respons;
IF (fail = %0);
CALLP sndresp, #8;



SETSTATE $/clear/y
DIF;
IF $truse;
CALLP nilprim;
SETSTATE  #/clear/;
ENDIF;
ENDSTATE;
ENDSELECT;
ENDLOOP
EBDTASK;

N30DIAG Task

This task services requests for messaging
diwgnostics by sending a

request message to the SIGNAL task and then
simulating the dimguestic

by u fixed time delmy.

- s W W mE et

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR mzg_out, t_msg_elt;
VAR msg_in, t_msg.elt;
VAR  result, integer;
VAR fail, integer;

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;

ACTIVITY inis;
etime tsk_strt}
ENDACT;

ACTIVITY upd_cycle;
etime tsk_end;
#gub  tak_end, tzk_strt, cycle;
atime tsk ltzt;

ENDACT;

ACTIVITY stop_integ;

move #20, msg_out.type;

move $#/magdisg/, msg.out.sro}
EBDACT;

ACTIVITY do dilg
mere 1s
ticks l26
rand #10, :osult;
if (resul: = $9);

move #1, fuil;
sndif;

ENDACT;

ACTIVITY rsport_fail;

move #10, msg_out.type;

move #/magdiag/, msg_out,sre¢)
ENDACT;

BEGIN

DO_ACT inis;
caiLp nilprim;

SETSTATE #/clear/s

LODP*
STATESELECT;

STATE clear;
IF strue;
Do_ ACE upd_cycle;
CALLP neuresp;
SETSTATE #/start/s
ENDIF;
BIDSTATB'

STATE astars;
IF #true;

CALLP recy, %0, ®/msg_in/;

SETSTATE  #/got_meg/;
ENDIF;
ENDSTATE;
STATE got_mag;
IF Btrue
DO_AC stop.integ;
CALLP send, #/signal/, #/msg_out/;
SETSTATE #/diangnose/;
EADIF;
EIDSTATB:
STATE dimgnone;
IF Struei
DO_ACT de_diag;
CALLP nilprim;
SETSTATE #/chk_results/;
ENDIF;
ENDSTATE;

STATE chk_results;
Ir ggtil = #1)1

-ACT report _fuill;
CALLP send, #/fault/, ®/msg.out/;
SETSTATE 8/zespons/
EHDIF;
IF Strue;
CALLP nilprim;
SETSTATE 8/respons/;
ENDIF;
ENDSTATE;

STATE respons;
IF {(fail = §0);
CALLP endresp, 883

SETSTATE 8/clenr/;
ENDIF;
IF #truet
CALLP nilprim;
SETSTATE #/clenr/;
ENDIF:
ERDSTATE;
EYDSELECT;
ENDLOOP
ENDTASK;

TiDIAG Task

This task services requests for c¢arrier
disgnostica by sending m

request message to the TINTC task and then
simulnting the disgnoestic

by a fixed time delay,

e )

STAT rdy._tnm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg_out, t_msg_elt;
VAR mag_in, t_meg_elt;
VAR result, integer;
VAR fail, integer;

VAR  tsk_strt, integer;
VAR tak_end, integer;
STAT cycle, integer;

ACTIVITY init;
time tsk_strtj
BIDACT-

ACTIVITY upd_cycls;
stime <tsk_end;
sgub  tsk_ ond, tsk_strs, cycle;
etime tak_strt;

EHDACT;

ACTIVITY stop.mte;
move %21, msg_out.type;
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move
ENDACT;

ACTIVITY do_ding;
move #0, fail
ticks $400;
rand #10, result;
if (zesult = 39)1

move #1, fail;
endify

EBDACT;

ACTIVITY report_fail;
move #10, meg_out.type;

s/t1dlag/, mag_out.srcs

move #/tidiag/, msg_out.sre;

ENDACT;

BEGIN
DO_ACT indt;
CALLP nilprim;
SETSTATE #/clear/;

0P;
STATESELECT;
srnrg g%our;
rue;
po_ict
CALLP
SETSTATE
ENDIF

i
E¥DSTATE;

STATE staxt;
IF #true;
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE got_msg;
IF Strue
DO,AC*
CALLP send,
SETSTATE

ENDIF;
ENDSTATE;
STATE diagnose;

IF $true;

DD_ACT

CALLP
SETSTATE
ENDIF;
ENDSTATE;
STATE chk_results;
IF (fail = #1);
DO_ACT
CALLP send,
SETSTATE
ENDIF;
IF %trus;
CALLP
SETSTATE

ENDIF;
ENDSTATE;

STATE responsi
IF (fui) = £0);
CALLP

SETSTATE
ENDIF;

Ir Obrno;
CALLP
SETSTATE

ENDIF;

ENDSTATE;

ENDSELECT;
ERDLOOP
ERDTASK;

upd_cycle}
ﬂ.'l‘.lp;
#/start/;

recy, %0, #/mug. in/:
s/got_mag/s

stap_mtc;
$/signal/, #/msg_out/;
#/dingnose/}

do_diag;
nilprim;
#/chk_resulte/;

report_fail;
#/tault/, $/mag_cut/;
&/zespons/i

nilprim;
$/zespons/;

sndresp, $6;
s/cleny/;

nilprim;
#/clear/;

TiHTC Tusk

This task performs Youtine earrier
naintenance every sscond (as

signalled by the arrivel of & message from
the AUDITS task). It also

sccepts messages from TIDIAG to stop
scanning omrriers,

e e we Wb md G Y me

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run.tm, integer;

ViR
VAR
VAR
VAR

VAR
VAR
STAT

msg.out, t_meg_slts
mag.in, t_msg_elt;
result, integer;
fail, integer;

tak_strt, integer;
tak_end, integer;
cycle, integor;

ACTIVITY init;
stime tak_strti
ENDACT;

ACTIVITY upd_cycle;
stime tsk_end;
ssub  tz2k ond, tsk_stxt, cycle;
stime tak_strt;

ENDACT;

ACTIVITY do_scan
move #0, Zail;
move B1, t1_datm;
ticks #100;
rand #10, ro:nlt;
if (result = $9);

move #1, !lii;
endifs

ENDACT;

ACTIVITY report_fail;
move #10, msg_out.type;

move #/timtc/, msg. ont.src;
BADACT;
BEGIN

DO_ACT init;

CALLP nilprin;

SETSTATE #/cleax/;

LOOP;

STATESELECT

STATE clear;
F #true;
po_act

- upd_cycle;
CALLP nevresp;
SETSTATE $/atart/;
BEDIF;
ENDSTATE;
STATE start;
IF #truse;
CALLP recy, %0, #/mug_in/;
SETSTATE 8/got_mag/;
EADIF;
ENDSTATE;
STATB ot_meg;
nss in.type » #23);
do_scani
ClLLP nilprim;
SETSTATE #/chk_results/;
ENDIF;
IF #truse;
CALLP nilprim;
SETSTATE #/clear/;
ENDIF;
ENDSTATE;
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STATE chk_resultst
IF (ﬁ-il " 81);

CALLP send,
SBTSTATE

ENDIF:

IF #true;
CALLP
SETSTATE

ENDIF;

ERDSTATE;

STATE respons;
IF (fail = 80);
CALLP

SETSTATE

SETSTATE
EXDIF;
BEDSTATE;

ENDSELECT;
ENDLOOP
ENDTASK;

Teport fail;
#/fault/, 8/wsg_out/
#/zesponan/;

nilprimg
#/xespons/;

endrecp, #7;
$/clenr/;

nilprim;
#/clenx/;
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B.3 IPC Selection Methods

The following Design-Aid code is that used to model the various kernels g.nd applications used in
the IPC section of the design method chapter. The kernel and application used for the case of
nonblocking send with the bfocking receive specific primitives is the same as that used to model the
hardware platform. As such it will not be duplicated here.

B.3.1 Nonblocking Send With General Receive Kernel

The following kernel is identical to the nonblocking kernel of the hardware platform section except
that the receive primitive has been modified su that receive specific types of requests are no longer
supported.

KERREL CODE FILE

This kernel containa the following primitives:
nonblocking send

genernl blocking receive
alesp

get datm from wnother task
nilprim

The folloving external mesaxge types mre supported:
81 - start call setup
81 - provide tone

#3 - run diagnostic

#4 - integrity ok

86 - integrity failure
6 - oall dakedown
The following internel message types are supported:
#1 = START = request call setup
#2 - TONES = Tequest for tone
3 - DIAG = request single random dimgnostic
84 -
85 -
"] -
7 - N5Q - report fault
@ - RS - perform and report synch operation
89 - FAULT = synch less
= FAULT = general fault report
#11 - CONNECT - perform connect/disconnect
#12 - CHELS - 8llocate channel
#13 - CHALS = fxee channel
#14 - ull tasks =~ channel granted
$16 - STAT = cull setup complete
#16 - SIGNAL - start integrity checking
0117 - STAT = insegrity failure report
#18 - EID = enller hung up
#19 - STAT = cull finished
#20 - STAT - stop integrity checking
#21 = nll diege = run diegnestic
#22 -~ TINTC - stop carrier checking
223 - TINTC - monitor carriers

The follouing response typss are supported:

#1 - N3G fault report sent to switching center
%2 - N3G = synch source changed

83 -~ CORNECT - switch center tene request connscted
84 - STAT - call finished

#5 - STAT = cnll started

8¢ - alldiags ~ diagnoatic completed wvithout failure

#7 - TIMTC = carrier scan completed without failure
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KERNEL basaed;
TASE kern_.task, 50%

TYPE t_.tch_stats = rdy_time : integer »;

run_time ¢ integer +;

wt_time : integex «;

begin t integer #;

finish 1 integer +;

resp_q ! queus ; of t_trace_elt
TYPE t_shared.stats = date_trace !quens i of t_trece_elt
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TYPE

TYPE

TYPE

TYPE

t_tchb = name : string e { task name
num : integer #;
stxtus 1 string » ; task state
prierity: integer # ; prierity
pent 1 integer ¢ { Program counter
elt_str: stxing ¢ } TCY mEg olt
stk : stack » t local task stack
sts t t_tch_stats ; task control bleck

t.sh_datn @ tzk_nm : mtring »; task name
num_npags ¢t integer »; number of queusd messages
mege | quene *; message queue (t_msg _elt)
tTeE 1 queue; trace gueus (t_trace_eslt)
t_mag.struct = task_nm : string »; task name
wniting t integer s; flag set if blocked for msg
meg.q : gueuns *; message guene (t_mag_elt)
trces : qunene ¢} trace queus (t_trace_elt)
wt_type : integer *; type of msg blocked on
block 1 t_tchi tch wait aren
t_id_struct = nom t string

tro_name : string ¢
st_name : string;

SHAREDP ocomm q, quets of t_id_struct (one «lt per tusk);
SHARED sh_tl, ¢_sh_data;
SEARED sh_t2, <+_sh_dats;
SRARED sh_t2, t_sh_data;
SHARED sh_t4, ¢t_sh_dataj
SHAREBD sh_tb, t_sh_dataj
SHARED sh_t8, t_sh_data;
SHARED sh_t7, t_sh_data;
SHARED sh._t8, ¢t_sh_data;
SEARED lh_t96 tonh_data;
?

SHARED sh_ti
SHARED sh_+t1i, t_sh_data;
!lgg sh_t12, t_sh_data;

t_sh_dute;

sh.t13, t_sh_data;

IlREl‘; sh_ti4, t_sh_datua;

sh_+15, t_sh_data}

sh_t168, t_sh_datai

sh_%17, t_sh_datat

tl_data, integer:

SHARED stat_datn, integer;
SHARED num_queued, integer;

} Masmsge queues

VAR
VAR
VAR
VAR
VAR
VAR
VAR
ViR
ViR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
YAR
VAR
VAR

STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT

loc_comm.q, queue; of t_id_struct (one elt per locel tusk)
st_elt, t_id_struct;
1_t1, t_msg_struct;
1_t2, t_msg_struct;
1_¢3, t_msg_strnct;
1.t4, t_msg_struct;
1_t6, t_msg_struct;
1.t6, t_mag_struct;
1 t7, t_meg_struct;
1.t8, t_msg_struct;
1.¢9, t_msg struct
1_¢10, t_mag_struct;
1.1, t_meg_struct;
1_t12, t_msg_struct;
1.¢13, t_msg_structi
1.t14, t_msg_struct)
1.t16, t_mag_struct;
1_+18, t_mesg_struct)
local, stzing;
shared, string;
loc_tre, string;
sh_tre, string;

sends, integer;
as_ovhd, integser;
switches, integer
nn_send, integer;
nn.recy, integer;
tt_send, iunteger;
tt_recy, integer;
avt_0, integer;
evt_1, integer;
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STAT wevt_2, integer;
STAT evt_3, integer;
STAT evt_4, integer;
VAR  start_os, integer;
VAR spd_os, integer;
VAR  elmpsed, integer;
VAR  rdy_str, string;
VAR wt_str, string;
VAR  run_str, string;
VAR  end_str, string:

VAR swait , quene;

VAR wt_chk, integer;
VAR mnsg_str, string;
VAR dest_str, string;
VAR temp_tchb, t_tcb;
VAR temp2_tcb, t_tobs
VAR ret_pc, integer;
VAR tmp_stk, stack;

VAR num_parms, integer;
VAR found, integer;

VAR msg_typs, integer;
Vit datn_wize, integer;
VAR nil_queus, gqueue;
VAR nil_string, string;
VAR meg_elt, t_msg_elt;
VAR m_num, integer}

VAR tompd_q, queus;

VAR mtype, integer;

VAR q_ex, integer;

ViR done, integer;

; Global Kernel Variables

VAR  curr_tcb, t_tcb
VAR E:oclist, quene
VAR r_chk, integer
VAR  tempstr, atring;
VAR  tcb_name, string
YAR  rtr, queus

current task control bleck
copy of tesk name liat
branch condition check
temporary string value
current task name;

ready to TUR queue;

[ L

; Varisbles for get_lccal and get_sh procedures

VAR  g.q.size, integer;
VAR g.found, integer;
VAR  g_st_elt, t_id_struct:

i VARIABLE declarations fox procedure RUN_RTR_TASK

VAR error, boolean; Set if no ready processes
{  VARIABLE declarations for procedure SCHED_RTR_TASK
VAR  rtr_pcb, t_tcb; 703 to be schaduled

PROCEDURE run_rtr_tesk

i

: This procedure takes the first ready to run task off the Itr

: queue (this is the cne with the highest priority) and copies

i its saved state into the current processer state. If there are
; no rendy to run tasks, then an error message is printed and

$ the kernel terminates.

PROC run_rtr_task}
sizeq rtr, br_chk;

IF {br_chk = #0);
printcr #/BRRCR: N0 RTR PROCESSES/;
halt;

BLSE;
delq xrtr, curr_tch;

move curr_tob.name, tcb_name;

cxtaw tcb_ name;

vadd #1, switches, switches;

+time curr tcb.sts,finish;

sgud curr_tch.sts.finish, curr_tcb.sts.begin, curr_tch.ste.begin;

sndd cure_tcb.sts.begin, curr_tcb.sts.rdy_time, curr. teb.sts.xdy_time;

smove &/rdy_tm/, rdy_str;

spove cury tcb.sts.rdy_time, Ordy_str;

*move curz_tcb.sts.wt_time, Out_stry

stime curr_tcb.sts.begin;
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move #/running/, curr_tcb.status;
move curr_tcb.stk, tmakstk;
stime end_os;
*aub end_os, start_os, elapaed;
*add elapsed, os_ovhd, os_ovhd}
ennble #10;
meve cury iob.pent, po;
ENDIF;
ERDPROC}

PROCEDURE sched_rtr_tesk (rtr_pcb : t_pchb)

This procedure nccepts u process control block and adds it to
the ready to run queune in a prioritized fashion.

PROC sched_rtr_task;
pop  taskstk, Ttr_peb;
move #/resdy/, rtr_pcb.status;

stime rtr_pecb.sts.finish;
»sub  rér_pob.sts.finish, rtr_pcb.sts.bagin, rtr_pcb.sts.begin;

*ndd rtr_peb.sts.begin, rtr_pcb.sts.uwt_time, rtr_peb.sts.vt_time;
smove taskstk, tmp_stk;

stime retx_pob.sts.begin;
addq rtr_peb, rtr, rtr_peb.priority;

it (rtr_pob.pricrity » ocurx_tcb.prioxity);
pop taskstk, ret_pci
pop taskstk, ret_pc
move ret_peo, curr_ tcb.pont;
dove  taskstk, curr_tcb.stk;

}
¥
i
b

stime curr_tcb.sts.finish;
*sub ocurr_tcb.sts.finish, curr_tcb.sts.begin, curr_tch.stm.baging

sadd ourr_tcb.sts.begin, curr_tcb.sts.run_time, curr_tcb,sts.run_time;

*move curr_tcb.sts.run_time, Qrun_str;
stime curr_tcb.sts.begin;

move #/remdy/, curr_tcb.status;

addg curr_tcb, rtr, curr_tcb.priority;
¢all rTun_retr_taek;
halts

endif;
ERDPROC;
PROCEDURE get_sh (taskname ; string)

i

H

H This procsdure nccepts n task name and sets the shared and
]

i

sh.trc variables to hold the names of the task's messaging and trace
structures.

PROC get_sh;
Pop tuskstk, tempstr;

move 80, g found;

loeki
sizeq comm.q, £.q.slze}
while (g_q_size > #0) & (“g_found);
delq comm_g, g.st.elt;
if (g.st_elt.nom = tempstr);
move ®1i, g_found;
andif;
addq g.st_elt, comm_gq, #1;
sub K-q-size, #1, g_q._size;
andvhile;
unlocki

if (g found = #1);
move g _st_elt.st _name, shared;
move g_st_elt.trc_name, sh_tre;
elne;
move nil_string, shared;
move nil_string, sh_tre;

andif;
ENDPROC;
3+ PROCEDURE get_loonl (taskneme : string)
i
} This procedurs acrepts a task name and sets the locml and
} loc_trc variables to hold the names of the tesk's messaging and trace
H structurss.

PROC get_local;
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pop  taskstk, tempstr;

move 80, g_found;
wizeq loc_comm_gq, g.q.size;
while (g.q_size > #0) & (“g.found);
delyq loc_comm_q, g_st_-lt;
it (g.wt_elt.nom = tempetr};
move #1, g _foundj
endif;
nddq g_st_elt, loc_comm_q, #1;
ottb gE-q.8ize, #1, g q_size;
endvhile;

iz (g.found = #1);
move g_st_elt.st_name, local;
move g_st_elt.tra_name, loc_troj
elsej
move nil_string, local:
move nil_string, loc_tro}

endi?;
ENDPROC;
PRIMITIVE nilprim

H
: This dummy primitive does nothing sxcept pull in internode
H messages.

PRIM nilprim;
disable #10;
¢tims smtart_os}
smove curr_tcb.sts.rdy_time, €rdy_str;
smove curr_.tcb.sts.wt_time, Owt_str}
spmove ourr_tch.sts.run_time, Orun_str;
if {num_queued > #0);
move 20, donet
sizeq loc_comm_q, q_sz}
vhile {q sz > %#0) & ("done};
delg loc.comm.q, st_slt;
move st_elt.st_name, local;

call get_sh, st_elt.nom;
lock;
vhile (@shared.num mags > #0)}
sub num_queted, #1, num_queuned;
sub  @shared.nux 1sgs, #1, Cshared.num_msgs;
delqg Gshared.mags, meg_elt;
addq meg_elt, Olocal.msg.q, #1;

if (¢locul.vaiting = #1);
move #0, Clocal.waiting;
move #1, donej

endif}

enduhile}
ock;

addq s=t.elt, loc_comm_q, #1;
sub  q_sz, 831, q_sz;
enduhile;

if (done = #1):
etime ltut&_os:
call sched_ritr_task, 0local.block;
endif;
endif;
onable #10;
ENDPRIN;

PRINITIVE send (Otask _name : string; €msg : string)

This primitive accepts the name of n destination task and a
message pointer. It then pexforms = nonblocking send operation.

PRIN send;
disable #10;
sadd 31, sends, sends;

H
i
i
i

sadd #1, nn_send, nn_send;
*time start_os;

PoP taskstk, msg_str;

pop taskstk, dest_str;

¢nll get_locel, dest_str)
if (local <> nil_string);
12 (€local.waiting = #1);
addy  Cmsg_rtr, Clocal.msg.q, ¥1;
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move %0, €@lccal.uaiting}
call sched_rtr_task, €locml.block;

.lll&

nddq Cmsg_stx, Olocal.msg_q, ¥1;
endif;

else;
call get_sh, dest_str;
lock:

add %1, num_queued, num_queusd;
addq ©meg_str, Cshared.msge, #1;
udd #1, Oshared.num_migs, @shared.num_rsgs;
unlock}
endif

stime end_os;

*sub end_os, start_os, elapsed;
+#ndd elapsed, tt_send, tt_send;
#add elapsed, os_ovhd, os_ovhd;

snable #1090}
IM;

ENDPRIN

H
i
i
i
i
1
i

PRINITIVE recy (msg_type : integer; Omsg : string)

This primitive performs a blocking nonselective receive operation.
It accepts the type of messuge expected (#0 means accept any type)
und o pointer to where the messege is to be placed,

The calling task is blocked

until any message becomes available.

PROC block_rev
*time

cnrr_écb.lts.fininh;
#sub curr_tcb.sts.finlsh, curr_tcb.sts.begin, curr_tcb.stas.begin;
*ndd ocurr_tcb.ots.begin, curr_tcb.sts.run_time, curr_tcb,.sts.run_time;
*mo¥e oUIy_tob.sts.run_time, Orun_stxri
stime gurr_tcb.sts.begin;
etime end_os}
esub end_osm, start_os, slapsed;
*add aslapsed, tt_recr, tt_recr;

move #1, €local.wmitings

move msg_Str, curr_tcb.elt_str;
move #/wait/, curr_tcb.strtus;
move taskstk, curr_tch.stkj

add #2, pc, ocurr_tchb.penti
move curr_tcb, €local.block;
call run_rtr_task;

disable $10;

move curr_tch.elt_str, msg _str;

call get_local, currtask;
move 30, €local.wuiting
sizxeq Qlocal.msg. q, done;
if (done > 20);
delg OQlocol.msg _q, Cmsg_str}

endif;
ENDPROC;

PRIN recy;

disable #10;

wtime start_os;

sadd 21, nn_recy, nn_recv;
pop tasketk, msg_str;
pop tasketk, mag_type;

call get_local, currtask;
call get_sh, curztask;

vhile (Oshared.num msgs > #0)
lock;
sub  num_queved, #1, num_quened;
sub  Oshared.nun msgs, %1, Oshared.nun_msgs;
delg €Oshared.mags, msg_elt;
addq msg_elt, Olocal.msg.q, #1;
unleck;
wndvhile;

sizeq Olaocal.msg_q, q_size;
i? (q_size = 302

1 call black rev;
.

{TT]
delq O€local.msg.q, Cmsg_stri
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stime end_os}
egub end_os, stert_os, elapsed;
sadd elapsed, tt_recy, tt_recy]
sndd elapeed, os_ovhd, os_ovhd;
andify
enable #10;
ENDPRIM;

PRIMITIVE slesp

i
: This primitive simply blocks the calling twsk by putting it in
t the sleep wait quens.

PRIM slesp;
disable ¥10;
stime start_os;
pop taskstk, ret_pc;

stime cuxr_tcb.sts.finish;

ssub  curr_tcb.sts.finish, curr_tcb.sts.begin, curr_scb.sts.begin;

sadd curr_tcb.sts,.begin, curr_schb.sts.run_time, curr_tcb.sts.run_time;
smove curr_tcb.sts.run_time, Orun_stri

#time curr_tchb.sts.beginj

move #/uait/, curr_tcb.status;
move taskstk, curr_tcb,stki
move ret_pe, curr_tcb.penti
nddq curr_tcb, swait, curr_tob.priority;
gall run_ Ttz task;
ENDPRIN;

PRIMITIVE get_data (task_nume : string; data_name t string; size : integer)

specified source task is not resident on the processor, then a number
of shared mccesses ure made. One sccess is made for avery 100 bytes

i
H
§ This primitive simulates datn access betwesn tusks. IZ the
P
i
H of data reguested.

PRIN get_data;
disable #10;
etime start_os;

pop tuskstk, data_size;
Pop teakstk, msg_str;
Pep taskstk, dest_str;

call get_local, dest_stx;
if (local = nil_string);
vhile (duts_size > 8£0);

lock;
move Cmsg_str, q.size;
unlock;
sub dats_size, #1000, dats_size;
endrhile;

elne;
while (duta_size > #0);
move g.size, g_sixe;
sub date_size, #100, data_size;
sndwhile;
endif;

stime and_os;
ssuk end_os, start_os, elapsed;
sadd elapsed; os_ovhd, os_ovhd;
enable #10;

ENDPRIN;

{ PRIMITIVE end_resp

}
} This primitive simply calls responss update to print the
t TeBpONss truces.

PRIN endresp;
sdisnble $10;
spop ~ tuskstk, m_num;
+ftyps #/response completsd. response type : [/
eftype m_num;
sftype 8/ time : /3
stime m_num;
sftypecr m_num;
ssnable #10;
ENDPRIN;

t PRINITIVE new_resp
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i
1 This primitive clears the calling task’s current trace queus,

PRIN newrespi
ENDPRIN;

PRIMITIVE evt_synch

H
: This primitive serves as the interrupt handler for the synchronisation
1 primitive. This interrupt is ruimed periodically every b seconds.

PRIM evt_synch;
disnble ¥10;
ackint #0;
sadd #$1, evt 0, evt _0;
stime atart_os;
sizeq swait, wt_chk;
move 80, found;
while ((wt_chk > #0) E ("found});
delq swait, temp_tch;
i# (temp_tob.nume = 8/synch/);
move $1, Tound;
else}
addg temp_tch, swait, temp_tch.prioxity;
sub wt_chk, #1, wt_chk;
sndif;
sndwhile;

if (found};
sfyype #/synch change (0) at time : /;
sftypocr sStATrt ox;
call sched_rtr_task, temp_tcbi

endif}

stime end_ox;

*sub end_os, sturt_os, elapsed!

*add elapsed, os_ovhd, os_ovhd;

anable #10%
BEDPRIN;

PRIMITIVE evt_loss _synch

i

: This primitive serves us the interrupt handler for the synchronizatien
H

i

loss primitive. This interrupt is raised sporadically to signal a loss of
synchronixzation.

PRIM evt_loss_synch;
disable 810}
eckint #1;
wndd #1, evt_ 1, evt_l;
*time ltlxt_osg
move #1, synch_ loss;
sizeq swait, wt_chk;
move %0, foundj
while ((ut_chk > #0) & ("found));
delq swait, temp_tchi
if (temp_tob.name = #/synch/);
move #1, found;
else;
t&dq temp_tcb, suait, temp_tch.priority;
sub  wt_chk, #i, wt_chk;
endif;
sndwhile;

if (found);
sftyps #/synch loss (1) ot time : /;
»ftypecr start_os)
cnll sched_rtr_tmask, temp_tcb;
endif;
stime end_os}
sayb end_os, start_os, slapsed;
sadd elapsed, os_ovhd, os_ovhd;

snable #10;
ENDPRIN;

3 PRIMITIVE evt_msg._rx

E This primitive serves ms the interrupt handler for the incoming external
¥

¥

messuge interrupt. This int rupt is raised sporadically to signal the
nrrivel of a message. It mt. o3 the HSG task reedy to run from the
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blocked receive stats.

PRIN evt_msg_rx;

disable #10;

ackint #2;

eadd #1, evt_ 2, evt_2;
*time start_os;

Hove 81, msg_rdy;
rand #10, wt_chk;

if (wt_chk ¢ 85);

move #1, megtype;

else}

it (vt_chk < #8);
move $1, magtype;
elue;}
move #3, mugtype;
endif;

endif;

move #0, done;
call get_local, #/msg/;
iz (Qlocal.waiting = #1);

move #0, Qlecal.waiting;
move #1, done;

endif;
if (done = #1);

sftype 8/msg event (2) of type : /;
¢ItYPe magtype;

sftype 8/ ut time : /;

sftypecr atart_os;

call sched_rtr_task, @local.block;

endif;

*time end_ox;

*sub  end_os, start_os, elapsed;
*add elupsed, os_ovhd, os_ovhd;

enable #10;

ENDPRIN;

$
:
’
i
i
;

PRINITIVE evt _signal

This primitive serves as the interrupt handler for the signalling
interrupt handler. This interrupt is reised sporadically to signal the
arrival of m signalling event. It makes the SIGNAL task resdy to run
from the blocked receive stuts.

PRIN evt_signal;

disable #10;

ackint #3;

sadd #1, ovt 3, evt 3;
stime start_os;

meve 81, sig.xdy;
rand $10, wt_chk;

if (wt_chk < #5);

move #6, sigtype;

olue:

if (wt_chk < #8);
move W4, sigtype:
else;
move #6, sigtype;
endif;

endif;

move $0, done;
call get_local, #/signel/;
if (Qlocal.uniting = #1);

move 30, Olocal,.waiting;
move #1, done;

endif;
if (done = #1);

eftype 8/signal event (3) of type : /;
*ftype sigtype;

sftype ¥/ at time : /3

sLftypecr staxt_os;

cell sched_rrr_task, €locnl.block;

endif;

*time end_os;

*sub end_os, start_ >+, elapsed;
*add vlapmed, ox_o-ld, us_ovhd;

enable #10;

ENDPRIN;
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PRINITIVE evt_clk

i
; This primitive serves as the interrupt handler for the clock interrupt
H used uo & timing bame for the mudits tausk. This is = pericdic interrupt.

PRIN evt clkI
disablie #10;
ackint #4;
sadd #1, evt 4, evt_4;
stime start_osj
sizeqg svait, wt_chk;
move 80, foundi
while ((wt_ohk > %#0) &k ("Zound));
delq swailt, temp_tchb;
i# (temp_tcb.name = #/audits/};
move #1, found;
else;
addq temp_teohb, swvailt, temp.tcb.priority
sub wt_chk, #1, vt_chk;
sndif;
endehile;

if (found);
sftype #/nudit event {4) at time : /g
sftypecT StATE_08;
cell sched_ttr_task, tewmp_tcbi
endif;
stime end_os}
esab end_os, start_os, elepsed;
sadd elapssd, os_ovhd, os_ovhd;

snable $10;
ENDPRIN;

BEGIN
move #/nodei/, nod_neme;
disable 810;
move #/1_t1/, st_elt,.st_name;
move $/1_ti.uraces/, st_elt.trc_name;
addq st_elt, loc_comm._q, #1;
move #/1_t2/, st_slt.st_name;
move #/1l_t2.traces/, st_elt.trc_name;
addg st_elt, loc.comm.q, #i;
move #/1_t3/, st_elt.st_name;
move #/1_t3.traces/, st_elt.tro_nzme;
nddgq st_elt, loc_comm_q, #1i
move R/1_t4/, st_elt.at_neme;
move B/1_td.traces/, st_slt.trc_name;
addq st_elt, loc_comm q, #1;
move #/1.tB/, mt_elt.st_name;
move #/1_t5.traces/, st_elt.tro_name;
nddq st_elt, loc_comm_q, #1;
move #/1_t8/, st_elt.st_name;
move #/1_t8.traces/, st_elt.trc_nams;
rddg st_elt, loc_comm_q, #1;
move #/1_t7/, st_elt.st_name;
move R/1_t7.traces/, st_elt,.tra_nume;
addg st_elt, loc_comm_q, #13
move #/1_t8/, st_olt.st _name;
move #/1_tB.traces/, st_elt.trc_name;
addq st_elt, loc_comm. g, #1
move #/1_tB/, st_elt.xt_nems;
move #/)_t9.traces/, st_elt.trc_name;
addq st_elt, loc.comm.q, #1;
move $/1_t10/, st_elt.st_name;
move #/1_t10.truces/, st_elt.trc_name;
addg st_elt, loc_comm_q, #13
move #/1_%t11/, at_slt.st_namei
move #/1l_til.traces/, st_elt.txc_name;
nddg st_elt, loc_comm_q, #1;
move #/1_t12/, st_elt.st_name;
move #/1_t1l2.trauces/, st_elt.txc_nade;
addq at_elt, loc.comm.q, #1j
move #/1_t13/, st_slt.st_name;
move #/1_ti3.traces/, st_elt.trc_\wume;
addg st_elt, loc_comm_q, #1;
move #/1_t14/, st_elt.st_name;
move £/1_t1d.traces/, st_elt.trc_nnme;
addq s%_elt, loc_comm_gq, #1;
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move #/1_ti5/, st_elt.st_neme;

muve #/1_t15.traces/, st_elt.trc_name;
addq st_slt, loc_comm g, #1;

move #/1_t16/, st_elt.st_name;

move %/l t18.traces/, st_elt.trc_nmme;
addg st_slt, loc_comm_q, #1;

if (nod_name ® #/nodel/);

lock;
move #/sh_ti/, et_elt.st_nume]
move #/sh_tl.trcs/, st_slt.troc_nams;
addg st_elt, comm_q, #1;
move #/sh_t2/, st_elt.st_nams;
move #/sh_+2.trcs/, st_slt.trc_name;
nddq st_elt, comm_.q, #1;
move B/sh_t3/, st_slt.st_name;
uove #/wh_t3.trcs/, st_slt.trc_name;
addq st_elt, comm_q, #1i;
move #/sh_t4/, st_elt.st_nuame;
move #/sh_td.trcs/, st_slt,.tro_name;
eddq st_elt, comm_q, #1;
move #/sh_t5/, st_elt.st_tiame;
move #/ah_t5.tros/, st_elt.tre_name;
addq st_elt, comm_g, #1;
move #/sh_t8/, st_elt.st_name;
move #/sh_t6.trcs/, st_elt.trc_name;
addq st_elt, comm.q, #1;
move #/sh_t7/, at_elt.st_tame;
move #/sh_t7.trcs/, st elt.trc_name;
addq st _elt, comm g, #1;
move #/sh_tB/, st_elt.st_name;
move #/sh_t8.tros/, st_elt.trc_name;
addq st_elt, comm.q, #1;
move #/sh_t9/, st_elt.st_name;
move #/sh_t0.trcs/, st_elt.tre_name;
addq st_elt, comm_g, #1;
move #/sh_t10/, st_alt.st_nwme;
move ®/sh_t10.trcs/, st_elt.tro_name;
addg st_elt, comm_q, #1;
move #/sh_t11/, st_elt.st_name;
move #/sh_tii.trcs/, st_elt.trc_name;
addq st_elt, comm_q, #1;
move #/sh_t12/, st_elt.st_nane;
move R/sh_t12.trce/, st_elt.tro_name;
nddg  st_elt, comm_q, #1
move #/sh_t13/, st_elt.st_neme;
move #/sh_t13,.trce/, st_elt.trc_neme;
addg st_elt, comm _q, $1;
move #/sh_t14/, st_clt.st_nume;
move #/sh_t14.trcs/, st_elt.tro_name;
addq st_elt, comm _q, #1;
move #/sh_t16/, st_elt.st_nume;
move #/sh_t1G.trcs/, st_elt.trc_nems;
addq st_oit, comm_q, #1i;
move #/sh_t16/, st_elt.st_noms;
move #/sh_t18.tz-z/, st_elt.txc_name;
addq st_elt, comm. g, #1;
move #/sh_ti7/, st_elt.st_nume;
move #/sh_tiT.trcs/, st_elt.trc_name;
addq st_elt, comm_q, #1;

unlock;

endif;

move tasklist, procliet;
sizeq proclist, br_chk ;

move currtask, tempstr;

*move #1, wt_chk;

while br_chk <> $0;

delo procliat.'tvt_namo;
CXTuw VoL _Temay

stime curr_tcb.sts.begin;
*move wt_chk, curr_tecb.num;
sadd  #1, wt_chk, wt_chk;

if {tc:_nlmo <> #/idle/);

oc
‘ttyﬁc ned_name;

delq loc_comm g, st_elt;
move tcb_neme, st_el%.nom;
sftype 8/ -~LOCAL~~ TASX: /3
¢ftype tcb_nams;
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sftype 8/ QUEUE: /;
sftypect st_elt.st _name;
addq st_slt, temp_q, #1;
unlock}

lock;
delq comm_q, st_elt;
vhile (st_elt.nom <> nil_string);
addq st_elt, comm_q, #i;
delq ocomm_ g, st_elt}
endehile;
move tcb_name, st_elt.nom;
»ftype 8/GLOBAL-- TA9K: /3
sftyps tcb_nams;
oftype 8/ QUEUE: /;
sftypecr st_elt.st_name;
addq st_elt, comm_q, #$i}
unloaki
endif}y

move taskstrt, curr_tob.pent}
move tcb_name, curr_tcb.name;
move 8#/ready/, curr_tcb.status;
move currprlo, curr_tch.priority;
move taskstk, curr_tob.stk;
addq curr_tch, rtr, currprlo;
sizeqg proclist, br.chk;

enduhile;

move ‘temp.q, loc_comm_q;
move nil_queus, temp.q;

cxtaw tempatr;
move #/rdy_tm/, rdy_str;
move &/wt_tm/ wt_str;
move #/run_tm ', run_stry
smove #/EMD RESPONSE ............/, end_str;
bind evt_synch, #0;
bind evt_lomss_synch, %1}
bind evt_meg.rx, #2;
bind .Vt_lif\ll, 3
?

bind evt_c #4;
enable #10;
oall run_rtr_task;
ERNDTASK
ENDKE! H
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B.3.2 Application Software Genm jor snte;
nilprim;
eral Receive Kernel SRTSTATE #/cyensl:
In the discussed example, only the DIAGS, CINIT, Loop
and CHNLS tasks made use of the receive specific stuTEsELECT)
feature, To function without the receive specific snTE :lonr;
feature, these tasks needed to be modified. The il upd_cyole
updated tasks are presented below, CALLP newresp;
SETSTATE #/sturt/
ENDIF;
ENDSTATE;
H STATE start;
t DIAGS Tesk IF (msg_pending = #1);
i DO_ACT got_msg;
STAT rdy_tm, integer; CALLP nilprim;
STAT wt_tm, integer; SETSTATE #/got_mag/y
STAT zun_tm, integer; ENDIF;
IF strue;
VAR mag_out, t.msg elt; CALLP Tecy, #0, #/meg_in/;
VAR meg_in, t_mag_elt; SETSTATE #/got.msg/;
VAR  waiting.q, quece; ENDIF;
VAR msg_pending, integer; ENDSTATE;
VAR q.size, integer;
VAR  dest, atring; STI;; g:t;mssg
TUe;
VAR dg_num, integer; Do-act chnl_rag;
VAR  tsk_strt, integer; CALLP send, #/chnls/, #/msg_out/;
VAR  tek_end, integer; SETSTATE $/wt_ucki/;
STAT <¢ycle, integer; ENDIF;
ENDSTATE;
ACTIVIIY init; STATE wt_ackly
etime tmk_strt; IF #true;
ENDACT CALLP recv, %0, #/msg_in/;
ACTIVITY upd_cycle; “D:’I,E_'fsnrz #/chk_nck/;
stime ¢sk_end; ENDSTATE;
ssub  tzk_end, tak_strt, cycle;
etime tak_strt; STATE chk_ack;
ENDACT} IF {mag_in.type = #14);
CALLP nilprim;
ACTIVITY get_zmagi
delq eaiting.q, msg_in; ey ETSTATE #/got_chnl/;
sixeq waiting q, q_size; IF $tiue;
iz (q.size = 30); bO_ACT quene msg;
d:;" #0, msg_pending; CALLP nilprim;
endif;
ENDACT; Blng?‘:ﬂ'ﬂ'm #/vt_nckl/;
AGTIVITY quene msg; ENDSTATE;
addq msg_in, waiting_ q, #1; STATE got._chnl;
move #1, mag_pending; IF itrue
ENDACT; ‘l’ chnl_req;
C.ILLP send, $/chnls/, #/mag_ont/
ACTIVITY chnl_reqi SETSTATE 8/!&_::):2};
move #12, msg_ont.type; ENDIF;
move ®/diegs/, msg_out.src; ERDSTATE;
ENDACT
STATE wt_eck2;
ACTIVITY choose_diag; F #true;
rand #4, dg_num; CALLP Tocy, #0, #/meg_in/;
move #21, mag_out.type; SETSTATE #/chk2,_nck/;
move #/dings/, msg_out.szc; ENDIF;
if (dg_num = #0); ENDSTATE;
L move #/tonediag/, dest; STATE chk2_ack;
slee; IF (msg_in.type = %14);
if (dg_num = #1); CALLP nilprim;
ol-l:". #/chnldiag/, dest; SETSTATE #/pick_ding/;
i ENDIF
if (dg.num = ¥2); IF St:l."uo{_
move #/msgdiag/, dest; DO_AC queve_mag;
olse; CALLP nilprim;
move #/tidiag/, dest; SETSTATE #/ut_noka/;
endif; ENDIF;
sndif; ENDSTATE;
endif;
ERDACT; STATE pick_ diag;
IF $true;
DO_ACT chooee_ding;
BEGIN CALLP send, lest, ¥/mag_cut/;
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SETSTATE #/clenr/;
HDIF;
ENDSTATE;

BNDSELECT ¢
ENDLOOP
ENDTASK;

i CINIT Twsk
i

STAT rdy_tm, integer;
STAT vt_tm, integer;
STAT zun_tm, integer;

VAR ns;_nnt t _meg elt]
YAR E , t.msg_elt;
VAR  wa tin;_q, queus;
ViR msg_pending, integer;
VAR q_size, integer;

VAR  tak_strt, integer;
VAR  task_end, integer;
STAT cyclc, integer;

ACTIVITY init;

stime tsk_svrt;

move #0, msg_pending;
ENDACT;

ACTIVITY upd_cycle;
wtime tak_andi
eyt tsk_end, tek_strt, cycle;
etime tak_strt}

ENDACT;

ACTIVITY get_msg;
delq waiting q, msg_iaj
sizeq waiting_q, q_size}
if (q.size = 300
move #0, msg_pending;
endif}
BEDACT;

ACTIVITY quens msg;
wddq neg_in, ewiting_ q, #1;
move #1, msg_pending;
ENDACT;

ACTIVITY conn_xeqj
move W#il, msg_out.type}
move #/cinis/, msg.out.src;
BEDACT;

ACTIVITY chnl_req;
move #12, msg_out.type;
move #/cinit/, msg_out.szc;
ENDACT;

ACTIVITY stmt_raq;
move #15, mag _out.type;
move #/cinit/, msg.cut.szc;
ENDACT}

DO_ACT init;
CALLP nilp:inl

SETSTATE #/clear/;
LOOP;
STATESELECT;
STAIE claar:

DD le upd_cycle;

catLp neITesp;

SETSTATE  #/atrt/;
ENDIF

'
ENDSTATE;
STATE strti

IF (msg._pending » 41);

DO_ACT get_msg;
CALLP nilprim;
SETSTATE #/got_mag/;
ERNDIF;
IF #true;
CALLP recv, %0, ®¥/meg_in/;
SETSTATE s/got_meg/t
ENDIF;
ENDISTATE;
STATE got_msg;
IF St=ue
DO_AC shnl_reqs

CALLP send, #/chnls/, $/meg_out/

SETSTATE  #/wt_wok/;
EXDIF;
ENDSTATE;

YTATE wet_ack;
IF #true}

CALLP recy, %0, #/mug_in/;
SETSTATE #/chk_nck/;
ENDIF;
ENDSTATE;
STATE chk_ack;
IF (meg.in.type = #14);

CALLP nilprim;
SETSTATE l/got-chnl/;
EBDIF;
IF $tTue;
Do_ quens_nmsg;
CALLP nilprim;
SETSTATE #/wt_nck/y
ERDIF
ENDSTATE:
STATE got_chnlj
IF #true;
DO_ACT conn_req;

CALLP send,#/connect/,8/mag_out/;
SETSTATE $/got _conn/;
ENDIF;
ENDSTATE};

STATE got_conn;
IF $true;
po_Act stat_Teq;

CALLP mend, 8/stat/, 3/msg_out/;
SETSTATE #/clenr/;
DIF;

ENDSTATE;

BIDSBLEGT;
ENDLO
ElDTlSK:

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

CENLS Task

VAR mlg_out t_msg.elt;

VAR 2in, t_msg_elt;

ViR wn ting q, queuns;

VAR num_allocated, integer;
VAR  send_nck, integer;

VAR q.size, integer;

VAR dost, string;

VAR  task_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;

STAT mteu), integer;

STAT cpch, integer;

STAT ever_limit, integer;
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ACTIVITY inity
stime tak_metrtj
EEDACT;

ACTIVITY upd_cycle;
etime tsk_end;
sgub tsk._end, tek_strt, cycle;
etime tak_strt;

ENDACT;

ACTIVITY get_chnl;
»if (msg_in.src ® #/diage/);
sadd #1, mtcch, mtoch;

tolse
&d #1, cpeh, cpehy
--ndit;
if (num allocated < #15);
#1, num_ llloontod, num_allocuted;
mo'- ns; in.sre, dent}
move send_ uck:
move i, nsg_out.typo;
move l/chnlll, meg.out.erc;
olse
addq msg_in, waiting q, 81;
add #1, over_limit, over_limit;
move $#0, mend_uck;
endif)
ENDACT;

ACTIVITY free_chnl;
sizeq walling_q, q.vize;
if (g.size > #0);
delq waitir- q, msg.ing
move nlg in.sxc, dest;
move send nck:
move ll& meg._out.vype;
move !luhnlll, msg_ont,.sro}
else}
sub nhum_allocated, #1, num_allocated;
1f (num_nllocated < #0);
move #0, num_mllocated;
sndif;
endif;
ENDACT}
ACTIVITY olear_ack;
move 80, send_nck;
ENDACT:

PEOM0acT  inie
n
CALLP  nilprimg

SETSTATE 8/clenx/;

LﬂUP+
STATESELECT;
STATE cl.lr;
Ir s
DD Aci upd_.cycle;
CALLP ROUTeEP}
;ETSTATB #/utnxt/;
ENDIF
EIDSTITE:
STATE start;
IF Btrue;
CALLP recy, $J, t/msg_in/;
SETSTATE 8/got_meg/;
EXDIF;
ENDSTATE;
STATE got. mlg.
IF (msg_in.type = #12);
0_ACT get_chnl;
CALLP nilprim;
SETSTATE #/chk_unck/;
ERDIF;
IF #trus
0_AC frea_chnl;
CALLP nilprim;
SETSTATE  #/chk_ack/;
ENDIF;
ENDSTAYTE;

STATE chk.zek;

IF (send_uck = #1);
DD_ACT

CALLP
SETSTATE

EEDIF;

IF #true;
CALLP
SETSTATE

ENDIF;

BNDSTATE;
ENDSELECT}

ENDLODP
ENDTASK;
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B.3.3 Blocking Send and Receive Kernel

KERNEL CODE FILE

This kernel contuins the following primitives:
blocking send
blocking recaive

i

i

i

i

i

1

' slesp

: get data from mnother task

H nilprim

: The following external message types are supported:

H #1 - staxt cmll setup

} 821 - provide tone

H #3 ~ run diagnostic

' #4 - integrity ok

3 85 ~ integrity failure

i $6 - cell tukedomn

i The following internal message typss are supported:

} #1 «~ START = reguest call sstup

: #2 - TONES = requast for tons

3 #3 - DIAG - requesat single random diagnostic
H 9 -

i %6 -

1 8 -

3 #7 - NSG - report fault

t $8 - MSG - perfozm and report aynch cperation
H #9 - FLuLT = aynch loss

3 #10 - FAULT - gsneral fault repert

H #11 -~ CONNECT ~ perform gonnect/disconnect

: #12 - CHNLS - allocate chunnel

H #13 - CHIELS = free channel

1 #14 - all tesks - channel granted

: #16 - STAT = call metup complote

} #16 - 3IGNAL - start integrity checking

; #17 -~ STAT = integrity failure report

H #18 - ERD = caller hung up

1 #19 - STAT = eall finished

] #20 - STAT = stop integrity checking

3 221 - all disgs - run diagnostic

H #22 - TINIC = stop carrier checking

} #23 - TINIC = menitor caxriers

: The following response types are supported:

H #1 - M3G - fault report sent to svitching center
i 82 - MSQ = synch scurse changed

1 %3 - CONEECT - switching center tone request connected
: #4 - STAT = enll finished

: 86 ~ STAT - ¢all sturted

3 28 - mlldiags - diagnostic completed without failure
i #T - TINIC ~ garrier mcan completed without failure
H

KERNEL baseb;
TASK kern_task, 50;

TYPE t_tcbh_stats a rdy.time : integer *;
run_time : integer +;
ut_time : integer #;
begin : integer ¢}
Finish i integer #;
Tesp.q 1 queus } of t_trace_elt
TYPE +t_shared_stats % data_trace :quens : of t_trace_elt
TYPE t.tob * name : string » 3 task name
num t inseger +;
status : string * 1 task state
priority: integer * 1 prierity
pent ¢ integer ; program counter
elt_str: atring o ; Tocv msg el%
stk t stack ¢ ; local tusk stack
st t t_tch_mtats + task control block
TYPE t_mag.vt = msg_1 : string »; ptr to mi
snd_i : string; sender’s id
TYPE t_zev_stat = r_walt : boolean »; ready to receive msg flog
r.msg : string #; ptT to message srem
r.sid : string; ptT to sendex id
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TYPE t_msg_struct = task.nm : string ¢}
TMEES ! quete *¢
rer_st 1 t_rev_stat *;
replie : string »;
tck_ptr : t_tab;

TYPE t_sh_duta = tsk_nm : string *;
num_msgs ! integer *i
mEges : queus *}
trou 1 queus;

TYPE t_id_struct = nom : atring ¢;
tro_name : atring *;
st_name : string;

comm_q,
sh_t1,
sh_t2,

queue;

t_sh_dntai
t_sh_data;
t_sh_date;
t_sh_date;
t_sh_date;
sh_t68, t_sh_data;

t_sh_data;

t_sh_data;

t.sh_data;
» t_sh_data;
t_sh_data;
t.sh_data;
t_.sh_date;
t_sh_data;
t_sh_datn;
- t.sh_date;
sh_t17, t_sh._datm;
ti_date, integer;
stat_data, integer;
num_quensd, integer;

SHARED
SEARED
SHARED
SHARED

; Message queuss

VAR loc_comm_q, quens;
VAR wmt_elt, t_id_struct;
VAR 1_%1, t_mag_struct;
VAR 1_%t2, t_meg _struct;
VAR 1_t3, <t _mag_struct;
VAR 1_t4, t_mag_struct;
VAR 1_t6, t.mag_struct;
VAR 1.t6, <t _msg_struct;
VAR 1_¢7, <t _mag.struct;
VAR 1l.t8, ¢t _meg_struct;
VAR 1.t9, t_msg.struct
VAR 1_.t10, t_msg._struct;
VAR 1_t11, t_msg_struct
VAR 1_%12, t_msg._struct;
VAR 1_t13, t_msg_struct;
VAR 1_t14, <t _msg.struct;
VAR 1_tiB, t_msg_structi
ViR 1_t18, t_msg_struct;
VAR locel, string

VAR shared, string;

VAR loo_tre, string;

VAR sh_trc, string;

STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
VAR
VAR
VAR
VAR
VAR
ViR
ViR

VAR

VAR
VAR

sends, integer;
os_ovhd, integer;
suitches, integer;
ovt_0, integer;
evt_1, integer;
evt_2, integer;
evt 3, integer;
ovt_4, integer;
start_os, integer:
end_os, integer;
«lapsad, integer;
rdy_str, string;
wt_str, string;
run_str, string;
end_str, siring;

swait , quene;
chk_beol, boolexn;
source, string;

msg quens holding mrea
msg Teceive status

ptr to reply aren
associnted tchb wait area

task nome
numbsr of gueued messages
messnge quene (t_msg elt)
trace quens (t_trace_slt)

of t_id_struct (one elt per task);

of t_id_struct (one elt per local task)
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VAR rep_str, string;
VAR mug.vait, t_meg_we}
VAR wt_chk, integer;
VAR meg_stT, string)
VAR dest_str, string;
VAR temp_tcb, t_tob;
VAR temp2_tcb, t_tcb}
VAR zet_pc, integer;
VAR tmp_stk, stack;
VAR found, integer;
VAR data_size, integer;
VAR nil_quene, fgueus;
VAR nil_string, string;
VAR msg_elt, t_msg_elt;
VAR m_num, integer;
VAR mtype, integer;
VAR q_nz, integer;

VAR done, integer;

; Global Kernel Variables

VAR ourr_teb, t_tcb j current teek control block
VAR proclist, quens t copy of task name list
VAR br.chk, integer } branch condition check
VAR  texpstx, string; { temporary string value
VAR tob_name, string; i current task name;

VAR xtr, queue { ready to run quensj

} Yarimbles for get_leocal and get_sh procedures

VAR  g.q.size, integer;
VAR g.found, integer;
VAR g.st_elt, t id_stmet;

VAR gq.size, integer i size of trace queue
VAR temp_q, fqueue } data response queue copy

H VARIABLE declarations for procedurs RUN_RTR_TASK

VAR  error, boolean; Set 12 no ready processes
i VARIABLE declarations for procedure SCHED_RTR_TASK
VAR  ztr_peb, t_tcb; PCB to be scheduled

PROCEDURE run_xtr_task

i

: This procedure takes the first ready to run task off the rtr

5 uene (this is the one with the highest priority) and copies

3 ts saved state into the ourrent processor state, If there arxe
1 no ready to Tun tasks, then an error message is printed and

! the Xernel terminmtes.

PROC zun,.rtr_task;
sizeq xtr, br_chk;

IF (br_chk = 80);
printer #/ERROR: BD RTR PROCESSES/;
halt;
BLSE;
delg rtr, curr_tcb;
move curz_tcb.name, teb_name;
extsw tob_neme}
+add #1, svitches, svitchesi
#gime curr_tcb.sts.finish;
sgub  curr_tcb.sts.finish, curr_teb.sts.begin, curr_tcb.sto.begia;
mpadd curr_tcb.ats.begin, curr_tcb.sts.rdy.time, cury_tcb.sts.rdy_~ime;
smove curr_tcb.sts.rdy_time, Ordy_str;
emove curr_tob.sts.wt_time, Cut_str;
stime curr_tcb.sts.begin;

move #/running/, curr_tcb.status;
move ourr_tcb.stk, taskatk;
stime end_os;

sgub end_os, start_os, elapsed;
sadd elunpsed, os_ovhd, os_ovhd;
enable #$10;

meve curr_teb.pent, pc;

ENDIF;
ERDPROC;
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PROCEDURE sched_rtr.task (rtr_pob : t_pcb)

This procedure ncoepts & process control block mnd adds it to
the ready to run queune in & prieritized fashion.

PROC sched_rtr_taskj
pop  taskatk, rtr_pcbi
move #/ready/, rtr_pcb.status;

#time rtr_pcb.sts.finish;

sznb rtr_pob.sts.finish, rtr_pcb.sts.begin, rtr_pcb.ste.begin;
sadd rtr_pcb.sts.begin, rtr,pch.stu.ut_emo. rtr_pch.sts.ut_time;
smove taskstk, tmp_stk;

stime rtr_pob.sts.beging

uddq rtr_peb, rtr, rtx_peb.prierity;

i
]
i
i

i (xtr_pob.priority > curr_tcb.priority);
pop tuskstk, ret_po}
pop taskstk, ret_pc
move Tet_po, curr_tcb.pent;
move taskstk, curr_tcb.stk;

stime curr_tcb.sts.finish;

esub curr_tcb.sts.finish, curr_tcb.sts.begin, curr_teb.sts.begin;
#add ocurr_tcb.sts.begin, curr_tcb.sts.run_time, curr_tcb.sts.run_time;
smove gurr_tcb.sts.run_time, Orun_str;

#time curr_tcb.sts.begin;

move #/ready/, curz_tcb.stutus;
addg ourr_tecb, riT, curr_tob.pricrity;
call run_rtr_task}

ENDPROC;

PROGEDURE get.sh (taskneme : string)

sh_trc varisbles to hold the nemes of the task's messaging and trace

H
H
i This procedure accepts m tosk name and sets the shared and
¥

3 structures.

PROC get_sh}
pop tuskstk, tempstr;

move #0, g.found;

1uck1
sizeq comm_q, §-q.8ize;
vhile {g_q_size > #0) & (“g_found)}
delq wcomm_q, g.st_elt;
if (g_at._elt.nom = tempstr)}
move #1, g.found;
endif;
addq g.st_elt, comm_q, $1;
sub g-q.size, #1, g_g nize;
endvhile;
unlock;

if {g_found = #1};
move g st_elt.st_name, sharoed;
movs g.st_elt.tro.nams, sh_tre}
else;
move nil_string, shared;
move nil_string, sh_tre;
andif;
ERDPROC;

PROCEDURE get_local (tmskname : stxing)

i

i

1 This procedurs accepts a task name and sets the local and

H log_tre varisbles to hold the nmmes of the task's messaging and trace
H stTuctures.

PROC get_local;
pop taskstk, tempstr}

move %0, g.found;
cizeq loc_comm.q, g-g.size;
while (g_q.size > 0} & {"g_found);
delg loc_comm.g, g.st_elt:
it (g.st_elt.nom = tempstr);
move #i, g_found;
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endif;

addq g.st_slt, loc_comm_q, ¥1;

sub g-9.mize, #1, g q_sixe;
snduhile;

if (g.found = #1);
move g._st_elt.st_name, locel;
move g st _elt.trc_nume, loc_trc}
else;
move nil_stiing, loeal;
move nil_string, lec_tre;
endif;
EXDPROC;

PRIMITIVE nilprim

i
; This dummy primitive does nothing except pull in internode
: messages,

PRIM nilprim;
disuble #$10;
¢time wptart_os;
smove ocurr_tcb.sts.rdy_time, Ordy_stri
*move curr_tch,sts.ut_time, Gnt_ttrz
smove curr_tchb.sts.rxun_tims, Orun_str;
if (num_queued > #0);
move 30, donsi
sizeg loc_comm.q, gQ_8x;
while {q_sz > #0) & (“done);
delg loc_comm_q, st_elt}
move wst_elt.st_name, local;

call get_sh, st_elt.nom;
look;
if (Cshared.num_msgs > #0);
move GOshared msges, temp_q;
delq temp_q, msg._elt;
meve nil_gueus, temp_q;
move ©Qlocal.rcrv_st.r_vait, chk_bool;
if (meg.elt.rep = #1) | {chk_bool);

sub  num_queued, #1, num_quened;

sub  Oshared.nuz_msgs, #1, @shazred.num_megs;
delg ©shared.msges, msg_elt;

move #1, done;

if (mug_elt.zep = #1)
move ourrtask, tempetr;
oxtavw st_olt.nomi
move Olocal.replie, souxces;
nove msg_slt, Csource;
cxtsw  tempatr;

slse;
move currtesk, tempstri
cxtew at_elt.nom}
move @local.rcy_st.r_msg, SOUrce;
move msg_elt, @source;
move @Olocal.rov_st.r_sid, source;
meve msg_elt.szc, Osource;
cxtsy tempstr}
move #false, €local.rcv_st.r_wait;

endif;

endif;
endif;

unleck}

addg st_elt, loc_comm.q, #1;
sab q.sz, #1, q_sx;
endwhile;

if (done = #1);
¢nll sched _rtr_.task, €local.tcb_ptr;
endif;
endif;
anable ¥10;
ENDPRINM;

PRIMITIVE send (Qtusk_nume : string: Cmsg : string; Oreply : string)

This primitive accepts the name of a destination task and a

i
1
; message pointer, It then performs a blocking send cperation.
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PRIM send;
disable #10;
vadd #£1, sends, sends;
etime start_osj

pop taskstk, rep_str;
pop taskstk, msg_stI;
Pop taskstk, dest_str]

ocall get.local, dest_strj
if (local <> nil_string);
move ©Clecal.rev_st.r vait, chk_beel;
if (chk.bool);
move Omsg.&tr, msg.elt;
move ocurrtask, tempstr}
cxtaw dest_stri
move Olocal.rov_st.r _mig, source;
move meg.elt, Osource;
move O©Olocal.rev_st.r_mid, source;
move tempstr, Osource;
cxtaw tempatyri
move #false, @local.xcv_st.r_whitj
cnll sched_rtr_task, Clocel.tcb_ptr;
[3ETH
move msg.str, mag_vait.msg 1j
move ocurrtask, msg.wait.snd 1;
nddq meg.wait, Olocal.msge, #1}
endif;
eles;
call get_sh, dest_str;

lock&
add #1, num_gueuned, num_queuned;
move #0, Omsg_str.Tep;
eddq Omag_str, Oshered.msges, #1;
add #1, €sharesd.num_msgs, Oshared.num msge;
unlock;
endif}

call get_local, currtask;

move rep_atr, @local.replie;

pop  taskstk, ret_p¢i

move ®/wait/, curr_.tcb.status;

move ZTet_pc, gurr._tch.ponty

move taskstk, curr_tcb.stk;

wove curr_tcb, €local,tcb ptx;

etime end_os}

s«sub end_os, start_cs, elapsed;

sadd elapsed, os_ovhd, os_ovhdj

etime curr_tcb.sts.finishs

+anb  curr.tcb.sts.finish, curr_tcb.sts.begin, curr_tcb.sts.begin;
sadd curz_tcb.sts.begin, curz_tcb.sts.run_time, curr_tcb.sts.run_time;
smove curr_tcb.sts.run_time, Crun_str;

etime curr_tchb.sts.beging

call Tun_rtr.task;
ERDPRIM;

PRIMITIVE recv (fmsg : string; Osend_id : string)

3
: This primitive porforms & blocking receive opsration.

H It mccepts the type of message expected (%0 means accept any type),
H a pointer to where the messuge is to be plaged, mnd a pointer to
H where the sender’s id im to be placed.
3 The calling task is blocked
t until any message becomes aveilable.

PRIN recy;
disable #10;
stime start_osg
pop taskstk, deat_str;
pop taskstk, msg_str;

call get_local, currtask;
call get_sh, currtask;

if (Ushared.num.msgs > #0);
lock}
sub nam_queusd, #1, num_quened;
sub Oshared.num _msgs, #1, €shared.num msgs;
delq ¢shazed.msges, msg_elt;
unlock;

move msg.elt, Cmsg_str;

move mag_elt.srec, Cdest _str;
stime end_ost
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sgub end_os, start_os, elapsed;
endd elapsed, os_ovhd, os_ovhd;
anable #10;

et

.1"i
sizeg Olocanl.msgs, q.size;
if (g_size > %0);
delq Olocal.mags, msg_weit}
move currtesk, tempstr)
cxtan meg_walt.snd_ 1
move msg_walt.msg.1, source;
move Osonrce, msg elt;
cxtay tempstr
move masg.elt, Cmsg_str;
move sg_wait.snd_ i, Odest_str;
otime end_os}
«sub end_os, start_os, elapsed;
sadd elapsed, os_ovhd, os_ovhd;
snnble B10}
Tt}
else;

move Strus, Olocal.rov_st.r_wait;
move nls_sér. €@logal.rcvy_st.r_megt
move dest_str, llocll.rcv_st.:_lid;
pop taskstk, ret_poi
move #/vait/, curr_tcb.status)
move Tet_pe, curr_tob.pent;
move +taskstk, curr_tcb.stk;
move curr_tcb, €locml.tcb.ptr}
stime end_os;
sgub end_os, start_os, elapsed;
endd e¢lapsed, os_ovhd, os_ovhd;
stime curr_tcb.sts.finish;
sgub curr_tob.sts.finish, curr_tcb.sts.begin, curr_tcb.sts.beging
sadd curr_teb,sts.begin, curr_tcb.sts.run_time, curr_tcb.sts.run_time;
smove curr_tcb.sts,run time, Orxun_str;
+time curr_tch.zts.begin;

call run_rtr_task}
endif;

endif;
ENDPRINM;

PRINITIVE reply (@task_name : string; Omeg : string)

i

! This primitive accepts the name of = destinntion task and »

H meusege pointer. It then performs & reply operntion fresing the
i specified tuak.

PRIM reply;
dimable #1i0;
otime start_os;
sndd #1, sends, sends;
pep taskatk, mag str;
pep taskstk, desat_str;

eall got.local, dest_strj

if (local <> nil_string);

nove currtask, tempstxs;

move Cmsg. str, mag_elt;

cxtsy  dest_str;

move @locel.replis, Botrce;

move mEg_elt, @scurce;

cxtsw  tempstri

ecall sched_rtr_task, Glocal.tcb_ptr;
else;

call get_sh, dest_str;

lozk;
add  #1, num_queued, num_gueued;
move #1, Omsg _str.rep;
addg Cmsg.str, Oshared.msges, ¥2;
add #1, Oshared,num msgs, €shared.num_msgs;

unlock}
endif;

stime end_os;}
saub end_os, start_os, elapsed;
wadd elapsed, os_ovhd, es_ovhd;
ennble #10;

ENDPRIN;

3 PRIMITIVE sleep
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i
i This primitive simply blocks the colling task by putting it in
i the slesp wait quens.

PRIM sleep;
disuble #10;
*time start_os}
pop trakstk, ret_po;

#time curr_tcb.sts.finish;

egub curr_tcb.sts.finish, curr_tcb.sts.begin, curr_tcb.sts.begin;
sadd curr_tcb.sts.begin, curr_tcb.sts.run_time, curr_tob.sts.run_time;
smove curr_tob.sts,run_time, Orun_str;

etime curr_tcb.sts.begin;

move #/wait/, curr_tcb.status;
move taskatk, curr_tch.stk;
move Tet pc, curr_tab.pent}
addq curr_tcb, swait, curr_tch.priority;
call run_rtx_task}
ERDPRIN;

PRIMITIVE get_date (task_neme : stringi data_name : string; size ¢ integer)

specified smource task is not resident on the processor, then n number
of shared nccesses nre made, One access is made for every 100 bytes

3
i
i This primitive simulates date access betuvesn tesks. If the
i
; of data roguested.

PRIM get _datn}
disable #10;

stime start_os;

pop taskstk, data_size;
pop taskstk, mag_str;
pop taskstk, dest_stri

crll get_local, dest_str;
if (local = nil atring);
while (dunta_size > #0);

lock;
move Cmag_str, q_size;
unlock}
sub deta_size, #100, data_size;
endwhile}

olme;
while (data_size > %0);
move q_size, q_sixe;

sub  data_size, %100, date_size;
endvhile;
endif;

stime end_os}
sgub end_os, start_os, elapaed;
#add elapsed, os_ovhd, os_ovhd;
enable #10;

ENDPRINM;

PRINITIVE end_xesp

This primitive simply calls response update to print the
TespOnRse traces,

H
§
1
H
PRIM endresp;

sdigeble ¥10;

spop taskstk, m_num;

sftype #/response completed. Type 1 Iy

sftype m_num;

stime m_numj

wZtype #/ Time 1 /;

eftypecr m_num;

«gnable #10;
ENDPRINM:

; PRIMITIVE nev_resp
: This primitive clears the calling task’s current trace gueue.

PRIM neuresp;
ENDPRIN;

{ PRIMITIVE evt_synch
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i
$ This primitive serves ms the interrupt handler for the synchronization
H primitive, This interrupt is raised perlodically every 6 seconds,

PRINM evt_synchj
disable #10}
ackint 80;
*add 81, ovt 0, evt 0}
*iime start_osj
sizeq swelt, wt_chk;
move 0, found;
while ((wt_chk > #0) & ("Zound));
delgq mwait, temp_tcb;
it (temp_tcb.nwme = #/synch/);
move #1, found;

slse
uAdq temp_tob, swait, temp_tecb.priority;
sub wt_chk, #1, wt_chk;
endif;
endwhile;

if (found);
eftype #/synch event (0) at time : /;
sZtypecr start _os)
call sched_rtr_task, temp_tch;
endif;
stime end_ong
egud end_ou, start_os, elapsed;
sadd elapmed, os_ovhd, os_ovhd;

enable #10;
EXDPRIN;

PRIMITIVE avt_loso_synch

i

i

i This primitive serves as the into:ruit handler for the synchroniration

§ loss primitive. This interrupt is raised sporadicslly to signal a loss of
1 synchronization.

PRIM evt_lons_synchj
disgble #10;
ackint #1;
sndd #1, evt 1, evt_1;
*time start_os}
move #1, aynch_loss;
eizeq swait, wt_chk;
move #0, found;
while ((wt_chk > #0) & (“found));
delq swait, temp_tcbi
i? (temp_tob.name = 8/mynch/);
move #1, found;
.1..&
addg temp_tcb, svait, temp_tcb.priority;
sub  wt_chk, #1, wt_chk;
endif
andevhile}

if (found);
sftyps #/synch less (1) at time : /i
sftypecr start_os)
call sched_rtr_task, temp_tcb;
endif;
stime end_os;
*gub end_os, start_os, elapsed;
sadd elapsed, os_ovhd, os_ovhd;

snabla #10;
ERDPRINM;

PRINITIVE evt _msg.rx

i
i
i This primitive serves as the interrupt handler for the incoming external
i messege interrupt. This interrupt is raised sporadically to signal the

1 arrival of & message. It makes the MSG task ready to run from the
: blocked Teceive state.

PRIN evt_msg_Ix}
disable $#10;
ackint £1;
sadd #1, evt_2, evt_2;
stime wstart_os;
move #1, meg.xrdy}
rand #10, wt_chk;
if (wt_chk < #5);
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move #1, msgtype;
else}
if (wt_chk < 18);
move #2, megtypei
elxe;
move #3, msgtype;
endif
sndif;

move 80, done}
call  get_locel, #/meg/;
move Qlogel.rov_st.r_wait, chk_baol;
if {chk_bool);
move 3®false, Olocal.rcv_st.r_walt;
move #1, done;
endif;

if (done = #1);
eftype #/msg event (2) of type t [}
wftype mugtype|
eftyps t/ nt time 1 /}
wftypecr staxt_os;
c¢all sched_rtr_task, C@looel.tob_ptr;
endif;
etime end_os}
sgub end_os, staxrt_os, elapmed;
#add elapsed, os_ovhd, os_ovhd;

snable #$10;
ENDPRIN;

PRIMITIVE evt_.signal

i
i

H This primitive sexves ss the interrupt handler for the signalling

H interrupt handler. This interrupt is raised sporadicelly to signal the
} arrival of a signalling svent. It mekes the SIGNAL twsk ready to run

H from the blocked receive state,

PRIM ovt_signalj
disable #10;
ackint #3;
»add #1, ovt 3, evt 3}
stime wmtart.os;
move #1, sig_xdy;
rand #10, wt_chk}
it (wt_chk < 85);
move #£6, sigtype;
else;
i# (wt_chk < #8);
move #4, lig%ypo;
olme;
move #5, sigtype;
endif;
endif

move $0, done;
call got_locul, #/signal/;
move ©local.rov_st.r_wnit, chk_bool;
1f (chk.bool);
move #false, Qlocul.rocv.st.r_wait;
move #1i, done;
endif;

if (dome = #1)1
s2type B/sig event (3) of type t /;
sftype nigtype;
sftype #/ ut timo t /[
s2typecr start os;
onll sched_xrtr_tusk, Olocal.tchb_ptri
endif;
etime end_os;
sgub send_os, sturt_os, elapsed;
sadd - elapsed, os_ovhd, os_ovhd;

ennble #$10;
ENDPRIN;

PRIKITIVE evt.olk

i

i

} This primitive serves as the interrupt handler for the clock interrupt

H used as a timing base for the nudits task. This is n periodic interrupt.

PRIM evt_clk;
disable aio;



ackint #4;
spdd 1, evt_4, svt 4
etime SLAXT.OB;
sizeg swait, wt_chk
move 30, found;
ghile ((wt_chk > #0) & {"found));
delqg swait, temp_tchb;
i (temp_tch.nume = #$/audits/);
move #1, found;
'1‘.&
addgq temp_tcb, swait, temp.tob.priority;
sub wt_chk, #1, wt_chk;
andif;
andwhile}

if (found);
sftype #/nudit event (4) at sime ¢ /;
sfrypocr start_os;
call sched_rtr_tusk, temp_tch;
endif;
stime end_on}
esub end_os, start.os, elapsed;
eadd elepsed, os_ovhd, os_ovhd;

enable $10;
ENDPRIN;

BEGIN
meve  #/nodei/, ned_name;
disable #10;
move #/1_t1/, st_elt.st_name;
move #/1_%t..traces/, st_elt.irc_nume;
addq st_elt, loc.comm_q, #1}
move #/1_t2/, st_elt.ut_namse;
move #/1l_t2.traces/, st_elt.trc_name)
addg st_elt, loc_comm q, 13
move #/1.t3/, st_elt.st_name;
move $/1_t3.tracos/, st_elt.trc_name;
addg st_elt, loc_comm q, #1;
move #/1_t4/, st_elt.st_name;
move #/1_t4.traces/, st_elt.tro_namse;
sddq st_elt, loc_comm_q, ¥1;
move #/1_t5/, st_elt.st_namse;
move #/1_tE.traces/, st_elt.tro_name;
addg st_elt, loo_comm q, #1;
move #/1_t8/, st_elt.st_neme;
move @3/1_t6.traces/, st_elt.trc_name;
addg st_elt, loc_comm.q, #1;
move #/1_tT/, st_elt.st_nams;
move #/1_tT.traces/, st_elt.tTc_name;
auddgq st_elt, loc.comm.q, %1}
move #/1_t3/, st_elt.st_name;
move #/1_t8.traces/, st_elt.trc_name;
addq st_elt, loc_comm.q, #1}
move #/1_tB/, st_elt.st_name;
move #/1_t9.traces/, st_elt.trc_name;
addq st_elt, loc_ocomm_q, ¥1;
move #/1_t10/, st_elt.st_name;
move R/1_%10.traces/, st_elt.trc_name;
addq st_elt, loc.comm.q, #1j
move #/1.t11/, st_elt.st_nams;
move #/1_ti1.traces/, st_elt,tre_nume;
addg  st_elt, loc_comm_q, #13
move £/1_t12/, st_elt.st_name;
move #/1_t12.traces/, st_elt.trc_name;
sddg st_elt, loc_comm.q, #1;
move #/1_t13/, st_elt.st _name;
move $#/1_t13.traces/, st_elt.trc_nanme;
nddq st_elt, loc.comm.q, #1;
move 8/Ll_t14/, st_elt.st_nume;
move 8/1_til4.trmces/, st_elt.tro_name;
addq st_elt, loc.coom.q, #1;
move #/1_t16/, st_elt.at _nume;
move #/1_tib.traces/, st_elt,.tre_name;
addq st_elt, loc.comm.q, #1}
move #/1_t18/, st_elt.st_namse;
move R/1_ti18.traces/, st_slt.trc_name;
nddq st _elt, loc_comm_ g, #1;

if (nod_name = #/nodel/)}

376



lock;

move #/sh_ti/, st_elt.st_name;

move ®/sh_ti.trus/, st_slt.trc_neme;
wddq st_elt, comm.q, B1}

move #/sh_t3/, st_alt,st_name;

move ®/sh_t2.trcs/, st _elt.trc_name;
addq st_elt, comm. g, #1;

move #/sh_t3/, st_elt.st_name;

move #/sh_t3.tres/, st _elt.tro_aume}
addq st_elt, conm_q, #1}

move &#/sh_t4/, st_elt.st_name;

move ®/sh_td.trcs/, st_elt.trc_name;
addq st_elt, comm.q, #1;

move &#/sh_t6/, st_elt.st_name;

move #®/sh_tb.tres/, st_elt.trc_name;
addq st_elt, comm_q, #1;

move #/sk_t6/, st_elt.st_nume;

wove #/sh_t8.trcs/, st_elt.trc_name;
nddg st_elt, comm_q, ¥1j

move #/sh_t7/, st_elt.st_name;

move ®/sh_tT.tres/, st_slt,.trc_nune;
addq st_elt, comm_q, #1}

move #/sh_t8/, st_elt.st_nume;

move #/ah_t8.tres/, st_elt.trc_name;
nddq st_el%, comm._q, #1;

move #/sh_t9/, at_elt.st_name;

move #/sh_+9.%rcs/, st_elt.trec_name;
addq st_elt, comm.q, #1;

move #/sh_t10/, st_elt.st_name!

move #/sh_t10.trcs/, st_elt.trc_name;
addg st_elt, comm.q, #1;

move #/sh_t11/, st_elt.st_name;

move #/sh_til.tres/, st_elt.trc_neme;
nddq st_elt, comm.q, #1;

move #/sh_t12/, st elt.st_name;

move #/sh_t12.tres/, st_elt.trc_nams;
addq st_elt, comm_q, #1i

move #/sh_t13/, st_elt.st_name;

move #/sh_ti3.tres/, st_elt.txo_name}
addq st_elt, comm_q, #1;

move #/sh_t14/, st_elt.st_name;

move #/sh_tid.txres/, st_elt.tre name;
addq st_elt, comm_q, ¥}

move #/sh_t15/, st_elt.st_name;

move #/sh_t15.tros/, st_elt.tra_name;
addg st_elt, comm.q, ¥1;

move #/sh_t18/, st_slt.st_name;

move #/sh_tiS.tres/, st_elt.trc_name;
anddq st_elt, comm.q, #1;

move #/sh_ti7/, st_elt.st_name;

move B/sh_t17.tres/, st_elt.trc_name;
addq st_elt, comm_q, ¥#1;

unlocks
endif}

move tasklist, graclht;
sizeq proclist, br_chk ;
move currtask, tempstr}
smove #1, wt_chki

while br_chk <> #0;
delg proclist, tcb_nmme;
cxtsw tuh_nl.mg
stime curr_tcb.sts.beging

smove vwt_chk, curr_tcb.num;
spdd #1, wt_chk, wt_chk;

if (tcb_name <> #/idle/);
lock;
«ftype nod_name}
delq loc.comm.q, st_slt;
move tcb_name, st_elt.nom;
»ftype 8/ --LOCAL-- TASK: /;
sftype tob_name)
«ftyps 8/ QUEUE: /;
sf4ypecr st_elt.st_name;
addq =st_elt, temp_q, #1;
nnlock}

locki
delq ocomm_q, st_elt;
vhile (st_elt.nom <> nil_string);
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eaddg st_elt, comm_q, #1;
delqg comm.gq, st_elt;
enduhile;
wove +tch_name, st_elt.nom;
»Ztype $/GLOBAL-- TASK: /;
sftypa tcb_name;
sftyps 8/ QUEUE: /3
s2typecr st_elt.st_name;
addq st_elt, comm_q, #i;
unlock}
ondif;

move taskstrt, curr_tcb.pont}
move tcb_name, curr_tob,.name;
move #/Teady/, curr_tob.status;
move eurrprio, curr_tecb.prioxity}
move taskstk, curr_tcb.stk
addq ecurr_tcb, rtr, currpzio;
sizeq proclist, br_chk;

endvhile;

move temp_q, loc_comm g;
move nil_queue, temp_qj

cxtsy tempstri

move #/xdy_twm/, rdy_str;

move ®/wt_tm/, wt_strj

move ®#/run_tm/, run_str;

smove #/END RESPONSE ............/, end_ssr
bind evt_synch, $#0;

bind evt_loss_synch, #1;

bind evt_mag._rx, #1;

bind evt_signul, #3;

bind evt_clk, #4;

snable 310;
cell run_rtr_teask;

ENDTASK
BIDKERIEL;
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B.3.4 Application Tasks Us- LooP

. . S'I'ITESELBCT

ing Blocking Kernel '
: STIT; :t.l!‘;

rue;

;  NSG Task po_act upd_cycle;
L calLp newresp;
STAT zdy_tm, integer; EID?EETST.ITE #/start/y
STAT ut_tm, integer; BIDST.ITB';

STAT run_tm, integer;
STATE atart;

VAR  byte_cnt, integer; Eo. of mossags bytes IF (msg_pending = #1);

1 transmitted or received

VAR mag_pend integer; CALLP reply, rov, #/meg_in/y
VAR mg_guc.iffu'u;_c:g; SETSTATE  #/hndl_mag/;

VAR  msg_in, t_msg_elt; ENDIF;

VAR r_msg, t_mag.elt; IF lglalgagdy - ‘1:11: ents

VAR  xov, string: AR rriny

VAR  tak._strt, integer; SETSTATE #/exex/;

VAR  tak_end, integer; ENDIF;

STAT cycle, integer; IF Strue;

CALLP recy, $/mag_in/, #/rev/y
SETSTATE #/aigmeg/;

ACTIVITY init; ERDIF;
wtime tsk_strts ENDSTATE;
move #3, msg_pending;
move #0, mag_in.type; STATE sigmsg;
ENDACT; IF %true
DO_AC ack_in;
ACTIVITY upd.cyole; calLp nilprim;
move #0, msg._in.type; SETSTATE  #/start/y
stime tsk_end; EEDIF; .
sgub  tsk_end, tsk.stzt, cyclej ENDSTATE;
.
glmg%. tak_strt) STATE rxtx;
IF (byte.ont < %32)%
ACTIVITY init_cnt; DO_ACT iner_ent}
move 30, byte_cnt) cairp nilprim;
move #0, mag rdy; SETSTATE  #/rxtx/;
ENDACT; EHNDIF;
IF #true;
ACTIVITY incr_onbj CALLP nilprim;
eprintor #$/incr count in mag tusk/; SETSTATE #/msg_2in/;
add #1, byte_ont, byte_cnt; ERDIF;
EEDACY ENDSTATE;
ACTIVITY send_tone; STATE mag_fin;
move #1, msg_out.typs; IF (osgtype = #1);
move #/msg/, msg_out.src; DD-ECT send_start;
ENDACT; CALLP -;nd, 8/0}::.1%5. y
#/msg.out/, #/x_meg/;
ACTIVITY send_sturt
move 31, Hag.ont.type; pp{EISTATE W/edens/s
papacyy #/mse/s meg-out.sxei IF (magtyps = #2);
‘ DO_ACT lcnd,tn:’u H ,
ACTIVITY mend_din, CALLP send, #/tones/,
move #3, :u;,_s\’:t.typo; $/msg.out/, #/r_meg/}
move #/msg/, msg_out.sro} “niﬁsn“ #/clear/y
ENDACT; IF (ulgtypc = $3);
ACTIVITY mck_in; DO_ACT send_diag;
if (meg_in.type <> #0); CALLP send, #/diega/,
nove #1, msg_pending; #/mag_out/, #/r_msg/;
endif; SETSTATE #/clenz/;
BNDACT; ENDIF;
ENDSTATE;
ACTIVITY clr_msg)
move #0, msg_in.type; STAT® hndl_msg}
move #0, msg_pending; IF (msg_in.type = #7)
ERDACT; DO_ACT clr_msg;
CALLP endresp, #1;
ACTIVITY met_synch; SETSTATE  #/clear/;
tioks $3200; ENDIF:
move #0, msg_ in.type; IF (mmg_in.type = #8);
move #0, msg_pending; D0_iCT set_synch;
ENDACT; CALLP endresp, #3;
E“sl.g'rsrm %/clear/;
[
BROSRacT  dnit i ENDSTATE;
CALLP nilprim;
SETSTATE #/clear/; EHDEaapLECT}
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ERDTASK; I stiae;
CALLP recy, ®/msg_in/, #/rcv/;

: CINIT Task SETSTATE #/renpond/;

ENDIF;
' ENDSTATE;
STAT rdy_tm, integer
STAT wt.tm, integer; STATE ::;g::‘\di
STAT run_tm, integer} CALLP reply, zov, $/meg_ous/]
VAR  mag_out, t.mag._elt; SETSTATE  #/got._mag/}
VAR mmg_in, t_msg.elt) g]n]:;;
VAR  r_meg, t_msg.elt; EXDSTATE;

YAR recv, stzing;

VAR  waiting q, quete; STATE got_msg;

VAR meg_pending, integer; IF ;Bﬂe chn)_req;
VAR q.size, inSeger; CALLP -;m\. #/chnls/, p
#/msg_out/, #/r_mag/4
VAR  tsk_strt, integer; . E 1 g
ViR tsk_.nd..intogsr; SETSTATE #/got_chnl/;
STAT oycls, integer; “Dg_lra%gg
ACTIVITY init; STATE got_chnl;
stime tsk_stirt) IF nna
move #0, msg_pendingi DO_A conn.Teq;
ENDACT; CALLP send, #/gonnect/,
8/mag_cut/, #/r_meg/;
ACTIVITY uwpd_cycle; SETSTATE  #/got_conn/;
etime tak_end; ENDIF;
sgub  tek_end, tsk_strt, cycls; EXDSTATE;
stime tek_strtj
ENDACT; STATE got_connj
IF $true
ACTIVITY get_mag; DO-ACT stat_xeq}
delq waiting.q, msg_in; CALLP send, #/stat/,
sizeq waiting_q, q.size; #/msg_out/, $/r.mag/;
if (q.wixe = 20); SETSTATE  #/clenr/
move #0, msg_pending; ENDIF;
endif; ENDSTATE;
ERDACT;
E3IDSELECT;
ACTIVITY quete_msgj ENDLOOP
addq msg_in, waiting_q, ®1; EEDTASK;
move #1, msg_pending;
EXDACT; ;
ACTIVITY conn_reqj t+ TONES Task
move #11, msp_out.typs; }
move #/cinit/, msg_out.sre; STAT rdy._tm, integer;
ENDACT; STAT wt_tm, integer;
ACTIVITY chnl_req; STAT run_tm, integer;
move #1121, meg_ont.type; VAR msg.out, t_msg.elt;
move #/cinit/, mug_out.sre; VAR  msg.in, t_msg_elt;
ENDACT; VAR  r_msg, t.msg_elt;
ACTIVITY stut_reg YAR zov, string;
move #16, meg_out.type; VAR  tsk_strt, integer;
move #/cinit/, msg_out.src; VAR  tak_end, integer;
ENDACT; STAT cyole, integer;
BEGIN ACTIVITY init;
DO_ACT init) stime tsk_strt;
CALLP nilprimg ENDACT;
SETSTATE #/clenr/;
ACTIVITY upd_cycls;
LOOP; stime tak_end;
staTESELECT; sgub  tsk_snd, tsk_strt, cycle;
STATE clenar; '{'ﬁ-’“ eak.stre
IF $trueg ENDACT;
DO_ACT upd_cycle; ACTIVITY select_tone;
CALLP nevresp; ticks #3603}
SETSTATE  #/strt/; if (msg_in.src = #/msg/};
REDIF; move #1, msg_out.data;
ERDSTATE; else;
STATE strt; 'ndl:;:. %0, meg.out.datn;
IF {(msg_pending = #1); move #11, msg.out.type;
DO_ACT get_msgi move #/tones/, msg_out.src;
CALLP nilpriw.; ENDACT;

SETSTATE  #/got_msg/;
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init;
nilprim;

SETSTATE #/cleax/;

LUOP}
STATESELECT;

STATE clear;

IF Ctrna%
DO_A
CALLP

SETSTATE
BEDIF;
ENDSTATE;

STATE start;

IF #true;

CALLP
SETSTATE

ENDIF;
BEDSTATE;
STATE respond;

IF #true;

CALLP
SETSTATE
ENDIF;
ENDSTATE;
STATE got._magi
IF #truei
DO_ACT select _tone;
CALLP send, #/connect/,
#/oeg_out/, #/xr_mag/y
#/cleax/;

vpd_cycle;
neuresp}
#/start/;

recy, #/mag_in/, #/rev/y
#/zespond/;

Teply, rov, #/msg_in/;
*/got_msg/s

SETSTATE
ENDIF;
ENDSTATE;

ENDSELECT;
EXDLOOP

ENDTASE;

i STAT
]

Task

STAT rdy_tm, integer;
STAT wt_tm, integery
STAT run_tm, integer;

VAR
VAR
VAR
ViR

VAR
VAR
STAT

ACTIVITY
stime
EBRDACT;

ACTIVITY
atime
#sab
*time

ENDACT;

ACTIVITY
ticks
move
move
move

EXDACT}

ACTIVITY
ticks
move

BHDACT;

mag.out, t_msg_elt)
msg.in, t_msg_elt;
r_msg, t.msg.elt;
rev, string;

tsk_stes, invegex;
tsk_end, integer;
cycle, integer;

indit}
tak._stxt;

upd_scycle;
tak_end;
tesk_end, tsk_strt, cycle;
tsk_smtrt;

new_oall;

#2003

#1, stat_data}

815, neg.out.type;
#/stut/, meg_out.src;

update table

cnll. fin;
$3200; update table
#1, stat_dataj

ACTIVITY integ_fail;

miove

move %1, stat_data;
move #/stat/, msg_out.sroj
ENDACT;
BEGIN
DO_ACT init;
CALLP nilprimg
SETSTATE #/clesr/:
LDOP%
STATESELECT;
STATE cleari
IF ftrue
DO_AC upd_cyole;
CALLP newresp;
SETSTATE #/aturt/;
ENDIF;
ENDSTATE;
STATE starty
IF #true}
CALLP recv, #/map_in/, $/rev/;
SETSTATE  #/respond/}
ENDIF;
ENDSTATE;
STATE respond;
IF #true;
CALLP raply, rov, #/msg_in/;
SETSTATE  #/got_mag/;
EADIF
BEDSTATE;
STATE got_msg;
IF (msg_in.type = #16);
LO_ACT new_csllj
CALLP send, #/signul/,
#/msg_out/, #/z_msg/;
SETSTATE  #/response/;
ENDIF;
IF (meg_in.type = #17))
DO_ACT integ._faily
CALLP send, &/fuule/,
#/msg_out/, #/r_meg/y
SETSTATE #/cleax/;
ENDIF;
IF Strue}
DO_ACT call_tfin;
calLp endresp, #4;
SETSTATE #/clenx/;
BHDIF;
ENDETATE;
STATE responsze;
IF Rtrue;
CALLP endresp, #6;
SETSTATE $/clenr/}
EEDIF;
ERDSTATE;
ERDSELECT;
ENDLDOP
ENDTASK;
+
t CHRLS Task

#10, mag_out.type;

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
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mag.in, t_meg_elt:

rev, string;

r_msg, t_mag.elt)
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num_aliocated, integer;
send_ack, integer;
q.size, integer;



ViR

VAR
VAR
STAT
STAT
STAT
STAT

dest, string;

tak_strt, integer;
tsk_send, integer;
cycle, integer;
mtech, integer;
cpch, integer;
over_limi*, integer;

ACTIVITY init;
stime tak_strt;
ENDACT;

ACTIVITY upd_cycle;
otime tsk_end;
#sub  tsk_end, tak_strt, cyclej
»time tsk_strtg

ERDACT;

ACTIVITY get_chnl;
*if (msg_in.src = #/diags/};
sadd #i, mtech, mtech;
*elan;
sndd
eandif;
if (num_nllocated < 81B);
add #1, num_allccated, num_allocated;
move msg_in.sre, dest;
move #1, send_ack;
move #14, msg_out.type;
move #/chnls/, mag_out.src
else;
addq
add
nove
endif;
E¥DACT}

ACTIVITY fras_chnl;
sizeq wniting_q, g_size;
if (q_size > %0);
delq weiting_q, msg_in;
move msg.in.srec, dest;
move ¥#1, send_unok}
move %14, mag_out.type;
move #/chnls/, msg_out.srei
elsei
sub num_sllocated, #1i, num_nllocated;
if (num_allocated < #0);
move #0, nun_ullncaiod;
endif;

81, cpch, cpeh;

msg_in, waising_q, #1;
#$1, over limit, over_ limit;
30, send_eck;

ACTIVITY clear_acki
move #0, send_acki
ENDACT;

BEGIN
DO_ACT init;
CALLP nilprim;

SETSTATE #/clear/;

LoOp;
STATESELECT;

STATE cleari
IF #truse;
DO_ACT
CALLP

SETSTATE
ENDIF;
ENDSTATE;
STATE start;
IF #true;
CALLP

SETSTATE

ENDIF;
ENDSTAIE:

STATE got_msg;

IF (msg_in.type = #12);
DO_ECT ® get_chnl

upd_cycle;
newresp;
$/stazt/;

recv, #/meg_in/, #/rev/;
#/got_msg/t

CALLP nilprim;
SETSTATE #/chx.nck/}
ENDIF;
IF #tzue;
DO_ACT free_chnl;
CALLP nilpzim;
SETSTATE #/chk_ack/}
ENDIF;
ENDSTATE;

STATIE chk_nck;
IF (mend_unck = #1);
DO_ACT clear_unck;
CALLP

SETSTATE
HDIF;
IF #true;
CALLP

SETSTATE
ENDIF;
ENDSTATE;
ENDSELECT;

EXFDLOOP
ENDTASK;

#/clenr/3

nilprim;
#/clenx/}

{ EHD Task
i

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR
VAR
VAR
VAR

VAR
VAR
STAT

mag.out, t_msg_elt;
msg.in, t.msg.elt;
r_mag, t_msg_elt
rev, string;

tsk_strt, integer;
tsk_end, integer;
eycle, integer;

ACTIVITY inise;
wtime tsk_strt;
EHNDACT;

ACTIVITY
stime
#*sub

stime
ENDACT;
ACTIVITY

move

move
ENDACT;

ACTIVITY
move
move

ERDACT;

ACTIVITY
move

move
ENDACT;

upd_cycle;
tak_endj
tsk_end, tsk_strt, cycle;
tak_strt;

chnl_xreq;
#13, msg_out.type;
s/end/, mag_out.sre;

cenn,.req;
#¥11, mag_out,.type;
#/end/, msg_ount.sxcy

stat_req;
#19, msg_out.type;
#/end/, wag_out,.sre;

BEG1N

DO_ACT init,
CALLP nilprim;
SETSTATE #/clear/;

LOOP;
STATESELECT;

STATE clesnr;
IF #true;
DO_ACT
CALLP
SETSTATE
ENDIF;

upd_cycle;
newrespi
$/start/;
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BEDSTATE;

STATE start;
IF #truei

CALLP recy, #/mag_in/, #/vov/;
SETSTATE #/respond/;
ENDIF;
ENDSTATE;
STATE respond;
IF strues
CALLP Teply, rcv, #/meg.in/;
SETSTATE #/got_msg/;
ENDIF
ENDSTATE;
STATE got_msag
IF #true}
DO_ACT COnn_ req;
CALLP send, #/connect/,
$/msg_out/, #/r_mag/;
SETSTATE #/zel_chnl/}
EADIF;
EADSTATE;
STATE rel_chnl;
IF #trus;
_act chnl_raq;
CALLP send, #/chnls/,
t/meg_out/, 8/ _meg/;
SETSTATE #/call_fin/;
ERDIF;
ERDSTATE;
STATE ¢all_Zin;
$true;
po_act stat_req;
CALLP sand, %/stat/,
#/msg_out/, #/r_msg/;
SETSTATE #/clenr/;
ERDIF:
ENDSTATE}
ERDSELECT;
ERDLOOP
ENDTASK;

i
i CONNECT Tesk

1

STAT rdy_tm, integex|
STAT wt.tm, integer;
STAT run_tm, integer;

VAR  meg.in, t.meg.elt;
VAR r_meg, t_msg_elt}
VAR rov, string;

VAR  tsk_strt, integer;
VAR tsk_end, integer;
STAT oycle, integer;

ACTIVITY init;
stime tak_strt;
ENDACT;

ACTIVITY upd_cyclet
wtime tsk_endi
sgub  tak_end, tsk_strt, cycle;
stime tsk_strt;

ENDACT}

ACTIVIIY make_connj
ticks $500;
ENDACT;

BEGIN
DO_ACT
CALLP
SETSTATE

init
nilprim;
#/clenx/;

LOOP;
STATESELECT;

STATE cleaur;
IF #trus
DU,AC+
CALLP
SETSTATE
ERDIF;
ENDSTATE;
STATE stars
IF #true;
CALLP
SETSTATE

ENDIF;
ENDSTATE;
STATE r-spond;

IF $true;

CALLP
SETSTATE

ENDIF;
ENDSTATE;

STATE got_msg;
IF {{msg_in.src = #/tonea/) &
(msg_in.data = #1));

upd_cycls;
neursap;
#/start/y

#/renpond/

#/get_meg/;

DO_ACT make_conn;
CALLP endresp, 53;
SETSTATE #/cleax/y

ENDIF;

IF strue;
DO_ACT make_conni
cALLP nilprim;
SETSTATE #/clenx/}

ERDIF;

ENDSTATE;
EBDSELECT}
ERDLOOP
ENDTASK;

STAT xdy.tm, integer;
STAT wt_tm, integeri
STAT run_tm, integer;

SIGHAL Tesk

VAR mag_out, t_mag_elt;
VAR msg.in, t.msg_elt;
VAR r_msg, t_msg.elt;
VAR rxcv, string)

VAR msg_pending, integer;
VAR  task_strt, integer;
VAR tsk_end, integer;
STAT cycle, integer;

ACTIVITY inis;

wtime tak_mtrt;

move %0, msg.pending;

move %0, msg_in.typei
EHDACT;

ACTIVITY upd_cycle;
move B0, msg_in.type;
stime tak_end;
egub  tsk_end, tsk_strt, cycle;
etime tuk_strt;
EHDACT;

ACTIVITY init_cnt;
move %0, sig_rdy;

EHDACT;

ACTIVITY upd_integ;
ticks 875;

ENDACT

ACTIVITY sond_stat;
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move ®17, msg_out.type;
move #/signal/, mag_ous.sre;
EADACT}

ACTIVITY fin_stat;
move #18, mEg._out.type;
move #/signal/, msg_out.sroi
ENDACT}

ACTIVITY send_ding;

move %3, meg_out.type;

move #/signal/, masg_out.srey
ENDACT;

ACTIVITY ack_in;
if (msg.in.type <> #0);
eprint #/rey » /i
sprinter rov;
move #1, msg_pending;

endif;
ENDACT ¢

ACTIVITY clr_upd_integ:
move #0, msg_in.type;
ticks #76}
move #0, msg_pending;

ENDACT;

BEGIN
po_ACT init;
CALLP nilprim;

SETSTATE #/glear/;

LOOP;
STATESELECT;

STATE clear;
IF ftrue
DO_AC upd_cycls;
CALLP newresp;
SETSTATE 8/atars/;
E¥DIF;
ENDSTATE;

STATE start;
IF (mag.pending = #1);

CALLP reply, rov, #/msg_in/;
SETSTATE  #/hndl_meg/)
ENDIF;
IF (sig_rdy = #1);
DO_ACT init_cnt;
calLp nilprim;
SETSTATE $/rx
o3 /rxf;
IF #trus;
CALLP Tecv, #/msg_in/, #/vev/}
SETSTATE S/sigmss,;
ENDIF;
ERDSTATE;
STATE sigmeg;
IF ftzus;
po_act wck_in;
calLp nilprim;
SETSTATE */s
ENDIF} favert/y
ENDSTATE;
STATE rxi
IF (sigtype = #4);
DO_ACT upd_integ;
CALLP nilprim;
SETSTATE #/cleax/;
ENDIF;
IF (li{typo = #B)¢
DO_ACT sond_stat;
CALLP send, ®/atat/,

t/mag_out/, #/r_msg/;

SETSTATE #/ding/;

EXDIF;
IF (sigvype = 38);
DO_ACT fin_stat

CALLP sand, #/stat/,

#/msg_out/, #/r_mag/;

SETSTATE #/clenx/;

ENDLF;
ENDSTATE;
STATE diagi
IF $true
DO_AC send_dieg;
CALLP send, #/diags/,

$/meg_out/, #/r_mag/;

SETSTATE #/clenz/;
ENDIF;
ERDSTATE!
STATE hndl_msg;
Ir ‘t:no}
po_AC clr upd_integi

CALLP nilprim;
SETSTATE #/clenz/}
ENDIFt
ERDSTATE:
ENDSELECT}
ENDLOOP
ENDTASK;

H
i DIAGS Task
H

STAT rdy_tm, intoegex;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg.out, t_mag._elt;
VAR meg.in, t mag_elts
VIR r_msg, t_msg.elt;
VAR  recv, string;

VAR waiting_zi queus;
VAR msg_pending, integer;
VAR  q.size, integer;

VAR  dest, string;

VAR  dg._num, integer;

VAR  tsk_strt, integer;
VAR tsk_end, integer;
STAT cycle, integer;

ACTIVITY init;
stime tek_strt}
ENDACT;

ACTIVITY upd_cycle}
stime tok_end;
sgub  tsk_end, tsk_strt, cycle;
stime tak_strt;

ENDACT;

ACTIVITY get_msg;
delq walting_q, msg_iny
sizeq vaiting.q, q_size;
if (q.size = %0);
move $0, msg_pending;
andif;
ENDACT;

ACTIVITY queue_mag;
addg msg_in, waiting.q, #1;
move #1, msg.pending;
EBDACT;

ACTIVITY chnl_req;
move #12, mag_out.type;
move #/disgs/, msg_ont.src;
ENDACT;

ACTIVITY choose_diag;
rand #4, dg_num;
move #21, msg_out.typse;
meve #/diags/, msg_out.src;
if (dest = #0);
move #/tonedieg/, dest}
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elsse]
if (dent = %1);

move #/chnldimg/, dest

elee;}
if (dent = #2);

move #/msgding/, dest;

elne;

move #/tidiag/, dest;

endif;
endif;
endif;
ENDACT;

BEGIN

DO_ACT  init;
CALLP nilprim;
SETSTATE #/cleur/;

LUDP*
STATESELECT;
STATE clear;
IF #txue
DO_AC

CALLP
SETSTATE

ENDIF;
ENDSTATE;
STATE start;

upd,_cycle;
newresp;
#/start/;

IF (mog_pending = #1);

DO_ACT
CALLP
SETSTATE

ENDIF;

IF #true}
CALLP
SETSTATE

ENDIF}
REDSTATE

STATE respond;
IF #true;
CALLP
SETSTATE
BNDIF;
ENDSTATE:
STATE got_msg}
IF %truse;
po_act
CALLP

SETSTATE
ENDIF;
ENDSTATE;

STATE got_ohnl}
IF $txue;
po_act

CALLP

SETSTATE
EADIF;
ENDITATE
STATE pick_diagy
IF #txue;
po_act
CALLP
SETSTATE
DIF;
EHDSTATE;
ENDSELECT;

ENDLOOP
ENDTASK!

get _msg)
nilprimj
#/got_msg/

Tecy, #/mag_ in/, #/xcv/;
#/zespond/;

reply, rov, ®/mig_out/;
#/got_mug/}

chnl_req;

send, #/chnls/,
#/msg_out/, #/r_meg/i
#/got_chnl/;

chnl_req;

send, #/chnls/,
#/msg_out/, $/x_mag/;
#/pick_ding/;

choone_ding;

send, dest,
#/msg_out/, #/r_mag/;
#/cleaz/}

H SYNCH Task
b

STAT rdy.tm, integer;
STAT ut_tm, integer;
STAT run_tm, integer;

VAR  meg.out, t_msg_elt;
VAR r_mag, t_meg_elty
YAR  xzov, string;

VAR tak_strt, integeri
VAR  tsk_end, integer;
STAT cycle, integer}

ACTIVITY init;

stime tsk_strt}

move #0, synch_leoss;
ENDACT}

ACTIVITY upd_cycle;
stime tak_end;

wgub  tsk_snd, tsk_strt, oycle;
stime tek_strt}
ENDACT

ACTIVITY zeport_synchj
move #0, synch loss;
movs %0, mag_out.typei

move #/synch/, msg_cut.srci
ENDACT;

ACTIVITY change_synch;
move #8, msg_out.type;
move #/synch/, msg_out.src;

ENDACT;
BEGIH
DO_ACT init;
callp nilprim;
SETSTATE #/clenr/;
LUDP%
STATESELECT;
STATE clear;
IF $true
DO_AC upd_cycle;
CALLP neuIesp}
SETSTATE #/start/;
EHDIF;
ENDSTATE;
STATE stazt;
IF #true}
CALLP sleep;
SETSTATE 8/chk/;
EEDIF;
ENDSTATE;
STATE chk;
IF (synch_loss = #1);
DO_ACT report _synch;
CALLP sond, #/fuult/,
s/meg out/, #/r_meg/;
SETSTATE #/clenr/;
ENDIF;
IF Strue;
po_ACT change_synch;
CALLP send, %/msg/,
#/msg.out/, #/r_mog/;
SETSTATE  #/cleax/;
ENDIF;
ENDSTATE;
ENDSELECT;
EXDLODP
ERDTASK;
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i FAULT Tusk

STAT rdy_tm, integer;
STAT wt_tm, integer
STAT run_tm, integer;

VAR msg_out, t_msg elt;
VAR msg.in, t_msg_elti
VAR r_meg, t_msg.els;
VAR xov, string;

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;

ACTIVITY init}
stime tmk_strt]
EXDACT;

ACTIVITY upd_cycle;
etine tak_end;
esud tak_end, tak_atrt, cycle;
etime tak_strt}

ENDACT;

ACTIVITY send_report;
move #7, mag_out.type;
move #/fsult/, msg_out.src)
ENDACT

BEGIN
DO_ACT init;
CALLP nilprimg

SETSTATE #/oclear/y

Loop
S*lTESELECT!

STATE clenr;
IF #truse;
DO_ACT
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE stazt)

IF #true;

CALLP
SETSTATE

EADIF;
ERDSTATE;
STATE respond;

IF #true;

CALLP
SETSTATE

ENDIF;
ENDSTATE;
STATE got_msgi
IF (msg.in.sze = #/timtc/)}

upd_cycle;
neuresp;
#/staxt/;

recy, #/msg_in/, #/xav/}
#/respond/}

reply, rov, #/meg_out/}
#/got_mag/}

CALLP get_duta, msg_in.sre,
#/¢1_data/, #1000;
SETSTATE  #/report/;
ENDIF;

IF (msg_in.sre = #/stat/);

CALLP get_data, msg_in.szc,
#/stat_date/, $1000;
SETSTATE  #/report/:
ERDIF;
IF #trus;
CALLP nilprim;
SETSTATE  #/xeport/;
ENDIF;
ENDSTATE;
STATE report;
IF #true;

DPO_ACT send_repert;

CALLP aend, $/meg/, .
#/msg_ous/, #/r_meg/;
SETSTATE #/clenx/;
- ENDIF;
ENDSTATE;
ERDSELECT;
ENQLOOP
ESDTASK;

}
3 TINIC Tusk
H

STAT zdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integsr;

VAR msg.out, t_msg.elt;
VAR mag_in, t_meg_elt;
VAR r_msg, t_msg_elt;
VAR zov, string;

VAR Tesult, integer;
VAR  fail, integer;

VAR  tak_strt, integer;
VAR  tek_end, integer;
STAT cycle, integer;

ACTIVITY initg
stime tsk_strt;
ENDACT;

ACTIVITY upd_cyocle;
stime tsk_end;
sgub  tsk_end, tsk_strt, cycle;
stime tak_strt}

ENDACT;

ACTIVITY do_scgan
move #0, fuil;
move #1, t1_dataj
ticks #100;
rand #10, result;
if (result = 88);

move ¥, tuii:
endif;

ENDACT;

ACTIVITY report _fail;
move #10, msg_out.type;
move #/timtc/, meg_out.sro;
ENDACT

BEGIN
DO_ACT init;
CALLP nilprim;

SETSTATE #/clenx/;

LOOP;
stATESELECT;

STATE clear}
IF Strue
DO_AC
CALLP
SETSTATE

ENDIF;
ENDSTATE;
STATE start;

IF %truei
CALLP

SETSTATE
BNDIF;
EBDSTATE;
STATE respond;
IF ftrue;

CALLP
SETSTATE

upd_cycle;
newrespi
#/atart/;

recy, $/msg_in/, #/xev/;
#/zespond/}

reply, rov, #/msg_in/;
&/got_nmag/;
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EADIF;
BEADSTATE;
STATE got_meg;
IF (msg_in.type = #23);

pO_ACT do_scan}
CALLP nilprim;
SETSTATE  #/chkx_results/;
ENDIF;
IF #txus}
CALLP nilpzim;
SETSTATE #/clenr/
ENDIF;
ENDSTATE;

STATE chk_results;
IF (fall = #1);
pO_ACT report_fail;

CALLP send, #/fault/,
t/mag_out/, #/z_meg/;

SETSTATE #/respons/i

ENDIF}

IF #trues
CALLP nilprim;
SETSTATE #/zespons/i

ENDI¥;

ENDSTATE}

STATE responsi
IF (fail = #0);
CALLP
SETITATE

ENDIFP;
IF #truei
CALLP

sndresp, #7;
#/clenx/;

nilprim;
#/clent/;

SETSTATE
EXDI

EIDSTATB:

ENDSELECT;
REDLOOP

ENDTASK:

i
i
H

AUDITS Task

STAT rdy.tm, integer;
STAT wt_tm, integer;
STAT run._tm, integer{

VAR
ViR
VAR
VAR
VAR
VAR

VAR
VAR
STAT

ACTIVITY
stime
EBNDACT}

ACTIVITY
stime
*sub
stime

ENDACT;

ACTIVITY
add

msg.cut, t_mEg.elt;
T_meg, t_meg.elt}
eV, lt:ing;
audi_cnt, integer;
aud2_cnt, integer;
aud3d_cnt, integer;

tsk_stxt, integer;
tsk_end, integer;
cycls, integer;

inits
tak_strti

upd_eycle}
tsk_endi
tak_end, tek_strt, cycle;
tak_strt}

incr_ent}

t
#1, andl_cnt, mudi_cnt;

add #1i, mud2_ont, aud2_cnt;
add $1, and3_cnt, aud3_ont;

ENDACT

ACTIVITY
move

move
ENDACT:

tell _timtcy
23, msg_out.type;
#/audits/, mag_out.sxcy

ACTIVITY
move
move

move
ENDACT}

ACTIVITY
move
move
nove

ENDACT;

ACTIVITY
move
move

move
ENDACT;

BEGIN

DO_ACT
CALLP

SETSTATE

audl ;

%0, mudi_cnt}

llé. msg_ out.type|
#/andits/, mag_out.src]
nud2;

40, aud2_cnti

‘16. mag.out.type;
#/audite/, meg_out.sro;

wpdd;

#0, sudd_ont;

!16. mag. out.type;
#/audits/, meg_out.src}

init;
nilprim;

#/clenx/}

LOOP;
sTATESELECT;
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STATE cleanr;
IF #strue
DO_AC
CALLP
SETSTATE
ENDIF;
ENDSTATE;
STATE starti
IF ltzuo{
DO_AC
cafLp
SETSTATE

ENDIF;
ENDSTAIE;
STATE trigger._timtc;

IF ls:u-*

DO_AC

upd_cycle;
newresp;
t/start/;

iner_ecnt;
sleepi

t/eriggexr_timtc/;

tell_timtc)

CALLP send, #/timte/,
t/mug_out/, #/r_meg/;
SETSTATE #/chk_sudl/;
ENDIF
ENDSTATE;
STATE chk_audi;
#10) ¢

IF (uudiicnt =

nudly
send, #/diegs/,

CALLP
t/mug.out/, 8/r mag/;
SETITATE #/chk_and2/;
ERDIF;
IF Strue;
CALLP nilprim;
SETITATE #/chk_nnd2/;
EBDIF;
EBDSTATE}
STATE chk.audl;
IF (audZ_cnt = $20)1
DO_ACT agd2;
CALLP send, #/diugs/,
#/usg_out/, #/r_mag/;
SETSTATE #8/chk_nudd/;
ENDIF;
IF strue;
CALLP nilprim;
SETSTATE #/chk_nudd/;
ENDIF;
ENDSTATE;

STATE chk_end3;

IF (aud3_cnt = #30);
DO_ACT aud3;
CALLP send, 8/diags/,
#/msg._ous/, #/r_msg/;
SETSTATE  #/clenr/;
ENDIF;



IF #true; STATE respond;
CALLP

nilprinm; IF #true;
gplETSTATE  #/cleas/ CALLP reply, rev, $/nsg_in/i
ENDSTATE; nngg'fsnm #/got_meg/;
.D%ggn.zcr; EXDSTATE;
E
ENDTASK; STI;E g::;?,s;

Dn,lci‘ stop_mtc;
CALLP send, #/signal/,

#/msg_out/, #/r_meg/}
SETSTATE #/dingnose/}

i IF

3 TiDIAG Task ENDIF;

H ENDSTATE;

STAT rdy.tm, integer; STATE diagnose}

STAT wt_tm, integer; IF gtrue; do_ddugs

STAT run_tm, integer; cALLP niiprig;

VAR nlg_;:t t. nsg_;lt; BID?:IE'TBTATB #/chk_results/;

VAR msg_ t mag_elt} i

VAR r gls,’t mag_elt; ENDSTATE}

VAR zav, string; STATE chk_xesults

VAR  result, integer; 17 ‘E!nil - “):

VAR fail, integer; bli_ACT report_fail;
CALLP send, #/fault/,

VAR  tsk_strt, integer;
VAR  tsk_end, integeri
STAT cycle, integer;

#/msg_out/, #/r_nug/;
SBTSTATE  #/respons/;

ENDIF;
IF #true;
ACTIVITY init; CALLP nilprim;
stime tak_strt; SETSTATE #/respons/
ElDlCTl - gllﬁ};i
ACTIVITY upd_cycle; DSTATE;
s+time tek.end; STATE respons;
#sub  tsk_end, tsk_strs, cycle; IF (fail = #0);
+time tsk_strty CALLP sndresp, #8;
ERDACT; SETSTATE  #/clear/:
ACTIVITY stop_mte; ?;nitén.
move #3211, mag_out.type; clm’p nilprim;
move #/tidiag/, msg _out.srci SETSTATE  #/clenx/;
BNDACT; ENDIF;
ENDSTATE}
ACTIVITY do_ dilg
move #0Q 1; ENDSELECT;
ticks m’:o; ENDLOOP
rand #10, result; ENDTASK;
if (result = lﬂ)i
move #1, fail;
endif; H
ENDACT} ; MSADIAG Task
H
ACTIVITY report_fail;
move #10, msg_out.typs; STAT rdy_tm, integer;
move #/tidiag/, msg out.src; STAT wet_tm, integer;
ENDACT; STAT zun_tm, integer;
VAR msg_out, t.msg_elt;
BEGIN VAR mag_in, t_msg_elt;
DO_ACT init; VAR z_msg, t_msg_elt;
CALLP nilprim; YAR rev, string:
SETSTATE #/clear/i VAR  result, integer;
LOOP; VAR  fail, integer:
STATESELECT; VAR  tsk_strt, integer;
VAR  tsk_end, integer;
5“}; gt;::! STAT cycle, :l'.ntcgcr;
DO_ACT upd_cycle;
CALLP nevwresp; ACTIVITY init;
SETSTATE s/stazt/; stime tak_strt;
ENDIF; EEDACT;
BNDSTATE;
ACTIVITY upd_cycle;
STATE staxcti *time tsk_end;
IF #true; ssub  tsk ond, tak_strt, cycle
CALLP recy, $/meg_in/, #/rov/; stime tsk_stri;
SETSTATE  #/respond/: ENDACT;
EIDE{'E%%: ACTIVITY stop.integ:

move %20, msg_cut.typse;
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move #/msgdiag/, msg_ont.sraj SETSTATE  8/clear/y
ENDACT} ENDIF;

BNDSTATE;

ACTIVITY do. diuf

move #0 1 ENDSELECT;

ticks azéo; ENDLOOP

rand #10, resulti ENDTASK;

if (result = ls)i

move #1, faills

endif;

ERDACTt

ACTIVITY repoxt _fail; % TONEDIAG Tusk
move #10, msg_out.type; §
move #/msgdiag/, mag_cut.srcj
STAT rdy_tm, integeri
ENDACT} STAT wt_tn.'im:cgfri
$TAT run_tm, integer;

BEGIN
DO_ACT init} VAR msg_out, t _mag.elt;
CALLP nilprim; VAR msg_in, t_msg_elt}
SETSTATE #/clenz/} VAR r_msg, t_msg_elt;

ViR  zov, string;

ViR  zesult, integer;
shresmect; VAR  fail, integer;
STATE oleat; VAR  tsk_strt, integer
IF #trde VAR  tsk-end, integer!
po_4 upd_cycle; STAT oyele, integer
CALLP nevresp; yele, LAl
gD gr.rsn'rs #/atnxt/g
ACTIVITY initi
BIDST.ITB; n:t:lmo tEk_Btrt)
STATE start; ENDACT;
IF Straej ACTIVITY upd_cycle;
CALLP zecy, #/mag_in/, #/zev/y etime tak_end;
SETSTATE #/respond/} esub  tsk_end, tsk_strt, cycle;
ENDIF; stime tak_strt)
ENDSTATE; ENDACT;
STATE respond; ACTIVITY select_tonet
IF $true; move #2, mag_out.type]
CALLP reply, rcv, #/msg_in/} move #/tonsdiag/, mag._out.srcy
SETSTATE #/got_msg/ BEDACT;
ENDSTATE, ACTIVITY do_ dhg
% :gv; '0 fail;
STATE got.ms cks
P E::u‘: &l rand uo. msult;
'i' stop_integ; 12 (result = w)i
CALLP send, #/signal/, . d.?;" #1, faily
#/meg_out/, 8/z_nsg/ et
.1 [} IR/ EEDACT;
SETSTATE #/diagnose/;
ENDIF; ACTIVITY report_feilj
EXDITATE; move $10, msg_out.type;
move #/toneding/, msg_out.src;
STATE diagnose; .
IF torve; ENDACT
DO_ACT do_ding;
CALLP nilprim; BEGIN
SETSTATE #/chk_resnlts/; DO_ACT init;
ENDIF; CALLP nﬂprim;
ENDSTATE} SET3TATE #/clear/;
STATE chk_results; LOOP;
IF (fail = #1); STATESELECT;
DO_ACT report_Zail;
CALLP l;nd. #/tanlt/, STAIE clenrs
#/mug_out/, #/x_msg/; ; .
SETSTATE  #/respons/; et 3‘.’3;‘2!3"
ENDIFS SETSTATE  #/start/;
IF #true; EEDIF
CALLP nilprim; ENDSTATB‘
.DSBTSTITB #/zenpons/; i
ENDIF;
ENDSTATE] STAIE tivne)
CALLP recy, 8/mig.in/, #/rav/;
STATE responsi ’ ’ '
F éf;é% = 20); \ \ Dgg‘fsrnz #/respond/;
sndresp, 86
SETSTATE  #/clenr/ ENDSTATE]
ENDIF; STATE respond;
IF grruss i1prin: IF Rtrue;
nilprim; CALLP reply, rcv, #/msg_in/
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SETSTATE $/got_msg/;
ERDIF;
ENDSTATE;
STATE got_meg;
IF Strue
Do_AC Bslect_tone;
CALLP ssnd, $/tones/,
8/meg_ocut/, #/r_mag/y
SETSTATE  #/diagnose/;
ENDIF;
ENDSTATE;
STATE diagnose;
IF #true
DO_IC% do_diag;
CALLP nilprim;
SETSTATE #/chk_results/;
ENDIF;
ENDSTATE;

STATE chk_results;
IF (fail = #1);
DO_ACT report_fail;

CALLP send, #/fault/,
#/mag_out/, #/r_meg/;

SETSTATE #8/cespons/}

ENDIF;

IF #true;
CALLP nilprim;
SETSTATE #/respons/}

ENDIF;

ENDSTATE}

STATE respons;
IF (fail = 20,
CALLP endresp, #8;

SETSTATE #/clenz/;

ENDIF;

IF S$true;

CALLP nilprim;
SETSTATE  #/cienr/;

NDIF:

ENDSTATE;

ENDSELECT;
EEDLOOP
ERDTASK;

! chELDIAG Task
i

STAT xdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg.ont, t_msg_ elt;
VAR  meg_in, t_msg_elt;
VAR r_msg, t_mag_elt;
VAR rov, string:

VAR  Tesnlt, integer;
VAR  fall, integer;

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycls, integer;

ACTIVITY init;
wtime tsk_mtri;
ENDACT;

ACTIVITY upd_cycle}
stime tsk_end;
sgub  tsk_end, tzk_strt, cycle;
ttime tsk_strt!

BEDACT

ACTIVITY connect_chnl;

move #11, mag_out.typs;

move #/chnldieg/, msg_ocut.src;
ENDACT;

ACTIVITY stop_integ;

move 820, mag_out.type;
move #/chnldiag/, msg_out.sre;
ENDACT;

ACTIVITY do_éiusl
move #0, fuil;
ticks #150;
rand #10, zesult;
if (result = tB)i

move #1, fail;
endif;

EEDACT;

ACTIVITY zeport_fail;
move #10, msg_out.typse;
move #/chnldiag/, meg_out.src;

ENDACT}
BEGIN
DO_ACT init;
CALLP nilprim;
SETSTATE #/cleax/;
LOOF;
STATESELECT;
STATE clear;
F #truse;
DU_IC* upd_cycle;
CALLP newresp;
SETSTATE $/start/;
ENDIF;
ENDSTATE;
STATE start}
IF #true!
CALLP recy, #/mag_in/, #/rev/;
SETSTATE &/zenpond/;
ERDIF;
ENDSTATE;
STATE zespond;
IF #true;
CALLP reply, rcv, #/mag_in/;
SETSTATE  #/got_mag/;
EXDIF;
ERDSTATE}
STATE got_msg;
IF $true;
DD,IC* connect,chnl;
CALLP send, #/oonnegt/,
#/mag_out/, #/r.meg/;
SETSTATE $/signul/)
ESDIF:
ENDSTATE;
STATE signal;
Ir Ctgsni
DO_ACT stop_integ;
CALLP send, #/signal/,
$/meg_out/, #/r_meg/;
SETSTATE  #/dingnose/;
ENDIF:
ENDSTAIE;
STATE diagnose;
IF #truae;
DO_icT do_ding;
CALLP nilprim;
SETSTATE #/chk_results/;
EBDIF;
ENDSTATE;

STATE chk_results;

IF (fail = #1);
DO_ACT

report_fail;

CALLP send, #/feule/,
t/mag_out/, #/r.msg/;
SETSTATE  #/respons/;
ENDIF;

IF ftrue;
CALLP

nilprim;



SETSTATE
ERDIE;
BEDSTATE}

STATE respons;

IF (fail = %0)}
CALLP

SETSTATE
ENDIF;
IF #true;
CALLP
SETSTATE

ENDIF;
ENDSTATE;
BNDSELECT;

ENDLOCP
ENDTASK;

#/respons/

sndresp, #8;
#/clenz/;

nilprimg
#/alenx/}
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B.3.5 Semaphore Based Kernel

KERNEL CODE FILE

This kernsl contain; the following primitives:
wnit

signal

init acemaphore

sleap

get datm from mnother task
nilprim

The following external message types ars supported:
#1 - start call setup

i

]

§

i

i

H

H

i

H

!

»

i

i

' 42 ~ provide tone

; 23 - run dimgnostic

: #4 - integrity ok

1 26 = integrity failure

H #8 - cnll takedown

: The :!ollolin internal message types are supported:

! - E = request call setup

} 972 - TIJIBS = request for tone

1 #3 - DIAG - request single random disgnostic
"N -

: #5 -

1 0 -

H $7 -~ N5G = zeport fault

H #8 - N5G = perform und report synch opsration

i #9 - FAULT = synch loss

H #10 - FAULT = general faunlt report

i #11 - CONNECT - perform connect/disconnect

! $12 - CHELS - allocate channel

i #13 - CBHLS = fres channel

1 #14 - all tasks =~ channel granted

} #15 - STAT ~ call setup complete

} #16 - SIGNAL - start integrity checking

} 817 - STAT ~ integrity failure report

t %18 ~ END = galler hung up

: #19 - STAT = oall finished

} 820 - STAT = stop integrity checking

} #321 - all disgs - run disgnostic

: #22 - TINTC - stop carrier checking

1 #23 - TiINTC - monitoxr carrisrs

: The folloving xesponse types are supported:

H $1 - MSG = fault report sent to svitching center

i #2 - N3G = synch source changed

§ #3 - CONNECT - switch center tons reguest connected

t $4 - STAT - call finished

: $6 - STAT = call started

i #6 - alldiegs - diagnestic completed without failure

$ #7 - TINTC = carrier scen completed without failure

1

KERNEL bassb}
TA3R Xkarn_task, 50;

TYPE +_tcb_stats = rdy_time : integer +;
run_time : integer +;
et_time : integer 3

begin t integer +;
finish 1 integer »;
Tesp.q ! queus j of t_ trace_elt

TYPE t_shared_stats = date_trace :quena of t_trace_elt

-

TYPE t_tcb = name : string *
num t integer o}
status : string +
priority: integex »
pent 1 integer
elt_str: string »
stk + stack ®
(3] ] t t_tcb_stats

task name

-

task state
priority

Program counter
rcy meg elt

local task stack
task control block

.o we ma ma

TYPE t_id_struct = nom : string o
trc.name : string
st_name : string;
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SHARED sh_msg, ¢t_sh_datej
SHARED sh._cinit, t_sh_detaj
SHARED sh_tones, t_sh_dataj
SEARED sh_chnls, t_sh_dataj
SHARED sh_connect, t_sh_dataj
SHARED sh_signal, t_zh._duta;
SHARED sh_fault, t_sh_dnta;
SEARED sh_disgs, t_sh_date;
SHARED +1i_dmte, integer;
SHARED stut_datm, integer;
SHARED num_pending, integer;

STAT sends, integer;
STAT oa_ovhd, integar;
STAT wsuitches, integer;
STAT nn_wait, integer;
STAT nn_signal, integer;
STAT tt‘_wlg:, integer;
STAT tt_signal, integer;
STAT evt_ 0, integer;
STAT evt_1, integer;
STAT evt_2, integer;
STAT evt_3, integer;
STAT evt_4, integer;
VAR  start_os, integer;
VAR  end_os, integer;
VAR  elapsed, integer;
VAR rdy_str, string;
VAR  wt_str, string;
VAR zun_str, string;
VAR  end_str, string;

ViR loeal, integer;

ViR loc_comm_q, yueue; of t_id_struct (ecne elt per local task)
VAR lod¢_tsk, integer;

VAR sh_comm_ g, queus;

VAR tsknm, string;

VAR temp2.q, queus;

VAR st_elt, ¢t_id_struct;

VAR q2_size, Integer;

VAR g_found, integer;

VAR g.q.size, integer;

VAR suait , queue;

VAR semptr, string;
VAR ont, integer;

VAR wt_chk, integer;
ViR msg_str, string;
VAR dest_str, string;
ViR temp_tob, t_tobj
VAR ret_ps, integer;
VAR tmp_stk, stack;
VAR found, integer;
VAR data_size, integer;
VAR nil_gaens, quens;
VAR nil_string, string;
VAR m_num, integer;
YAR done, integer;

{ Global Kernel Varimbles

¥AR ocurr_tcb, t_tcb
ViR proclist, quens
VAR  br_chk, integer
VAR  tempstr, string;
VAR  tcb_name, string;
VAR  rtr, queue

current task control block
copy of task name list
branch condition check
temporaxy string value
curzent task name;

Tendy to run queus;

- s ma we W

VAR q_size, integer } size of trace quene
VAR temp_q, queus data response queue COpPY

i VARIABLE declarations for procedure RUN_RTR_TASK

VAR  error, boolean; Set if no ready processes
{  VARIABLE declarations for procedure SCHED_RTR_TASK
VAR rtr_pch, t_tob; PCB to be scheduled
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PROCEDURE Tun_rtr_tesk

’

: This procedure takes the first ready to run task off the rtr

: quete (this is the ons with the highest priority) and copies

H its saved state into the current processor state, I thaze ure
H ne ready to run tasks, then un error message is printed and

H the keznel terminates.

PROC run_rtr_task;
sizeq =xtr, br_chk;

IF (br_chk = 80};
printcr #/ERROR: X0 RTR PROCBSSES/;
halt]
ELSE;
delg rtr, curr_tobj
move curr_tcb.name, tcb_name;
exteyw tcbh_name;
sadd #1, svitches, suwitches;
estime curr_tob.sts.finish;
egub curr_tcb.atvs.finish, curr_tcb.sts.begin, curr_tcb.sts.beging
sadd curr_tob.sts.begin, curr_tcb.sts.rdy_time, curr_tcb.sts.rdy_.time;
smove #/rdy_tm/, rdy_str;
smove curr_tcb.sts.rdy_time, Ordy_str;
smove curr_tcb.sts.wt_time, Ovi_atr;
stime curr_tcb.sts.begin;

move #/running/, curr_tcb.status;
move curr_tcb.stk, taskstk;

stime end_os}

sgub end_os, start_os, elapsed;
sadd elapsed, os.ovhd, os_ovhd;
anable #10;

move curr_tob.pent, poj

ENDIF;
ENDPROC;

PROCEDURE sched_rtr_task (rtr_pch : t_pch)

i
: This procedure mcoepts a process control block and adds it to
} the ruady to run quene in a prioritized fashion.

PROC sched_rtr_task;
pop ‘tuskstk, rtr_pcbi
move #/ready/, rtr_pob.status;

stime rtr_pcb.sta.finish}

ssub rtr_pcb.sts.finish, rtr_peb.sts . begin, rtr_peb.sts.begin;
*add rtr_pcb.sts.begin, rtr_pcb,sts.wt_time, rtr_pob.sts.ut_time;
smove taskstk, tmp_stk;

*time rtr_pcb.sts.beging

addg =rtr_peb, rtxr, rtr_peb.prierity;

if {rtr_pob.prioerity > eurzr_tcb.pricrity);

pop taskstk, Tet_pc;
pop taskstk, ret_pc
move Tet_pc, curr_tcb.pent)
move taskstk, curr_tcb.stk;
stime curr_tcb.sts,.finish;
*sub curr_tcb.sts.finish, ourx_tcb.sts.begin, curr_tcb.sts.begin;
sadd curr_tcb.sts.begin, curr_tcb.sts.run_time, curr_tch.sts.run_time;
*move curr_tcb,.sts.run_time, Orun_str;
stime curr_tcb.sts.begin;
move #/ready/, curr_tcb.status;
addg curr_tcb, rtr, curr_tcb.priority;
call run_rtr_task;
halt;
andify
ENDPROC;
PROCEDURE get_local (semanwme : string)

i
1
i This procedure accepts & semaphore name and sets the variable local
1 to 1 if it iz resident on the local nods.

PROC get_local;
POP taskstk, tempstr;

move #0, g_found;
sizeq loc_comm_q, g_q.sixse;

while (g.

q-size > 80) &k {(g_found = 20);
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delg 1loc_comm_q, st_elt;
if (st_elt.st_name = tempetr) | (st_elt.trc_name = tempetr)}
move #1, g found;
endify
addq =st_elt, loc_comm.q, #1}
sub g.q.size, 81, g q_size;
endvhile;

move g. found, local;
ERDPROC;

PROCEDURE get_loc_tmsk {taskname : string)

This procednre mccepts & task name and sets the variable local_tsk
to 1 if it ie Tesident on the local node.

PROC get_ loc_task]
pop  teskstk, tempstr;

i
i
]
¥

move tasklist, proclist;
move #0, g_found;
sizeq proolist, g_q_size;
while (g_q.size > %0) & (g_found = #0);
delg proolist, tsknm;
if (tsknm = tempstr);
move #i, g.found;
sndif;

sub g-q-tixe, #1, g_g.size;
enduhile;
move g.found, loc_tsk}
ENDPROC;

3 PRIMITIVE nilprim
: This primitive simply ensures conaismtency of semaphores across
{ processors.

PRIM nilprim;
disable #10;

1f (num_pending > $0);
move #0, foundj
sizeq sh_comm_ g, q.size;
while (g_size > #0) & (found = #0);
delq sh_comm_q, st_elb;
moye  St_elt.st_name, memptri

J.nckl
sireq OCsemptr.uait_q, q2_size;
if (Csemptr.count > #0) & (q2_size > %0);
move Osemptr.wmit_q, temp2_q;
delg templ_q, temp_tch;
move nil_queune, tempi_q;
call get_loc_task, temp_tob.name;
if (loc_tsk = #1);
sub @semptr.count, #1, OGsemptr,counti
move #1, found;

delq Osemptr.wait_q, temp_tchb;
endif; ! !

move st_elt.trc_name, semptr;
sizeq Osemptr.wait_g, q2_size;
if (Osemptr.cou—t > #0} &k (ql_size > #0);
move Wsemptr.vait_q, templ_q;
delq temp2_g, temp_tchb;
move nil_queus, temp2_qi
call get_loc_task, temp._tcb.name;
if (loc_tsk = #1);
sub  Osemptr.count, #1, Osemptr.count;
move %1, found;
delq €semptr.vwait_q, temp_teb;
endif;
endif;
andif;
unlock;
addg st_elt, sh_comm g, #1;
sub g_size, #1, q_size;
endvhile;

if (found = #1);
sub num_pending, #1, num_pending;
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vtime atart_os;
cnll sched_ztr _tesk, temp_tch;

endif;
enable #10;
ENDPRIN;

1 PRIMITIVE wait (Csemptr : t_sema)
! This primitive performs a memaphore wait operation.

PRIN uajit;
disable #10;
stime start_cs;
sadd #1, nn_wait, nn_vait;
pop taskstk, semptri
lock;

i? (Csemptr.count = #J);
pop taskstk, rev_pej
move #/wmit/, curr_tcb.status;
move ret.pc, curr_tcb.peont;
move taskstk, curr_tcb.stk;
addq curr_tcb, ¢semptr.vait_q, #1;
unlock}
*time ond_os}
s*aub end_cs, start_os, elapsed;
wndd elapsed, tt_wait, tt_waity
sadd elapsed, os_ovhd, os_ovhd;
*time curr_tcb.ste.finish}
sgub ¢urr_tcb.sts.finish, curr.tchb.sts.begin, curr_tch.sts.begin;
sadd curr_tcb.sts.begin, curr_teb.sts,run time, curr_tcb.sts.run_time;
emove curr_tob.sts.run_time, Orun_str;
stime curr_teb.sts.bhegin;

call run_xtr_task;
elne;
sub @semptr.count,¥#1, Gsemptr,count;
#time end_osi
«sub end_os, start_os, elapsed;
#»add elapsed, tt_vait, tt_walt;
sadd elupsed, os_ovhd, cs_ovhd;
endif;

unlock;
snable #10;
ERDPRINM;

; PRIMITIVE signel (Osemptr : t_sema)
; This primitive performs a semaphore signal cpevation.
PRIN signal;

disable #10;

stime atmrt_os;

wadd ", nn,signnl. nn_signal;

pop taskstk, semptr;
call get_locel, mempiri
lock;

sizeq @semptr.valt_q, br_chk;
it ({br_chk = #0) | (local <> #1});
add #1, Csemptr.count, Osemptr.count;
if (local <> #1);
add #1, num_pending, num_pending;
endif;

elne;
delq Osemptr.wait_q, temp_tch)
unlock;
call sched_rtr_task, temp_tchi
endif;

unlock}

*time end_os;
sgub  end_os, start_os, elapsed;
sndd  elapsed, tt_signal, tt_signel;
¢add elapsed, os_ovhd, os_ovhd;
snable #10;

ENDPRIN;

PAINITIVE initem (Osemptr : t_sems; cnt : integor)

This primitive performs a semaphore initimlization operatien.
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PRIM initem;
disable #10;

pop taskstk, cnt;
pop taakatk, semptr
move ent, Osemptr.count]

move nil_quene, Cmemptr.wait_q;

snable #10;
ENDPRIN:

: PRIMITIVE sleep

; This primitive simply blocks the calling task by putting it in
] the slesp uveit guene.

PRIN sleep;
disable #10;
wtime start_osi
PoP taskstk, Tet_pc)

*time curr_tob.sts.finish;

»sub curr_tcb,sts.finish, curr_tcb.sts.begin, curr_tcb.sts.begin;

sadd corr_tcb.sts.begin, curr_tch.sts,run_time, curr_teh.sts.run_time;
smove curr_tchb.sts.run_time, €run_str;

*time curz_tcb.sts.begin;

move #/wait/, curr_tcb.status;
move taskstk, curr_tcb.stk;
move ret_pe, curr_tcb.penti
addq ocurr_teb, swait, curr_tcb.priority;
call rTun_rtr_task;
ENDPRIN;

PRIMITIVE get_data (tmsk_name : string; data_name : string; size : integer)

i
i This primitive simulates date access between tasks, If the

i spegiZied source task is not resident on the processor, then a number
i

i

of shared nccesses ere made. One access is mads for every 100 bytes
of data reguested.

PRIN get_data;
diseble #10;

stime start_os;

pop taskstk, data_size;
pop taskstk, mag_str}
pop taskatk, dest_str;

call get. loc tusk, dest_str;
if (loec_tak = #0);
while (datm_size > #0);

lock;
move Cmeg_sty, q_size;
unlocki
sub data_size, #100, dats_size;
endvhile;

else;
while (data_size > %0)i
move g_size, q_size;

sub data_sixze, #100, datn_size;
endwhile;
endif}

stime end_o8;
ssub end_os, start_os, slapsed;
apdd elapsed, ¢s_ovhd, os_ovhd;
eneble %10}

EBDPRIN;

4 PRIMITIVE end_resp

H

} This primitive simply calls response update to print the
3 TOSPOnSe traces.

PRIX endresp;
sdisnble #10;
spop taskstk, m_num;
sftyps $/Tesponss completed. Type : /;
«ftype m_num;
stime m_num;
eftype 8/ Time : /3
eftypecr m_num;
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sgnable #10;
EXDPRINM;

t PRIMITIVE new_resp
14
¢ This primitive clears the calling task’s current trace queue,

PRINM newresp}
ENDPRIM;

PRIMITIVE evt_synch

This primitive serves as the interrupt handler for the synchronization
primitive. This intercupt is raised periodically every 6 seconds.

PRIK evt_synch;
disable #10;
ackint #0;
sudd $1, evt 0, evt 0;
*time Btart_os;
sizeq swait, wt_chk;
move #0, found;
while ({wt_chk > #0) & ("found));
delg await, temp_teby
if (temn_tcb.nume = #/aynch/)}
move #1, found;
01--&
addg temp_teb, swalt, temp_tcb.prioxity;
sub  wt_chk, #1, wt_chk;
sndif;
endwhile;

if (found);
sftype #/synch event {0} at time : /;
sftypecr start_os;
cell sched_rtr_task, temp_tch;
endif
stime end_os}
ssub end_os, start_os, elapsed;
sadd elapsed, os_ovhd, os_ovhd;

anable #10;
ENDPRIM;

PRIMITIVE evt_loss_synch

1

}

$ This primitive sexves ns the interrupt handler for the synchronization

H loss primitive. This interrupt is raised sporadically to signnl a lose of
i synchronization.

PRIN evt_loss_synch;
disable #10;
ackint #1;
sadd #1, evt 1, evt 1}
stime start_os}
sizeq awailt, wt_chk;
move #0, found;
while ((wt_chk > #0) & ("found));
delg sweilt, temp_tch;
i2 (temp_tcb.name = #/synch/);
move #1, synch_loes;
move #1i, found;
elae}
addq temp_tch, swait, temp_tcb.pricrity;
sub  wt_chk, #1, wt_chk;
endif;
enduhilet

1f (found)}
eftype #/synch leas (1) ut time : /;
sfiypecr start _ost
call sched_rsr_task, temp_tch;
endif;
*time end_os;
*sub end_os, stext_os, elapsed;
s“add elapsed, os_ovhd, os_ovhd;

anable #10;
ENDPRIN;
{ PRIMITIVE evt_meg_rx
H
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H This primitive serves us the interrupt handler for the inceming externanl
H message interrupt. This interrupt is raised sporedicelly to signal the

H arrival of m message, It makes the M5G tusk ready to run from the

} blocked zeceive state.

PRIM evt _mmg._IX}
disnble ¥10;
aokint #2;
sadd #1, evt.2, evt 2}
swtime start_os)

sizeq sh.msg.avail.uait_q, done;
if (done > 80);
move #1, meg_rdy}
rand £10, wt_chk;
jf (wt_chk < #5);
move %i, magtype;
slse;
if (wt_chk < #8)3
move 32, megtype;
elne;
move #3, msgtype|
endif;
endif}
vftype #/msg event (1) of type 1 /;
sftype msgtype;
sftype #/ at time 1 /)
sftypecr start_os}
delq sh_meg.nvail.wait g, temp_tobi
call sched_rir_task, temp_tch;
endif;
stime end_os}
ssub ond_os, start_os, elapsed;
sadd elnpsed, os_ovhd, os_ovhd;

snable $10;
ENDPRIN;

PRINITIVE evt_signal

i
5

H This primitive serves as the interrupt handler for the signalling

H interrupt handler. This interrupt is raised sporadicelly to signal the
H arrival of m signalling event. It makes the SIGNAL task ready to run

} from the blocked receive stats,

PRIN evt_signalj
disable %#10;
ackint #3;
vadd #1, evt 3, evt 3}
stime start_osj

sizeq sh_signal.uvail,vait_q, donse;
if (done > %0);
move #1, sig_rdy;
rand #10, wt_chk;
i (wt_chk < #6);
move #6, sigtype;
elsmat
if (vt_chk < #8);
move 34, sigtype;
else} )
move #5, sigtype;
endif;
endifs
*ftype $/8ig event (3) of type : /4
oftype sigtype;
sftype #/ at time 1 /}
»ftypecr start_os;
delq sh_signal.avail.wait_q, temp_tob;
eall ached_rtr_tssk, temp_tcb;
endif}
etime end_os}
sgub end_os, stazrt_os, elapsed;
sadd elapsed, os_ovhd, os_ovhd;

enable #10;
ENDPRIN;

PRIMITIVE evt_clk

i

i

t This primitive serves ns the interrupt handler for the clock interrupt

} used as B timing base for the audits task. This is a pericdic interrupt.
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PRIN lvt_clkio
i

dissble &

ackint #4;

endd 81, evt_ 4, evt_4;
etime atart_os;

sizreq swait, wt_chk;
move 80, found;

while ({vt_chk > #0) & (“found});
delg wswmit, temp_tob;
if (temp_tob.nwme = #/mudits/);
move #1, found;
elne;
addq temp_tcb, svait, temp_tcb.priority;
sub wt_chk, #1, wt_chk;
endif;
endahile;

if (found);
eftype #/audit event (4) nt sime : /;
sfvypecr start_os}
call sched_rtr_tesk, temp_tcbj
endify
*time and_os;
sgub end_os, start_os, elapsed;
vadd eluposed, os_cvhd, os_ovhd;

snnble $10;
ENDPRIN}

BEGIN
move #/nodel/, nod_name;
disable #10;

LOCK;
if (nod_name = #/nodel/);

meve #/sh_msg.mutex/, st_elt.st_name;
move #/sh_msg.avail/, st_elt,.trc_neme;
nddq st_elt, loc_comm._q, ¥1

addq st_elt, sh_comm_q, #1;

move #/sh_fault.mutex/, st_elt.st_name;
move #/sh_fault.avail/, st_elt.tro_name;
addyg st_elt, sh_comm_q, #1;

move %/sh_disgs.mutex/, st_elt.st_name;
move #&/sh_diags.aveil/, st_elt.tro_name;
nddq st_elt, sh_comm_q, #1;

move #/sh_cinit.mutex/, st_elt.st_name;
move #/sh_.cinit.aveil/, st_elt.tro_name;
addq st_elt, sh_comm_q, #1;

move #/sh_tones,.mutex/, st_elt.st_name;
move #/sh_tones.nveil/, st_elt.tro_name;
nddq st_elt, sh_comm_q, #1;

move #/sh_chnls.mutex/, st_slt.st_name;
move #/sh_chnls.avail/, st_slt.trc_name;
addq st_elt, sh_comm_q, ¥1;

move #/sh_connect.mutex/, st_elt.st_name;
meve #/sh_connect.avmil/, st_elt.tro_name;
addqg st_elt, sh_comm_q, ‘1;

vove #/sh_signal.mutex/, st_elt.st_name;j
move &/sh_signal.svail/, st_elt.trc_name;
addg st_elt, sh_oomm_q, #1;

eall  initem, #/sh_meg.mutex/, #1;

disables #10;

andis;

if (nod_name = #/node2/);

move #/sh_synch.mutex/, st_elt.st_namse;
move #/sh_synch.avail/, st_elt.trc_nume;
nddg est_elt, loc_comm_q, #1;

move #/sh_fault.mutex/, st_elt.st_name;
move #/sh_fault.avail/, st_elt,tzc_name;
addq st_elt, loc_comm_q, #1;

addgq st_elt, sh_comm g, #1;

move #/sh_sudits.mutex/, st_elt.st_name;
move #/sh_sudits.availl/, st_elt.trc_name}
addg st_elt, loc_comm_q, #1;

move #/sh_timtc.mutex/, st_elt.st_name;
move #/gh_timtc.mavail/, st_els,tre_nams;
addq st_elt, loc_ comm.q, #1;
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move #/sh_disgs.mutex/, st_elt.st _name)
move #/sh_disgs.avnil/, st_elt.tro_name;
nddg st_elt, loc_comm_q, ¥1}

nddq st_elt, sh_comm.g, #1;

move #/sh_tidiag.mutex/, st_elt.st_name;
move #/sh_tidiag.avail/, st_elt.tro_name;
addq st_elt, loo_comm_q, #1;

move #/sh_msgdieg.mutex/, st_elt.st_nene}
move #/sh_msgdiag.uvail/, st_elt.txc_name;
addq st_elt, loc_comm_q, #1

move #/sh_tonsdisg.mutex/, st_slt,.st_name;
move #/sh_tonediag.avail/, st_elt.tzc_name;
uddq st_elt, loc_comm_q, ¥1;

move #/sh_chnldieg.mutex/, st_elt.st_name}
move #/wh_chnldisg.avail/, st_elt.trc_nome;
addq st_elt, loo_comm_q, ¥1}

move #/sh_msg.mutex/, st_elt.st_namet
move #/sh_mag.avail/, st_elt.trc_name;
addg st_elt, sh_comm_q, #1;

move #/sh_cinit.mutex/, st_elt.st_name;
move #/sh_cinit.uvail/, st_elt,.trc_name}
nddq st_eIt, sh_comm_q, #1;

move #/sh_tones.mutex/, st_slt.st _neme;
move #/sh_tones.avail/, st_elt.trc_namej
addq st_elt, sh_comm_q, #1}

move #/sh_chnls.mutex/, st_elt.st_name}
move #/sh_chnls.avail/, st_elt.trc_neme;
nddg st_elt, sh.coma_q, #1;

move #/sh_connect.mutex/, st_elt.st_name;
move #/sh_connect.avail/, st_elt.trc_nums;
nddg st_elt, sh_comm_q, ‘1:

move #/sh_signal.mutex/, st_elt.st_nome;
move #/sh_signel.aveil/, st_elt.trc_name;
nddg  st_elt, sh_comm_q, #1;

call initsm, #/sh_synch.mutex/, #1;
disable #10;

c¢sll  initem, #/sh_fanlt.mtex/, #1;
disxble #10;

call dinitsm, #/sh_sudits.mutex/, #1;
disable #10;

enll initem, #/sh_timtc.mutex/, #1;
disable $101

call dnitsm, #/sh_dimgs.mtex/, #1;
disuble #10;

cell dinitsm, #/sh_tidiag.mutex/, #1;
disable #10;

oal)l initsm, #/sh_nsgdieg.mtex/, %1
dismble #10;

eall  initsm, #/sh_tonedieg.mutex/, %1}
disable #10;

cell initsm, #/sh_chnldiag.mmtex/, #1;
disuble #10;

endif;

if (nod_nmms  #/noded/);
move #/sh_cinit.mutex/, st_elt.st_namei
move #/sh_cinit.aveil/, st_elt.tro_name;
addg st_elt, loc_comm_q, ¥1;
nddq at_elt, sh.comm _q, #1;
move #/sh_tones.mutex/, st_elt.st_name;
move #/sh_tones.avail/, st_elt.trc_name;
addg st_elt, loc_comm._q, #1;
uddgq st_elt, sh_comm_q, #1
move #/sh_stat.mutex/, st_elt.st_name;
move #/sh_stat.avail/, st_elt.trc_name;
addq st_elt, loc_comm_q, #1;
move #/sh_chnls.mutex/, st_elt.st_name;
move #/sh_chnls.avail/, st _elt.txrc_name;
addq st_elt, loc_comm q, 31
addq st_elt, sh_comm_q, #1i;
move #/oh_end.mutex/, st_elt.st_name;
move #/sh_snd.avail/, st_elt.trc_name;
addq st_elt, loc_comm.q, #i}
move #/sh_connect.mutex/, st_elt.st_nams;
move #/sh_connect.avail/, st_elt.trc_name;
nddg st_elt, loc_comm.q, #1;
addq st_elt, sh.comm.q, #1;
move #/sh_signnl.mutex/, at_elt.st_name;
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move #/sh_signal.aveil/, st_elt.trc_name;
addq st_slt, loc_comm.g, #1;
addq  st_elt, sh_comm_q, #1;
moeve 8/sh_mag.zmtex/, st_elt.st_name;
move #/sh_meg.avail/, st_elt,trc_name;
wddg st_elt, sh_comm._q, #1;
move #/sh_feult.mutex/, st_slt.st_neme;
move #/sh_fault.avmil/, st_elt.trc_name;
addq st_elt, sh_comm_q, #1;
move #/sh_dimgs.mutex/, st_elt.st_name;
move #/sh_disgs.avail/, st_elt.tro_nume;
addq st_slt, sh_comm_q, #1;
cwll dnitem, #/sh_cinit.mutex/, #1;
disable #10;
anll  dinitem, #/sh_tonez.mutex/, #1;
disable $10;
gall initsm, #/sh_stat.mutex/, #1;
disable 8$10;
call initsm, #/sh_chnls.mutex/, #1;
disable #10;
¢all initem, #/sh_end.mutex/, #1;
disable #10;
call initsm, #/sh_connect.mutex/, #1}
disable #10;
¢nll initsm, #/sh_signul.mutex/, #1;
disable #10;

andif;

UNLOCK;

mors tusklist, proclist;
sireq proclist, br_chk i
move currtask, tempstr;
emove #1, vt_chk)

while br.chk <> #0;
delg proclist, tcb_name;
cxtaw tob_ name;
stime curr_tob.sts,begin;
smove wt_chk, curr_tcb.num;
sadd #1, wt_chk, wt_chk;

move
move
move
move

taskstrt, ourr_tcb.pent;
tob_name, c¢urr_tcb.name;
#/rvendy/, curr_tchb,status;
currprio, cuxr_tcb.priority;
move taskstk, curr_tcb,sik;
eddq curr_tcb, rtr, cm.-:p:le;
sizeq proclist, br_chk;
andvhile;

cxtsv tempstr)

move #/rzdy_tm/, rdy_stx;

move ®#/wt_tm/, wt._stx}

move #/run_tm/, run_str;

smove #/END RESPONSE ............/, end_str;
bind evt_synch, #0;

bind evt_loss_synch, #1;

bind evt_msg_rx, #1;

bind evt_signel, #3;

bind evt_oclk, #4;

eall ron_rtxr_task)

ENDTASK
BIDKERIéL;
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B.3.6 Semaphore Based Ap-

plication Tasks
E M3SG Task

STAT zdy_tm, integer;
STAT vt_tm, integer;
STAT run_tm, integer;

VAR Dbyte_cnt, integer; No. of mezsage bytes
t transmitted oxr received

VAR msg_pending, integer;
VAR q._size, integer;

VAR meg_out, t.msg_elt;
VAR  msg.in, t_usg_olt;
VAR T _meg, t_msg_elt;
VAR rov, string;

VAR  tak_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;

ACTIVITY init;
etime tsk_strt;
move 80, msg_pending;
move #0, mag_in.types
EEDACT;

ACTIVITY upd_cycle;
move $0, msg_in.type;
stime tsk_end;
#anb tsk_end, tek_strt, cycle;
stime tsk_strt}
ENDACT;

ACTIVITY init_cnt;
move #0, byte_ont}
move #0, msg_rdy;

BNDACT;

ACTIVITY iner_ent;
add #1, byte_cnt, byte_cnt;
BEDACT;

ACTIVITY send_tone;

move #1, msg_out.type;

nove #/mug/, msg_out.sxo;

addq mug_out, sh_tones.msges, #$1;
ENDACT;

ACTIVITY send_start;

move #1, msg_out.type}

move #/msg/, msg_out.srcy

addg meg_ocut, sh_cinit.mages, ¥1;
ENDACT;

ACTIVITY send_diag;

move #3, mag_out.type;

move #/msg/, msg_ont.sro;

addq meg_out, sh_disgs.mages, %1}
ENDACT;

ACTIVITY nck_in;
sizeq sh ws;.usg.l, q.size;
if (q_size <> 30);
delq sh_msg.mages, mag_ing
move #1, msg_pending;
endif;
ENDACT;

ACTIVITY clr_msg;
move #0, msg_in.type;
move #0, msg_pending;
EXDACT;

ACTIVITY set_synch;
ticks $200;
move #0, msg_in.type;
move %0, msg_pending;
ERDACT;
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init;
nilprim;
8/clear/;

LOOP;
STATESELECT;
STATE clear)

F #true
0_AC upd_cycle;
CALLP neuresp;
SETSTATE #/sturt/;
EEDIF;

ENDSTATE;
STATE starti

IF (nlE_ponding = #1)

nilprim;
SETSTATE  #/hndl_msg/y
ENDIF;
Ir (nsg_rdy = %1}
init_cnt;
cALLP nilprim;
SETSTATE #/rxtx/y
ENDIF;
IF $true;
CALLP vait, #/sh_meg.aveil/;
SETSTATE #/ut_mutex/;
ENDIF;
EIDSTITE;
STATE vt_mutex;
IF #truse;
CALLP wvait, #/sh_msg.mtex/;
SETSTATE  #/sigmsg/i
ENDIF;
ENDSTATE;
STATE Iismsg;
IF stru
00. ACt ack_in;

CALLP signal, 8/sh_msg.mutex/;
SETSTATE t/ature/y
ENDIF;

EIDSTATB;
STATE zxtx}

IF (byte.cnt < #32);
D0_ACT iner_cnt;
CALLP nilprim;
SETSTATE  #/rxtx/;

NDIF;

IF $trusi
CALLP

nilprim;
SETSTATE #/mag_tin/;
ENDIF;
ENDSTATE;

STATE msg_fin;

IF {msgtype = #1);
CALLP walt, #/sh_cinit.mutex/;
SETSTATE  #/msg_2in2/;

ENDIF;

IF (msgtype = #2);
CALLP wait, #/sh_tones.mutex/;
SETSTATE l/nls_fin?l;

EADIF;

IF (megtyps = #3};
CALLP wait, #/sh_diags.mutex/:

SETSTATE  #/msg.2ina/;

ENDIF;
ENDSTATE;
STATE meg_fin2;

IF (msgtype = #1)}
DO_ACT send_start;
CALLP  signal, #/sh. cinit.mutoz/;
SETSTATE #/msg._2in3/;

BHNDIF;
IF (msgtype = #2);
DO_ACT send_tone;



CALLP  signal, #/sh_tones.mutex/}

SETSTATE  #/mag_fin3/;

ENDIF;

IF (msgtypc = 23);
DO_ACT send_diag;
CALLP  signal, #/sh_disgs.mutex/;
SETSTATE  #/msg_fin3/;

EXDIF;

ENDSTATE;

STATE msg_f£in3;
IF {(msgtype = #1);

CALLP  signal, #/sh_cinit.avail/;

SETSTATE #/clenz/s
ENDIF;

IF (msgtype = #3);

CALLP  signal, #/sh_tones.avail/}

SETSTATE #/clear/;
ENDIF;
IF (msgtype = #3);

CALLF  mignal, #/sh.dings.aveil/s

SETSTATE  #/clear/;
ENDTF;
ENDSTATE;

STATE hndl_msg;
IF (msg_in.type = #7);

DO_ACT clr_meg
CALLP endresp, #1;
SETSTATE  #/clear/;
ENDIF;
IF (msg_in.type = #8);
DD_ACT set_synch;
CALLP andresp, #21
SETSTATE #/clenz/}
ENDIF;
ENDSTATE;
BNDSBELECT;
ERDLOOP
ENDTASK;
: TONES Task

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT ran.tm, integer;

VAR mag_out, t_msg_elt)
VAR msg_in, t_mesg_elt;
VAR r_msg, t.mag_elt;
VAR  rev, stringt

VAR  tsk_strt, integer;
VAR  tak_snd, integer;
STAT ocycle, integer;

ACTIVITY inity
stime tsk_strti
ENDACT;

ACTIVITY upd_cycle;
stime tsk_end;
sgub tsk_end, tak_strt, cycle;
stime tsk_strt;

ENDACT;

ACTIVITY smelect_tone;
ticks #350;
if (meg_in.src = #/msg/);
move #1, meg_out.data;
else;
move #0, mag_out.data;
endif;
move #11, mag_out.type;
move #/tones/, meg_out.src
ENDACT;

ACTIVITY copy_msg;
delq sh_tones.msges, mag_inj

ENDACT]
ACTIVITY copy.out}

eddq msg._cut, sh_connect.msges, #1;

ENDACT;

CALLP nilpzrim;
SESSTATE #/clenr/;

LDDP*
STATESELECT
STATE clear;
08
po_act
CALLP

SETSTATE
ENDIF;
ENDISTATE;

STATE start)
IF ftrusj

upd_ocycle;
nevresp;
$/start/s

CALLP  wait, #/sh_tones.aveil/;

SETSTATE
ENDIF;
ENDSTATE;
STATE respl;
IF Struei

8/respl/;

CALLP wait, #/sh_tones.mutex/;

SETSTATE
ENDIF;
ERDSTATE
STATE respl}

IF Strus
DOD_AC

CALLPF =i
SETSTATE

ENDIF;
ENDSTATE;
STATE got _meg;

#/zesp2/;

COpPY.mEg}

gnal, #/sh_tones.mutex/s

#/got _msg/}

select_tone;

CALLP  wait, #/sh_connect.mutex/;

SETSTATE
ENDIF;
ENDSTATE;

STATE got.msgl;

IF #true
DO_AC

#/got_mag2/;

copy.out;

CALLP signal, #/sh_connect.mmtex/}

SEISTATE
ENDIF;
BEDISTATE;

STATE got_megd;
I¥ #trus;

#/got neg3/;

CALLP signal, #/sh_connect.avail/;

SETSTATE
ENDLE
ENDSTATE;

ENDSELECT;
EEDLOOP
BNDTASEK;

: END Task
H

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR  msg_out, t _mag.elt;
VAR msg_in, t.meg_elt;
VAR r. msg, t_msg_olt;
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#/clenr/;



VAR rcv, string)

VAR  tsk_ptrt, integer;
VAR tsk_end, integer;
STAT oycle, integer;

ACTIVITY
*time
BlDlCT;

ACTIVITY
*time
ssub
*time

BNDACT;

ACTIVITY
delq
ENDACT;

ACTIVITY
move
move
addq

BEDACT;

ACTIVITY
nove
move
addq

ENDACT}

ACTIVITY
move
move
addq

ENDACT}

BBGI
CALLP

inity
tak_strt;

upd_cycle;
tsk_end;
tak_end, tak_strt, cycle;
tsk_strty

copy.in;
sh_end.msges, msg_inj

chnl _reqj

#13, msg.out.type;

#/end/, meg_out.src;
msg._out, sh_chnls.mages, #1;

gonn_req;

#11, meg_out.sypse;

t/end/, msg_out.nro;

msg_out, sh_connect.msges, #1;

stat_req;

#198, mag.out.type;

#/end/, masg_ont.sxc

msg_out, sh_connect.mages, #1;

]
DO_ACT init;

nilprin-

SETSTATE #/clear/;

LOOP;

STATESELECT;

STATE cloar;

0* upd_cycle}
GILLP nevrespi
SEISTATE  #/staxt/;

BEDIF;
ENDSTATE;
STITE ltl:e;

ftrue;

CILLP wait, #/sh_end.avnil/;
SETSTATE  #/respl/;

ENDIF;
ENDSTATE;
STATE zespi;

IF #true;

CALLP wait, #/sh_end.matex/;
SETSTATE #/Tesp2/;

ENDIF;
ENDSTATE;

STATE Tesp2;
IF Strue;
DO_ACT copy_ing
CALLP signal, #/sh_end.mutex/;
SETSTATE */got _msg/;
ENDIF;
ENDSTATE;

STATE got_msg}
IF #true;
CALLP wait, #/sh_connect.mutex/;
SETSTATE 8/got _megld/;
ENDIF;
ENDSTATE;
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STATE got_msg2;
IF $true;
Do, Ac* conn_reqg;
CALLP smignal, #/sh_connect.mtex/;
SETSTATE  #/got_msgd/}

EWDIF;
ENDSTATE;
STATE got_mag3;

IF #true;

CALLP signal, #/sh_connect.avail/y
#/rel_chnl/y

E
ElDETle;

STATE Tel_chnlj
IF #true;
CALLP wait, #/sh_chnls.mutex/;
SETSTATE 8/xel_ch2/

ENDIF;
ENDSTATE;
STATE rel._.chl;
IF ftrus
D0_AC chnl_xeq;

CALLP signael, #/sh_chnls.mutex/;
SETSTATE #/rel_chd/;

ENDIF;
ENDSTATE;
STATE zel_chl;

IF Strus}

CALLP signal, #/sh_chnls.avail/;

SETSTATE t/cull_tin/y
E¥DIF;
ERDSTATE;

STATE onll _fin;
IF #trusj
CALLP wait, #/sh_stat.mutex/;
SETSTATE #/call 22/
ENDIF;
ENDSTATE;

STATE call_712;
IF #truei
DO_ACT atat_req;
CALLP signal, 8/sh_stat.mmtex/}
SETSTATE s/enll_f£3/;

ENDIF;
ENDSTATE;
STATE call_f3;

F ftrue}

CALLP signal, #/sh_stat.avail/;
SETSTATE  #/clenr/;

ENDIF;
ENDSTATE;

EXDSELECT;
ERDLOCP
ENDTASK;



i
i CINIT Task

STAT zdy_tm, integer;
gTAT wt_tm, integer;
STAT run.tm, integer;

VAR  meg.out, t_msg_elt]
YAR msg.in, t.meg_elt)
VIR r_msg, t_meg_elt;
VAR rcv, string;

VAR waiting_g, queus;
VAR msg_pending, integer;
VAR q.size, integer;

VAR  tsk_strt, integer;
ViR  tsk_end, integer|
STAT cycls, integer;

ACTIVITY init;

stime tak_strty

move #0, msg _pending;
ENDACT;

ACTIVITY upd_cycle;
etime tsk_end;
esub  tsk.end, tsk_strt, cycle;
stime tak_strd]

ENDACT}

ACTIVITY get_mag;
delq walting.q, mag. in;
sizeq uniting._q, q.size}
if (q_size = %0)}
move #0, msg_pending;
endif;
ENDACT;

ACTIVITY gueus _mag;
addyg msg.in, waiting_q, #1;
move #1, mag_pending;
BNDACT;

ACTIVITY copy._msgi
delq sh_cinit.msges, mag.in}
ERDACT}

ACTIVIIY sonn.Ted)

pove #11, meg_out.type}

move #/cinit/, msg_out.sxsy

addq msg_cut, sh_cormeoct.mages, $1;
ENDACT 3

ACTIVITY chnl_reqg;

move #12, meg_out.typs}

move l/einits, meg.cut.urc]

addq mog_ocut, sh_chnls.meges, §1§
ENDACT:

ACTIVITY stak_req}
move #1656, mag_cut.type;
move #/cinit/, meg_ont.src}
addq meg.out, sh_stat.msges, 813
ERDACT

| |
DO_ACT init;
CALLP nilprim;

SETSTATE #/clesz/;
LDOP;
sTATESELECT:
STATE clerr}

IF Strue
DD_IC*

upd,_cycle;
CALLP neTresp;
SETSTATE #/strt/;
ENDIF;
ERDSTATE;

STATE strt;
IF (msg_pending = #1);
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DO_ACT got_neg;

CALLP nilprim;
SETSTATE t/got_msg/}
ENDIF;
IF #truey

CALLP wait, #/sh_cinit.avail/;
SETSTATE #/respl/}
ERDIF;
BEDSTATE}
STATE Tespl;
IF gtrue}
CALLP walt, #/sh_cinit.mutex/;
SETSTATE  #/resp2/}

ENDIF;
EEDSTATE;
STATE respl;
IF #trus;
D0.ACT copy.meg:
CILLP signml, #/sh_cinit.mutex/}
SETSTATE #/got.msgl/;
ENDIF;
ERDSTATE}
STATE got. msgl}
IF Struet
CALLP wait, #/sh_chnls,mutex/;
SETSTATE  #/got._migd/i
ENDIF;
ENDSTATE}
STATE got_msg2}

IF ltruc*
DO_.AC chnl.zeq}
CALLP signal, #/sh_chnls.mutex/;
SETSTATE  #/got_mug3/;

ENDIF}
EXDSTATE;

STATE got_msg3;
IF stzue;
CALLF  signal, #/sh_chnls.avail/;
SETSTATE #/wt_chl/}

ENDIF
ENDSTATE}
STATE uvt_chil;

IF svxue;

CALLP wait, #/sh_cinit.aveil/;
SETSTATE #/ut_ch2/y
EXDIF;
EBDSTATE}
STATE wt.ch2;
IF #true;
CALLP wait, #/sh_cinit.mutex/}
SETSTATE s/ut_ch3/;

ENDIF;
BNDSTATE;

STATE wt_chd;
IF #true;
DU_lcf copy.msgt
CALLP signal, #/sh_cinit.mutex/|
SETSTATE  #/chk_msg/;

ENDIF;
ENDSTATE}
STATE chk_msg;
IF (msg_in.type = 114);

CALLP nilprim;
SETSTATE #/got.ehi/;
ENDIF;
IF $true;
Do,lcf queune_msgi
CALLP nilprim;
SETSTATE  #/wt_chl/}
ENDIF;
EHDSTATE
STATE got._chl;
IF Strue;

CALLP  wait, ¥/sh_connect.mutex/;



SETSTATE
EFDIF;
ENDSTATE;

STATE got.ch2;

IF Strno%
DO_AC gonn.req;
CALLP mignel, #/sh_connect.mutex/;
SETSTATE  #/got.ch3/:
ENDIF;
BEDSTATE;

STATE got_ch3i
IF struse;
CALLP signal, #/sh_connect.avail/;
SETSTATE  #/got_cni/y
BEDIF;
EXDSTATE;

STATE got_onl;
IF #trus;
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE got.cnli

IF &true
nn_Ac* stat_req;

CALLP signal, #/sh_stat.mutex/;
SETSTATE  #/got_cnd/y

ERDIF;
EEDSTATE}
STATE got._cn3;

IF $true}

CALLP signal, #/sh_stat.uveil/;

SETSTATE  #/clear/;
EXDIF;
EBDSTATE;

BUDSELECT;
ENDLODP
ENDTASK;

#/got_ ch2/}

wait, #/sh_stat.mutex/;
#/got_en2/}

i
i
i

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

STAT Task

VAR msg_out, t_msg.elt;
VAR msg.in, t_msg_elt;
VAR r_msg, t_msg_elt}
VAR rov, string;

VAR  tsk_strt, integer;
VAR tsk_end, integer;
STAT oycle, integer;

ACTIVITY init;
vtime tek_strs]
BEDACT;

ACTIVITY upd.cycle]
atime tsk_end;
ssnb  tsk_end, tsk_strt, cycle;
wtime tak_stxti

BEDACT;

ACTIVITY
ticks
move
mova
move
addq

ENDACT;

ACTIVITY
delq
ENDACT;

ney, _call;

2200;

#1, stat_data}

tlé. msg_out.type}
s/atat/, msg_out.sxc;
msg_out, sh_signal.msges, #1;

update table

copy.ing
sh_stat.msges, meg.in;

ACTIVITY call fin;
ticks #2003

move #1i, stat_data;
ENDACT}

ACTIVITY integ._fail;

move #10, msg_cut.type}

move $1, stat_data;

move #/stat/, msg_out.sroj

addq mag_out, sh_fault.msges, $1;
ENDACT;

BEGIN
DO_ACT init;
CALLP nilprim;
SETSTATE #/clenx/;

update table

LOUP*
STATESELECT;
STATE clear;

upd_cycle;
neuresp;

SETSTATE #/stazt/;

ENDIF;
BADSTATE;
STATE sturt;

IF 3true;

CALLP
SETSTATE

EMNDIF:
EXDSTATE;

STATE respi;

IF #true;

CALLP
SETSTATE

ENDIF;
ENDSTATE;
STATE Tespl}

IF Strue;

DO_ACT
CALLP
SETSTATE

ENDIF;
EADSTATE}
STATE got msg;

IF (msg_in.type = #15);

wait, #/sh_stat.uveil/;
#/zenpi/;

wait, #/sh_stet.mutex/;
#/zesp2/}

copy.ing
signal, #/sh_stat .mutex/;
#/got_msg/}

CALLP wait, #/sh_signal . mutex/;
SETSTATE #/got_msg2/}
ENDIF;

IF (msg.in.type » #17);

CALLP undt, #/eh_fault.mutex/
SETSTATE t/got_meg2/;
ENDIF;
IF #true;
Do_act call_fin;
endresp, #4;
SETSTATE #/clenx/}
ENDIF:
ENDSTATE;

STATE got_msg2;

IF (msg_in.type = #15);
DO_ACT new_call;
CALLP signal, #/sh_signal.mutex/;
SETSTATE #/got _magd/y

EBDIF;

IF (msg.in.type = #17);
DO_ACT integ_fail;

CALLP  signel, #/sh_fault.mtex/;
SETSTATE  #/got.msgd/;
ENDIF
IF strue;
CALLP nilprim;
SETSTATE #/clenr/;

EUDIF;
ENDSTATE;

407



STATE got_msgd;
IF (msg.in.typs = #16);

CALLP signul, &/sh_signal.avail/;
SETSTATE slroaponlo??
ENDIF;

IF (msg.in.type = 817);

CALLP  signal, #/sh_fault.avail/;
SETSTATE #/clenx/;

ENDIF;

IF Strue;
CALLP nilprim;
SETSTATE #/clenz/}

ENDIF;

ENDSTATE;

STATE response;
IF strue;
CALLP
SETSTATE
ENDIF;
ENDSTATE;
ENDSELECT;

ENDLOOP
ENDTASK;

endresp, #6;
8/clenr/;

1
i
i

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

CHNLS Task

VAR mag_out, t_meg_elt
VAR msg.in, t_msg.elt;
VAR rev, string;
VAR r_msg, t_msg_elt;
VAR wsiting.q, queune;
VAR num_mllocated, integer;
VAR  send.ack, integer;
VAR q.sise, integer;
VAR destl, string;
VAR dest2, string;
VAR dest3, string;
VAR  task_strt, integer;
VAR  tsk_end, integer;
STAT oyole, integer}
STAT mtoch, integer;
STAT opch, integer;
STAT over_limit, integer;
ACTIVITY init;

etime tak_strt;
ENDACT;

ACTIVITY upd_cycle;
stime tok_end

H
esuk tak_end, tsk_strt, cycls;
stime tak_strt}
ENDACT;

ACTIVITY copy.in}
delg sh_chnls.msges, msg_in;
ENDACT;

ACTIVITY copy_ocuti
sddg msg_out, Gdestd, #1;
ENDACT;

ACTIVITY get_chnl;

if (msg.in.src = #/diege/);
epdd #1, mtcch, mtoch;
move #/sh_diegs.mtex/, desti;
move #/sh_diags.aveil/, dest2;
move #/sh_diugs.msges/, dest3;

else;
*n
move
move

#1, cpch, cpch;
#/sh_cinit . mutex/, destl;
#/sh_cinit.eveil/, dest2;

move #/sh_cinit.msges/, destd;
endif;
if (num_mllocated < #1B);
add #1, num_mllocated, num_mlleccated;
move #1i, send_nck;
move #14, msg_out.typs;
meve #/chnis/, msg_out.sx¢;

P

add
move
endif;
ENDACT}

ACTIVITY free_chnl;
sixeq waiting_q, q.size;
if (g_size > #0)}
delq waiting.q, msg_in;
if (msg_in.src = #/diags/);
move #/sh_disgs.mutex/,
move #/sh_disgs.svail/,
move #/sh_disgs.msges/,
elae;
move
move

move
endif;
move #1, send_ack}
move S:i. mag._out.type;
move #/chnls/, msg.out.sres
else}
sub num_nllocated, #1, num_allocated;
i? (num_nllocated < #0);
move #0, num_nllocated;
endif;
endif;
EXDACT}

ACTIVITY clear_ack;
move #0, send_onck;

msg.in, waiting.q, #1;
#1, over_ limit, over_ limit;
#0, send_ack;

destl;
dest2;
dent3;

#/sh_cinit . mtex/,
#/sh_cinit.avail/,
#/ah_cinit.nsges/,

dentl}
destd}
destd}

ENDACT;
angg ACT init
nit:
caLLP nilpéim;

SETSTATE #/clear/i

LDDF%
STATESELECT;
STATE clear;
IF 3ttu6+
Do_A
CALLP

upd_cycle;
nevresp;
$/start/s

BIDSTITE:

STATE start;

IF #trus;

CALLP
SETSTATE

ENDIF;
ENDSTATE;
STAIE cpy_msg;

IF #true;

CALLP
SETSTATE

EEDIF;
ERDSTATE;

STATE cpy.msg2;
IF %true;
DO_ACT copy.in;
CALLP signal, #/sh_chnls.mutex/;
SETSTATE #/got_mng/

EHNDIF;
EBDSTATE;
STATE got_magi
IF (msg_in.type = #12)%

DO_ACT get_chnl;
CALLP nilprim;

wait, #/sh_chnls.avail/;
#/cpy.meg/}

wait, #/sh_chnls.mutex/;
#/cpy msg2/i
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SETSTATE

SETSTATE
ENDIF;
BIDSTITE'

STATE chk_nck;
IF (send_ack =
CALLP

SETSTATE
ENDIF;

IF #true;
CALLP
SETSTATE
IF;
ERDSTATIE;

STATE chk_ack2;
IF $txue}
-ACT
CALLP
SETSTATE

EEDIF;
ENDSTATE;
STATE chk_ack3;

IF strue;

CALLP
SETSTAIE
IF

ENDIF;
ERDSTATE;
ENDSELECT;

ENDLOCP
ENDTASK;

; CONBECT Task
1]

STAT zdy_tm, integer;
STAT wt_tm, integer;
STAT run._tm, integer;

VAR mag_in, t_msg._elt
VAR r_msg, t_msg_elt;
VAR  rcv, string;

VAR  tsk_strt, integer;
VAR tek_end, integer;
STAT oycle, integer;

ACTIVITY init;
*time tsk _8tTt}
ERDACT;

ACTIVITY upd_cycle;
stime tak_end;

#/chk_ack/

free _chnlj}
nilprim;
#/chk_nck/

1)
wait destt}
l/chk ack2/;

nilprim;
#/clenz/}

copy_out;
signel, desti;
#/chk_ack3/;

signel, destl;
#/clear/;

*sub tlk ond tsk_strt, oycle;
stime tek_strt;
BEDACT;

ACTIVITY make_conni
ticks #G500;
BNDACT;

ACTIVITY copy.in;
delq sh_connect.msges,
ENDACT;

BEGIN
DO_ACT init;
CALLP nilp:im;
SETSTATE #/clenx/;
LODP
S*ATES!LEGT;
STATE olear;
IF #tzue;
po0_ACT
CALLP
SETSTATE

msg_in;

upd.cycle;
newrsspi
#/start/;

EXDIF;
ENDSTATE;

STATE staxt;
IF #tzus;
CALLP wait, #/sh_connect.avnil/;
SETSTATE #/Tespl/
ENDIF;
EADSTATE;

STATE respl;
IF Strue;
CALLP walt, #/sh_connect.mutex/;
SETSTATE #/resp2/fy
ERDIF:
ElDSTlTB:

STATE respi;
IF #trueg
DO_ACT copy.in;
CALLP signnl, #/sh_connect.mutex/;
SETSTATE 8/got_mag/;
EWDIF;
ENDSTATE;

STATE got_msg;
IF ((msg.in.src = #/tones/) &
(msg_in.datn = #1)};
DO_ACT make_ conni
sndresp, #3;

#/clenx/;

make_conn;
nilprim;

SETSTATE #/clenx/s
ENDIF;

E¥DSTATE;
ENDSELECT;

EXDLODP
ERDTASK;

H

H SIGRAL Task

STAT xdy_tm, integer;
STAT wt_tm, integeri
STAT run_tm, integer;

VAR
VAR
VAR
VAR
VAR

VAR
VAR
STAT

msg_out, t _msg_elt;
meg.in, € _msg_elt;
r.mag, t_meg_elt;
rcy, string;
msg.pending, integer;

tak_strt, integer;
tsk_end, integer;
cycle, integer;

ACTIVITY inits
tim

NOV'
nove

¢ tek_strt;
$0, msg_pending;
40, msg_in.type;

EHPACT;
ACTIVITY upd_cycls;

move
stime
*aub

etime
ENDACT;

%0, msg_in.type}

tsk_end;

tsk_snd, tsk_strt, cyclei
tok strt.

ACTIVITY init_ent;

move

20, sis_rdy,

EHDACT;
ACTIVITY upd.integ;

ticks #7E;
ENDACT;

ACTIVITY send_stat;
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move
move
uddq
ERDACT}

ACTIVITY
move

move
addq
ENDACT

ACTIVITY
move
move
addq

ENPACT)

ACTIVITY
sizeq

#17, mag_out.type;
#/signul/, msg_out.srci
msg_out, sh_stat.msges, $1

fin_stat;

#19, mag_out.typs;
#/aignul/, mag_out.sro;
meg._out, sh_stat.msges, #1

send_diag;

%3, mag_out.type;
#/signel/, msg_out.arc;
msg_out, sh_diags.meges, #1

ack_inj
sh_signzl.msges, q_size}

it (q_size > 20}

delq

sh_signal.meges, mag_in;

move #1, msg_pending;

andif;

ENDACT;

ACTIVITY
move
ticks
move

ENDACT;

BEGIN

DO_ACT

CALLP

clr_upd_integ;
#0, mag_in.type;
#7631

#0, mag _pending;

init;
nilprim;

SETSTATE #/clesx/;

LODP;
STATESELECT;

STATE clear;
IF #true;
DO_ACT
CALLP
SETSTATE
ENDIF;
EADSTATE}

STATE :turt: in ,
IF (msg_pending = #1);
CALEP

upd._cycle;
newIesp;
#/start/;

nilprim;
SETSTATE  #/hnd)_msg/;
EXDIF;
IF (si{_:dy u #l);
DO_ACT init_ent;
CALLP nilprim;
SETSTATE  #/rx/;
DIF;
IF #true;
CALLP  wait, #/sh_signal.aveil/;
SETSTALE #/ut_mutex/;
NDIF;
EXDSTATE;
STATE wt_mutex;
IF #true;
CALLF  wnit, #/sh_signal.mutex/;
SETSTATE  #/sigmsg/:
ENDIF;
ENDSTATE;
STATE sigmsg;
IF strue;
DU_!C+ ack_in}
CALLP signel, #/sh_signal.mutex/;
SETSTATE t/staxt/;
ENDIF;
ERDSTATE;
STATE r£x;
IF (sigtype = 34);
DO_ACT upd_integ;
CALLP nilprim;
SETSTATE #/clenr/;
ENDIF;

IF Struney

CALLP wait, #/wh_stat.mutex/;
SETSTATE #/rx2/;
EBDIF;
ENDSTATE;
STATE Tx2;
IF (sigtype = #6);
DO_ACT send_stat;
CALLP signal, #/sh_stat.mutex/;
SETSTATE #/rx3/y
ENDIF;
IF (sigtype = #6);
DO_ACT fin_stat;
CALLP  szignal, ®/sh_stet.mutex/;
SETSTATE  #/rx3/;
ENDIF
ENDSTATE;
STATE rxd;
IF (sigtyps = #5);
CALLP  signal, #/sh_stat.avall/y
SETSTATE s/ding/;
ENDIF;
IF {(zigtype = #6);
CALLP  signel, #/sh_stat.avail/;
SETSTATE  #/clear/;
ENDIF;
ERDSTATE;
STATE ding;
IF #true;
CALLP uwait, #/sh_disgs.mutex/
SETSTATE #/ding2/;
ERDIF;
ENDSTATE;
STATE dimga;
IF #true}
DU_Acf send_diag;
CALLP signal, #/sh_disgs.mutex/;
SETSTATE #/ding3/;
EXDIF;
EXDSTATE;
STATE diagd;
IF #true;
CALLP signal, #/sh_diags.erail/;
SETSTATE $/clenx/;
ENDIF;
ENDSTATE;
STATE hndl_msgi
IF s#true;
DO_ACT elr_upd_integ;
CALLP nilprim;
SETSTATE #/clear/;
EEDIF;
ENDSTATE;
ESDIELECT;
ENDLODOP
ENDTASK;

i DIAGS Task
H

STAT zdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg_out, t_msg_elt;
VAR msg.in, t_mag_elt;
VAR r_msg, t_mag elt;
VAR  rev, string;

VAR weiting_q, quens;
VAR  msg_pending, integer;
VAR q_size, integer;

VAR  dest, string;

VAR  num_chnla, fntogor;
VAR dg_num, integer:
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VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;

ACTIVITY indit;
stime tsk_stret}
EXDACT;

ACTIVITY upd_cycle}
stime tak_end;
sgub  tek_end, tak_strt, cycle;
«time tsk_strt;
move #0, pum_chnls;
EBDACT:

ACTIVITY get magi
delq walting.q, msg_ini
sizeq waiting.q, q_size;
if (q_size = 80);
move #0, msg_pending;
endi?;
ENDACT;

ACTIVITY quene_msg;
addq msg.in, wvelting_ g, #1
move #1, msg_pending;
ENDACT;

ACTIVITY inor_chnl;
ad #1, num_chnls, num_chnls;
ENDACT;

ACTIVITY copy.msg;
delq sh_diags.msges, msg.in;
BENDACT;

ACTIVITY chnl_xeq}

move #12, nls_out type;

move i/dingl/. neg._out,sxc;

auddg meg_out, sh_chnls.mages, #1;
EEDACY:

ACTIVITY choose_ding;
zand ¥4, dg_numj
move #21, msg_out.type;
move #/diegs/, msg_out.srej
iz (dg.num = #0);
move #/toneding/, deat;
else;
i (dg_num = #1);
move #/chnlding/, dest;
else;
if (dg_num = #2);
move #/msgdiag/, dest;
olse}
move #/tidiag/, dest;
endif;
endif;
endif;
ENDACT}

ACTIVITY send_ding;
if (dg_num = $0);
addq msg_oue, sh_tonediag.mages, $1;
else;
if (dg_num = #1);
addq mag_ocut, sh_chnldiag.meges, #1;
elne;
if (dg.num = #2);
2 addq msg_out, sh_msgdiag.msges, #1;
olse}
addq msg_out, sh_tidiag.mages, #1;
endify
endif;
ondif:

BIDACT' ’

BEGIX
DO_ACT init;
CALLP nilprim;

SETSTATE %/clear/;

411

LooP;
stATESELECT;

STATB clonr;

Rtrue;

F oG it

CALLP
SETSTATE

ENDIF;
ERDSTATE;
STATE staxt;
IF (msi_pcnding = %1}
get.mag;
nilprim;
8/got_meg/1

upd_cycle;
newresp}
t/utnrt/;

calLp
SETSTATE

ENDIF}
IF #true;

CALLP
SETSTATE

ENDIF;
ENDSTATE;
STATE reapl;

IF #true;

CALLP
SETSTATE

ENDIF;
ENDSTATE}

STATE resp2;
IF $true
DO_AC copy. meg;
CALLP signal, #/sh_diags.mutex/;
SETSTATE #/got_msg/y
ENDIF;
EXDSTATE;
STATE got_msgi
IF #true;
GALLP  wait, #/sh_chnls.mutex/;
SETSTATE  #/got_mi/|

ENDIF;
ENDSTATE;

STATE got_m2;
IF $true;
DO.ACT chnl_req;
CALLP  signal, #/sh_chnls.mutsx/;
SETSTATE  #/get_m3/;
ENDIF;
ENDSTATE;

STATE got_m3;
IF Strue;
CALLP  signel, #/sh_chnls.avail/;
SETSTATE #/wt_chi/y
ENDIF;
EFDSTATE;

STATE wt_chil;
IF #true;
CALLP

SETSTATE
ENDIF;
ESNDSTATE;

STATE wt_ch2;
IF #true;
CALLP

SETSTATE
ESDIF;
ERDSTATE;
STATE ut_chdi
IF #true;
DO_ACT copy.mag;
CALLP signal, #/sh_diags.mutex/;
SETSTATE &/chk_msg/s

EHRIF;
ENDSTATE;
STATE chk.msg,

walt, #/sh_disgs.aveil/;
B/zespl/y

wait, #/sh_disgs.mutex/;
#/resp2/;

vait, $/sh_disgs.uvail/;
$/ut_ch2/;

weit, #/sh_disge.mmsex/;
8/t chd/y



IF {msg_in.type = #13);

CALLP nilprim;
4ETSTATE #/cnt_chnle/;
ENDIF;
IF $true;
DO_ACT queue _msgi
CALLP nilprim;
SEISTATE #/wt_chi/}
ENDIF;
ENDSTATE;

STATE cnt_chnlsi
IF (num_chnls = #1);
CALLP

nilpzrim;
SETSTATE #/got_chal/}
ENDIF;
IF Strun{
DO_AC incr_chnl}
CALLP nilprim;
SETSTATE  #/got_meg/;
ENDIF;
ENDSTATE;

STATE got_chnl;

IF Struo%
DO_AC choose_diag;

CALLP nilprim;
SETITATE #/ut_diag/}
EBDIF;
ENDSTATE;

STATE vt_diag:

IF (dg_num = #0)%
CALLP wnit, #/sh_teneding.matex/;
SETSTATE  #/pick_diag/;

ENDIF:

IF (dg.num = #1);
CALLP wait, #/sh_chnldiag.mutex/;
SETSTATE  #/pick_diag/;

ENDIF;

IF {(dg_num = #2);
CALLP wait, ®/sh_magdieg.mutex/;

SETSTATE #/pick_ding/}
ENDIF;
IF #true}
CALLP wait, #/sh_tidiag.mutex/;

SETSTATE
EBDIF;
ENDSTATE;
STATE pick_diag;
IF (dg_num = 30);

#/pick_ding/;

DO_ACT send_diag;

CALLP signal, #/sh_tonediag.mutex/;
SETSTATE  #/pick2/|

BADIF;

IF (dg_num = #1)%
DO_ACT send _diag;
CALLP signal, #/sh_chnldieg.mtex/}
SETSTATE  #/picki/;

ENDIF;

IF (dg_num = #2);
DO_ACT sand_diag;
CALLP signal, #/sh_magdiag.mutex/;
SETSTATE #/pick2/y

ENDIF;

IF #true;
DO_ACT send _diag;
CALLP signal, #/sh_tidieg.mutex/;
SETSTATE  #/pickd/;

ENDIF;

ENDSTATE;

STATE pick2s

IF (dg.num = #0);
CALLP signal, #/sh_tonedisg.avail/;
SETSTATE  #/cleaxr/;

EADIF;

IF (dg_num = #1)
CALLP mignal, #/sh_chnldieg.aveil/;
SETSTATE  #/clear/;

EEDIF;

IF (dg_num = #2);
CALLP signal, #/sh_msgdiag.avail/;
SETSTATE #/clenr/;

ENDIF;

iF #trueg
CALLP signal, #/sh_tiding.aveil/;
SETSTATE #/cleaxr/}

E¥DIF;
ENDSTATE;
EADSELECT;

E¥DLOOP
ENDTASK;

i
3 SYNCE Task
i

STAT zdy_tm, integer)
STAT wt_tm, integer;
STAT run_tm, integer;

VAR
VAR
VAR

YAR
VAR
STAT

msg.out, t.msg_elt]
T _msg, t_meg_elt;
rov, string;

tak_strt, integer;
tesk_end, integer;
ocycls, integer;

ACTIVITY init;

stime tak_strt;

move #0, synch_loss;
ENDACT;

ACTIVITY upd.cycle;
etime tsk_end;
eayb  tsk_end, tsk_strt, oycle;

stime tak_strt;
ENDACT;

ACTIVITY xeport.synch;
move #9, mag_out.type;
move #/synch/, msg _out.src}
addq msg.out, sh_fault, msges, L3 B
ENDACT;

ACTIVITY clr_synch;
move #0, synch_loss;
E¥DACT;

ACTIVITY change_synchj
move #8, msg_out.type;
move #/synch/, msg_out.src;

addq msg_out, sh_msg.msges, ®1;
ENDACT}
BEGIN

DO_ACT init;

CALLP nilprim;

SETSTATE #/clear/;

LDUP%
STATESELECT;

STATE clear;
IF Strue;
pe_act

upd_cycle;
CALLP newresp;
SETSTATE #/start/;
ENDIF;
ENDSTATE;
STATE start;
IF #trus;
CALLP sleepi
SETSTATE #/chk/;
ENDIF;
ENDSTATE;
STATE chk;

IF (aynch_loss = #1);
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CALLP sait, $/sh_feult.mutex/;

SETSTATE $/chx2/4
EADIF}
IF #true;
CALLP wvait, #/sh_meg.mutex/;
SETSTATE #/chk2/;
BBDIF;
EXDSTAIE;
STATE ohk2;
IF (aynch.loss = #1);
DO_ACT report_synch;

CALLP  signal, #/sh_fault.mutex/;

SETSTATE #/chk3/}
ENDIF;
IF Strde
DO_AC change_synch)
CALLP signal, #/sh_meg.mutex/;
SETSTATE  #/ahX3/;
EBRDIF;
BEDSTATE;
STATE ohk3;
IF (synch_loss = #1);
DO_ACT olr_synchj
CALLP signal, #/sh_fault.avail/;
SETSTATE  #/clemx/|
ENDIF;
IF #true}
CALLP signal, #/sh_mag.avail/;
SETSTATE  $/cleaxr/|
ENDIF;
ENDSTATE;
BENDSBLECT;
EIDLOOP
ENDTASK;

1
} FAULT Taak
i

STAT rdy_tm, integer;
STAT wt_tm, integer}
STAT run_tm, integer;

VAR msg.out, t_meg.elt;
VAR meg_in, t_msg_elt;
VAR r_msg, t_msg_elt;
VAR rov, stringi

VAR  tsk_strt, integer;
VAR  tak_end, integexr;
STAT cycle, integer;

ACTIVITY inity
stime tak_stre
BEDACT;

ACTIVITY upd_cyclej
»time tsk_end;
sgub  tsk_end, tsk_strt, cycls;
stime tsk_strt)

BNDACT}

ACTIVITY copy_inj
delq sh_fault.msges, msg_ing
ENDACT;

ACTIVITY send _report;
nove #7, msg_out.type;
move #/fanlt/, msg_out.sro;
addq msg_out, sh_nmsg.msges, #1;
ENDACT;

BEGIN
DO_ACT init;
CALLP nilprim;
SETSTATE #/cleanr/;

LOOP;
STATESELECT;

END|
ENDTAS

t

STATE clear;
IF #true
DO_A upd_cyclei
CALLP neurespi
SETSTATE #/aturt/;
BADIF;
ENDSTATE;
STATE start;
IF $true;
CALLP walt, #/sh_fault.aveil/;
SETSTATE #/respond/;

ENDIF:
BEDSTATE;

STATE respond;
IF #true;
CALLP wails, #/sh_fuult.mutex/;
SETSTATE s/respl/;

ENDIF;
ENDSTATE;
STATE respl;
IF #trus
DO_AC copy.ing
CALLP mignal, #/ah_fault .mutex/;
SETSTATE #/got_msg/1
EXDIF;
ENDSTATE;
STATE got_msg}
IF (msg_in.sxc = #/timte/ )

CALLP get_date, mug.in.sro,
#/¢1_date/, #1000}
SETSTATE #/zepozt/y
ERDIF;
IF (msg_in.src = $/stat/)}
CALLP get_data, meg.in.src,
$/atat_data/, #1000;
SETSTATE  #/repert/;
ENDIF;
IF #true;
CALLP nilprim;
SETSTATE #/zeport/}
ENDIF;
ENDSTATE;
STATE report;
IF #true;
CALLP wait, #/sh_msg.mutex/}
SETSTATE $/zep2/;
ENDIF;
ENDSTATE;
STATE rep2;
IF #true;
DO_ACT send_report;
CALLP signal, #/sh_msg.mutex/;
SETSTATE $/zep3/;
ENDIF:
ENDSTATE;
STATE Tepd;
IF $true;
CALLP signal, #/abh_meg.aveil/;
SETSTATE #/clenx/}
ERDIF}
EADSTATE;
ENDSELECT;
{[1}4

AUDITS Task

STAT rdy.tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer}
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VAR msg_out, t_msg_elt;
VAR r_msg, t_msg_elt;
VAR rcv, lerinf;

Vil  audi_cnt, integer|
VAR  audZ_ont, integer;
VAR asud3_ont, integer;

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT ocycle, integer;

ACTIVITY init;
etime tsk_mtrt;
ENDACT;

ACTIVITY upd_cycls;
stime tak_end;
esub  tak_end, tsk_strt, cycls;
stime tmk_strt}

ENDACT;

ACTIVITY iner_ent}
ndd #1, audl_ont, audi_cnt;
ndd #1, mudl_ont, mud2_cont}
ndd #1, aud3d_cnt, aud3d_ent;
ENDACT;

ACTIVITY tell_timtaj
move #23, meg_ont,type;
move #/audits/, msg_out.src;
addg msg_ont, sh_timtc.msges, #1)
ENDACT

ACTIVITY audi;
move %0, audi_ont; .
move '16. meg.out,type;
move #/sudits/, msg_out.sro;
unddq msg_out, sh_dimgs.msges, #1;
ERDACT;

ACTIVITY mud2j
move #0, audZ_cnt}
move 016, mug_out.type;
move #/audits/, msg_out.src;
addg meg_out, sh_diags.mages, #1
ENDACT;

ACTIVITY and3;
move #0, aud3_cnt;
move 816. msg. out,type;
move #/audite/, msg_out.msrcj
addq msg.out, sh_diags.mages, ¥1;
BNDACT;

BEGIN
DO_ACT  init;
cafLp nilprim;

SETSTATE #/clear/;

LOOP;
STATESELECT;

STATE :t.lt;
rue;
po_act
CALLP

SETSTATE
EEDIF;
EXDSTATE;

STATE start;
IF #tzus
nn_nc*
CALLP
SETSTATE

BNDIF;

ENDSTATE;

STATE trigger_timtc)
IF #trus}

CALLP
SETSTATE

ENDIF;
ENDSTATE;

upd_cycle}
nevresp;
#/start/s

iner_cnt;
sleep;

#/tzigger_timte/;

wnit, ®/sh_timtc.mutex/;
#/ex2/;
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STATE txr2;
IF itzuo*
Do_AC

tell_timte;
CALLP  signal, #/sh_timtc.mtex/;
SETSTAIE #/tx3/;
ENDIF;
ENDSTATE}
STATE +xrd;
IF #txue;
CALLP signal, #/ah_timtc.avail/;
SETSTATE #/chk_audl/;
EXDIF;
ENDSTALE;

STATE chk_sudl}
IF (audi_cnt = $10)}

CALLP vait, #/sh_diegs.mutex/;
SETSTATE  #/chk_ai2/;
ERDIF;
IF #true;
CALLP nilprim;
SETSTATE #/chk_auda/;
ENDIF;
ERDSTATE;
STATE chk_nild;
IF #tzue
DO_AC audl;
CALLP  signal, #/sh_diags.mutex/;
SETSTATE  #/chk_u13/;
EDIF;
ENDSTATE;
STATE chk_n13;
IF #tzue;
CALLP  signal, #/sh_disgs.avail/;
SETSTATE #/chk_uud2/
EEDIF;
ENDSTATE;

STATE chk_sud2;
IF (aud2_cnt = %20);

CALLP wait, #/sh_dliags.mutex/;
SETSTATE #/chk_22/}
ENDIF;
IF #true;
CALLP nilprim;
SETSTATE #/chk_aud3/;
ENDIF;
ENDSTATE;
STATE chk_22;
IF #true
DO_AC audl;
CALLP  sigmal, #/sh_diegs.mutex/;
SETSTATE #/chk_23/;
ENDIF;
ENDSTATE;
STATE chk_233
IF #true;
CALLP  signel, #/sh_diags.avail/;
SETSTATE #/chk_suda/;
ENDIF;
ENDSTATE}

STATE chk_aud3;
IF (aud3_cnt = #30);

CALLP  wait, #/sh_diegs.mutex/;
SETSTATE #/chk_32/;
ENDIF;
IF Strue;
CALLP nilprimg
SETSTATE t/clenr/;
NDIF;
ENDSTATE;
STATE chk_32;
IF ttrna*
DO_4 aud3;
CALLP  signal, #/sh_diags.mtex/;
SETSTATE $/chk_33/;
EBDIF;
ENDSTATE;



STATE chk_33;
IF #true;
CALLP  signel, #/sh_diags.aveil/;
SETSTATE  #/cleax/;
ENDIF:
ENDSTATE;

ENDSELECT;
ENDLOOP
EEDTASK;

1
1 TiNIC Task

1

STAT rdy_tm, integer;
STAT wt. tm, integer;
STAT run_tm, integer;

VAR msg_out, t_msg_elt;
VAR msg_in, t.msg_elt;
VAR r_mag, t_msg_elt;
VAR rcv, string;

VAR result, integer;
VAR  fail, integer;

VAR tsk_stxt, integer;
VAR  tak_end, integer;
STAT caycls, integer;

ACTIVITY init;
*time tak_stxt}
ENDACT;

ACTIVITY upd_oycle;
stime tsk_end;
*zub  tsk_end, tsk_strt, oycle;
stime tsk_strt)

ENDACT

ACTIVITY
dely
ERDACT;

ACTIVITY
move
movs

eopy.in;
sh_tintc.meges, msg_in;

do_scan
20, fail;
#1, ti_date;
ticks l160;
rand #10, result;
if (result = te)i
move #1, faill
endif;
BEDACT}
ACTIVITY report_fail;
move #10, ns,_ont.typo;
move #/timtc/, msg_out.srec;
addg mag_out, sh_fauls.mages, #1;
ENDACT}

SETSTATE #/clear/;

LOOP*
STATRSELRCT;
STATE clear;
IF #true;
po_act
CALLP
SETSTATE
ENDIF;
ENDSTATE;
STATE start;
IF #true;
CALLP
SETSTATE
ENDIF3
ENDSTATE}
STATE respond;

upd_cycle;
neuresp;
#/stuzt/;

uait, #/sh_timte.avail/;
#/Tespond/;

IF Btrus;
CALLP wait, #/sh_timto.mutex/;
SETSTATE #/zenpl/;
ENDIF;
BEDSTATE:
STATE resply
IF #true
bOo_A copy.in;
CALLP signal, #/sh_timto.mutex/;
SETSTATE #/got_msg/3
ENDIF1
ENDITATE;
STATE got _msg;
IF (msg_in.typs = #23);
DO_ACT do_scanj
CALLP nilprim;
SETSTATE $/chk_results/;
NDIF;
IF #true;
CALLP nilprim;
SETSTATE #/clenr/;
EBDIF}
ERDSTATE;

STATE chk_resultsi
IF (fail = #1);

CALLP vait, #/uh_fault.mutex/
SETSTATE #/chx2/;
§DIF3
IF #true;
CALLP nilprimi
SETSTATE #/cenpons/;
ERDIF;
ENDSTATE;
STATE chk2;
IF #true;
DD_IC* report_fail;
CALLP  signal, #/sh_fault.mutex/;
SETSTATE  #/chkd/;
ENDIF;
ENDSTATE;
STATE chkd;
IF #tzue;
CALLP signal, #/sh_fault.avail/;
SETSTATE #/respons/;
ENDIF;
ERDSTATIE;

STATE respons;
IF (fail = #0);
CALLP

SETSTATE

SETSTATE
ENDIF;
ENDSTATE;

ENDSELECT;
ENDLOCP
ENDTASK;

i
i  TADIAG Task

{

STAT rdy_tm, integer;

STAT at_tm, integer;
STAT run_tm, integer;

VAR msg_out, t_msg_elt;
VAR msg._in, t_msg_el%;
VAR  r_meg, t.msg_elt;
VAR rov, string;

VAR zesult, integer;
VAR  fail, integer:

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
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endresp, #7;
#/clear/;

nilprim;
#/clenx/;



STAT

ACTIVI
L]

cycle, integer;

TY init;

ime tek_mtrt)

ERDACT;

ACTIVITY upd_oycley
etimes tok_e

sanb
stime

nd}
tak_ nnd, tsk_strt, cycle}
tek_strti

ERDACT;

ACTIVITY copy.
del

in;
sh_tidisg.meges, meg_ing

ENDACT}

ACTIVITY

mov
mov

addq

stop.mte;

s 831, mag_out.type;

¢ #/v1ding/, E out.sxa}
meg.cut, sh_signal.zsges, #1;

ENDACT}

ACTIVI
mov
tia
ran
if

TY
.
kl
d 810, :llult;
(result = 09){

H

do diufl
H

movo #1, 2ai

endif
EXEDACT

ACTIVY
mo¥
mov

addq

ERDACT

axagg
cal

SET
Loo|

H
]
TY report_fail;
e B0, mag_ont.type;
e #/tidiag/, msg out.sre;
meg_out, sh_fault.msges, ¥1;
H

ACT
LP

STATE

init;
nilprim;

#/clear/;

Py
STATESELECT;

STATE clears
F $true
DO_.AC
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE start;
IF #true;
CALLP wait, #/sh_tidiag.avail/;
SETSTATE #/respond/
ENDIF;
ENDITATE

STATE respond;
IF #srue;
CALLF wait, #/sh_tidiag.mutex/;
SETSTATE 8/zenpl/;
ENDIF;
ENDSTATE;

STATE respl;
IF #trus;
po_act copy.in;
CALLP signul, #/sh_tidiag.matex/;
SETSTATE  #/got_msg/;
EEDIF;
BIDSTATE;

STATE got-ms;:
IF Strue;
CALLP  wait, #/sh_signal.mutex/s
SETSTATE  #/got2/

ERDIF;
BEDSTATE;
STATE got2;

IF #true;

upd_cycle;
newresp;
#/stuxt/;

b0_ACT stop_mto}
CALLP signal, #/sh_signel.mutex/;
SETSTATE  #/got3/;
END]IF
ENDSTATE;
STATE got3;
IF strue;
CALLP signal, #/sh_signal.aveil/;
SETSTATE !ldiagno-o,?
E¥DIF;
ENDSTATE}
STATE diegnose;
IF #txuse
po_AC do_diag;
CALLP nilprim;
SETSTATE #/chk_results/;
EEDIF}
ENDSTATE;

STATE chk_ results;
IF (fail = #1);

CALLP wait, #/sh_fault.mutex/;
SETSTATE #/chka/
ENDIF;
IF #true;
CALLP nilprim;
SBTSTATE #/respons/;
ENDIF;
ENDSTATE;
STATE chk?i
#true;
no,. Act report_fail
CALLP signal, #/sh_fault.mtex/;
SETSTATE  #/chkd/;
ENDIF;
ENDSTATE;
STATE chk3;
IF $true;
CALLP  signel, #/sh_fault.avail/;
SETSTATE #/respons/;
ENDIF}
ENDSTATE;

STATE respons;
IF (fail = 30);
CALL

P endresp, #6;
SETSTATE #/cleanx/;
EADIF;
IF #true;
CA nilprim;
SETSTATE $/clenx/}
ENDIF}
EBRDSTATE;
ENDSELECT;
ENDLODP
ENDTASK;

; .
i MSGDIAG Task

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR
VAR
VAR
VAR
VAR
VAR

VAR
VAR
STAT

msg. out, t_msg_elt;
msg._in, t_mag_elt;
r.msg, t_msg_elt)
rocy, string
result, integeri
2ail, integer;

tak_strt, integer;
tsk_end, integer;
cycle, integer;

ACTIVITY init;

416



*time
ENDACT;

ACTIVITY upd_cyclsi
stime tsk_end;
ssub  tsk_end, tsk_strt, cycle;
stime tak_strt)

EEDACT;

ACTIVITY stop_integ;
move #20, msg_out.type;
move #/msgdisg/, msg_out.src;
addq msg.out, sh_signul.nsges, ¥1;
ENDACT;

ACTIVITY copy.inj
delq ash_magdiag.mages, msg._in;
E¥DACT;

ACTIVITY do_di-f:
move #0, fall;
ticks #200;
rand #10, result;
if (result = !9)1

move #1, fail;
endifi

ENDACT;

ACTIVITY report._fail;
move #10, mag_out.type;
move #/msgdiag/, meg_out.sro;
addq msg._out, sh_fault.meges, #1;
BEDACT;

tsk_strt}

SETSTATE #/olear/;

LDDP*
STATEBELECT;

STATE clear;
IF #tzue
DO_AC
CALLP
SETSTATE
ENDIF;
ERDSTATE;

STATE start;
IF #true;
CALLP wait, #/sh_msgdiag.avnil/;
SETSTATE $/zespond/;
ENDIF}
EEDSTATE}
STATE zespond;
IF #true;
CALLP wait, #/sh_msgdieg.mutex/;
SETSTATE s$/renp2/;
ENDIF;
ENDSTATE;

STATE respl;

¥ ttrus*
po_A copy.in;

CALLP signal, #/sh_msgdiag.mutex/;
SETSTATE  #/got_msg/|
ENDIF;
ENDSTATE;
STATE got_nsg;
IF strue}
CALLP  wait, #/sh_signal.mutex/;
SETSTATE t/gotd/;

ENDIF;
ENDSTATE;

STATE got2;
IF #true
DO_AC stop_integ;
CALLP signul, #/sh_signal.mutex/;
SETSTATE #/gox3/;
ENDIF;

upd_ocycles
nevrespj
#/sturt/;

EXDSTATE;

STATE got3;
IF #true;
CALLP signal, #/sh_signal.avail/;
SETSTATE s/diugnone/}

ENDIF;
ENDSTATE;
STATE diagnose;
IF #true
DO_AC
CALLP
SETSTATE
ENDIF;
ENDSTATE;
STATE chk_ramultsi
IF (fail = #1);

do_ding;
nilprim;
#/chk_vesults/;

CALLY wnit, #/sh_fault.mutex/;
SETSTATE #/ohk2/;
ENDIF;
IF #true}
CALLP nilprimt
SETSTATE #/zespons/;
ENDIF;
ENDSTAIE;
STATE chkl;
IF struse;
DO_IC* report_fail;
CALLP  signal, #/sh_fault.mutex/;
SETSTATE $/chk3/;
ENDIF;
ENDSTATE}
STATE chk3;
IF #true;
CALLP  signal, #/sh_fault.evail/;
SETSTATE  #/respons/;
ENDIF;
ENDSTATE;

STATE zespons;
IF (fail = #0);
CALLP sndresp, 6}

SETSTATE #/clenx/}
ENDIF;
IF $true}
CALLP nilprim;
SETSTATE #/clenr/s
ENDIF;
ENDSTATE:
EHDSELECT;
ENDLOOP
ENDTASK;

H
{ TONEDIAG Task

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR mag.cut, t_msg_ely;
VAR msg.in, t_meg_elt;
VAR =_msg, t_msg_elt;
VAR rev, string:

VAR  result, integer;
VAR  Zail, integer;

VAR tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;

ACTIVITY init;
stime tak_strti
EHDACT;

ACTIVITY upd_cycle;
stime tsk_end;
egub tsk_end, tsk_strt, cycle;
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stime
ENDACT}

ACTIVITY copy.ini
delg sh_tonediag.msges, mug.in;
ENDACT;

ACTIVITY select_tone}
move 82, meg_out.type;
move #/toneding/, msg_out.sroj
addq msg_out, sh_tones.meges, 813
BENDACT}

ACTIVITY do_ding;
move #0, fail;
ticks £260;
rond #10, result;
if (result = |9)£

#1, faily

tak_strt}

EBDACT}

ACTIVITY Teport. fail;
move R10, msg.out.typs;

move #/toneding/, msg._out.sxo}
addq msg._out, sh_fault.mages, #1;
ENDACT;
BEQIN
DO_ACT init
cafLp nilprim;

SETSTATE #/clear/}

LDOP*
STATESELECT¢

STATE clear}
IF itruo*
DO_AC
CALLP
SETSTATE

ERDIF;
ENDSTATE;

STATE atart;
IF #true;
CALLP wuait, #/sh_tonedlag.avail/}
SEYSTATE  #/respond/;
ENDIF;
ENDSTATE]

STATE respond;
IF #trne;
CALLP wait, #/sh_tonediag.mutex/}
SETSTATE #/zespl/y

ENDIF;
EADSTATE;

STATE respl;

IF #true;

pO_ACT copy.in;
CALLF mignal, #/sh_tonediag.mtex/s
SETSTATE #/got_msg/;

ENDIF;
ENDSTATE;
STATE got_mxg:

IF Strue;

CALLP
SETSTATE

EXDIF;
BADSTATE;

STATE got2;

1F lt:ua*
po_A select_tone;
CALLP signal, #/sh_tones.mutex/;
SETSTATE 8/got3/;

ENDIF:
ENDSTATE:
STATE gotd;

IF %true;

CALLP aignul, #/sh_tones.aveil/;
SETSTATE  #/diagnose/;

upd_cyole;
newresp;
#/atazrt/}

wait, #/sh_tones.mutex/;
8/got2/;

ENDIF;
ENDSTATE;

STATE diagnoss;
IF ttru&i

calLp
SETSTATE
ENDIF;
ENDSTATE}

STATE ckk_results;
IF {fmil = #1);

do_disg}
nilprim;
#/ohk_Tesulta/;

CALLP wait, #/sh_feult.mntex/;
SETSTATE  #/chk2/;
ENDIF;
IF #true}
CALLF nilprimg
SETSTATE  #/respons/;
ENDIF;
ENDSTATE;
STATE ohk2;
IF #true;
DU,IC* report _fail;

CALLP signal, #/sh_fault.mutex/;
SETSTATE #/chk3/;
ENDIF;
EXDSTATE;

STATE chk3;
IF &true;

CALLP signel, #/sh_fault.avail/;
SETSTATE #/respons/;
ENDIF;
ENDSTATE;
STATE zespons]
IF (fail = %0);
CALL

P endresp, #6;
SETSTATE #/clenr/;
ENDIF;
IF strue;
CALLP nilprim;
SETSTATE #/clear/;
ENDIF;
BNDSTATE;
ENDSELECT;
ENOLOOP
ENDTASK;

i
{ CHELDIAG Task
i

STAT rdy_tm, integer}
STAY wet_tm, integer;
STAT run.tm, integer;

VAR msg_out, t_msg_elt;

VAR msg.in, t_meg_elt;
VAR  r_msg, t.msg_elt;
VAR rov, string;

VAR  Tesult, integer;

VAR  faill, integer;

VAR  tsk_strt, integer;
VAR tsk_end, integer;
STAT oycle, integex;

ACTIVITY inity
*time tsk_strt;
BNDACT;

ACTIVITY upd_cycle}
stime tsk_end;
sgub  tsk_.end, tsk_strt, cycle;
stime tsk_strt;

EADACT;

ACTIVITY copy.in;
delq sh_chnldieg.msges, msg_ing
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EADACT ¢

ACTIVITY connect_chnl}
move #11, msg_out.typse;
move #/ochnldiag/, wag_out.src;
nddq wmsg_ocut, sh_connect.msges, #1;
BRDACT;

ACTIVITY mtop.integ;
move #20, msg_out.typs;
move #/chnldiag/, msg_out.szc;
addq msg_out, sh_signal.msges, #1;
BRDACT}

ACTIVITY do_di-g:
move #0, fail;
ticks tiﬁo;
rand #10, Tesulty
if (result = SQ)i

move #1, fuil;
endif;

ENDACT}

ACTIVITY weport fuill;
move #10, mag_out.type;
move #/chnldiag/, msg_out.sxc;
addg msg.out, sh_fault.msges, #1;
ENDACT

Pt 1
calLp

SETSTATE

init;
nilprim;
#/clenx/;

LBDP%
STATESELECT;

STATE clear;
JF #tzue
DO_AC
CALLP
SETSTATE

ENDIF;
ENDITATE;
STATE staxt}

IF #truse;

CALLP wait, #/sh_chnldiag.avail/;
SETSTATE  #/respond/;

ENDIF;
ENDSTATE;
STATE Tespond;

IF $true;

CALLP wait, #/sh_chnldiag.mutex/}
SETSTATE  #/xespl/;

BEDIF;
BEDSTATE;
STATE respl;

IF Rtrue;

DO_ACT copy_inj

CALLP signal, #/sh_chnlding.mutex/;
SETSTATE  #/got_msg/

EADIF;
EXDSTATE;

STATE got_msg;
IF svrue}
CALLP  wait, #/sh_connect.matex/;
SETSTATE  #/got2/;
ENDIF;
ENDSTATE;

STATE got2;
IF #trus
DO_AC connect_chnl;
CALLF signal, #/sh_connect.mutex/;
SETSTATE #/gotd/y

ENDIF;
ENDSTATE;

STATE got3i
IF ®true;
CALLP signal, #/sh_connect.avail/;

upd_cycle;
nevresp;
#/start/;

SETSTATE
E¥DIF;
ENDSTATE;

STATE sig:
IF #true;
CALLP  wsit, 8/sh_signal.mutex/;
SETSTATE  #/sig2/}
ENDIF;
ENDSTATES

STATE =ig2;
IF $true
DO_AC stop_integ;
CALLP signal, #/sh_signsl.mutex/}
SETSTATE #/uig3/s

ENDIF:
ENDSTATE;
STATE sig3;
IF #trusei
CALLP signal, #/sh_signal.avail/;
SETSTATE $/dingnose/;

ENDIF;
ENDSTATE;

STATE dimgnose;
IF #true;
00_Act
CALLP

SETSTATE

ERDIF;
ENDSTATE;

STATE chk_results;

IF (fall = %1);

CALLP woait, #/sh_fault.mutex/}
SETSTATE  #/chkd/;

BRDIF;

IF #true;
CALLP
SETSTATE

ENDIF;

BEDSTATE;

STATE ohk1;
IF #true
DO_AC report_fail)
CALLP signal, #/sh_fault.mutex/;
SETSTATE 8/chk3/;
ERDIF;
BNDSTATE;

STATE chkd;
IF ftrue}
CALLP signal, #/sh_feult.avail/;
SETSTATE #/respons/
EADIF;
EXDSTATE;

STATE respons;
IF (fail = 80);
CALLP

#/uig/1

do_ding;
nilprimg
#/chk_resulte/;

nilprim;
#/zespons/

sndrasp, #8;

SETSTATE #/cleax/}
ENDIF;
IF ftrue;
CALLP nilprim;
SETSTATE 8/clenr/
ENDIF;
ENDSTATE;
ERDSELECT;
ENDLOOP
ENDTASK;
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B.4 Scheduling Analysis Software

This section containa all of the Design-Aid code used to model the simulations presented in the
acheduling analysis part of the design methodology chapter.

B.4.1 Baseline System Software

The kernel used to obtain the baseline nchedulinﬁ results is that presented in section B.2.2. The
application software used to obtain the baseline scheduling resultas is that presented in section B.2.3.

B.4.2 Timeslicing Kernel

The kernel used to implement time sliced acheduling is exactly the same as that used in section B.2.2
with the addition of the following interrupt handling primitive.

PRIN evt_slc;
disabie #io;
ackint 85}
sudd 21, evt b, evt_5;
stime start_os;

s+time curr_tob.sts.finish;

#sub curr_tcb.sts.finish, ourr_teb.sts.begin, curr_tcb.sts.beging
sadd curr_tob.sts.begin, onrr_ tcb.sts.run_time, curr_tob.sts,run_time;
smove ourr_tchb.sts.run_time, Orun_str;

stime curr.tcb.sts.beging

pop taskstk, Tet_po;
wove taskstk, ourr_tcb.stk;
move ret_pc, curr_tch.pont;
enll sched_rtr_task, curr_tebj
oall run.rtr_task;

ENDPRIN;

bind evt_slc, #5;

B.4.3 Response Priority Kernel

The following node file contains the global type definitions used in the response priority kernel.

10DE FILE

t_trace_elt.act Valnes: #1 - Msg Sent
#2 - Msg Accepted

i
i
i
i
i
:
: 2
3
}
:
i
’
]
i

$3 - Shared Data Write
~ Shared Data Resd

#56 - Response Ont

#8 - Event Tzigger

#7 = Start Read Delimiter
88 =~ End Read Delimiter
%0 - Start Msg Delimiter
#10 - End Msg Delimiter

TYPE t_trace_elt = node_neme:string ;
task_nameistring o
act tinteger «;
time tinteger +;
misol tinteger +;
miscl tinteger;

TYPE t_msg_elt = data 1 integer +;
type t integer #3
prior t integer »;
arc t string
trc.size : integer; No. of associated trace elts
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VAR nod_nume, string; value must be initizlized in kernel task

VAR nsg._zdy, integer; used for sxternanl messuges by NSG
VAR nagtype, integer; used for sxternal mesgages by MG

VAR synch_loss, integer; used by SYNCH

ViR sig.rdy, integer; used for signalling messages by SIGEAL
VAR sigtype, integer; used for signalling messzges by SIGNAL
BVENT clki;

KERNEL basel;

TASK mseg, 10}
TASK idle, 1%

EEDTODE;

The following kernel was used to implement acheduling based on response priorities instead of

}imilévidunl task priorities. The response priorities are propsgated by messoge tags in the msg.prior
eid.

KERNEL CODE FILE

This kernel contains the following primitives:
nonblocking send
blocking selective receive

The folloving response types are supported:
# 3G fault Teport sent to svitching center

i

i

§

¥

}

i

i sleep

3 get datn from ancther task

} nilprim

: The following external message types are supported:

H #1 - start call setup

i #2 - provide tone

i #3 - run disgnostic

H #4 ~ integrity ok

3 #5 - integrity fullure

- #6 - call tekedown

; The Tollowing internal message types are supported:

H #1 -~ START ~ rsqQuest call metup

! #2 -~ TDEES =~ request for tone

$ #3 - DIAG ~ reguest mingle randem diagnostic
1 g -

} i -

i %8 -

3 #T - NSG ~ repert fault

f #8 - Hs6 - parform and report synch operation
H $9 - FAULT = synch loss

H #10 - FAULT ~ gonexal fault report

H #11 - CONMBECT = pesrform connect/disconnect

i %12 - CHELS - allocate channsl

} #13 - CHELS = fzes channel

H #14 - all tasks - channel granted

H #15 ~ STAT - call setup complete

1 #1868 - SIGNAL - start integrity checking

} #17 - STAT - integrity failure repoxt

$ #18 - END - caller hung up

H #10 - STAT = call finished

i #20 - STAT - stop integrity checking

; £21 ~ xll diags - run diagnostie

i #22 - TiNIC -~ stop caxrier checking

i #23 - TINIC - monitor carriers

t

H

H

} #2 - N3G - synch source changed

§ #3 ~ CONNECT - switch center tone reguest connected
i #4 - STAT - eall finished

i #6 - STAT - call started

i #8 - alldiags - diagnostic completed without failure
i &7 - TIMIC - carrier soan completed without failure
]

KERNEL baseb;
TASK kern tausk, 50;
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TYPE t_tcb_stats = rdy.time : integer »;
run_time : integer *;
wt_time 1t integer *i

begin t intoger *;

¢inish @ integer *j

resp.q ¢ queue } of t_trace_elt
TYPE t_shared_stats = date_trace :queue ; of t_trace_elt
TYPE t_tcdb = nume 3 string » ; task name

num t integer #}

status ! string * t task stete
priority: integer # ; prioxity

pent 1 integer ¢ } program counter
elt_str: string ¢ 3 Tcv meg elt

stk : stack * ; local task stack
sts 1 t_tcb_stats } task control bleck

TYPE +¢_sh_date = tsk_nm : string »; task name
num_msgs : integer *; number of gueted messages
mEgs 1 queus ¢ messaoge queus (t_meg_elt)
trcs t queue; trace guens {(t_trace_elt)

TYPE t_mag_struct = task._nm 3 string *; task nams
vaiting : integer »; flag set if blocked for msg

msg.q ! quens #] message quene (& _msg_elt)
trages ! queue ¢} trace queue {t_trace_elt)
wt_type ! integer *; type of msg blocked on
block ! t.tcb; tcb walt ares

TYPE ¢_4id_struct = nem : string *;

tre_name t string *;
st_nume : string;

SHARED comm.q, queune; of t_id_stzuct (one elt per task);

SHARED sh_t1, <t_sh_dataj
SHARED sh_t2, t_sh_data}
SHARED sh_t3, t_sh_data;
SHARED wsh_t4, t.sh_data;
SHARED sh_tB, t_sh_data;
SHARED sh_t8, t_sh_dataj
GHARED sh_tT, t_sh_datw;
SEARED #h_t8, t_sh_data;

ARED sh_t9, t_sh_dataj
SEARED sh_tib. t_sh_deta;
SHARED sh_t11i, t_sh_datm;

ARED sh_+12, t_sh_data;

ARED sh_+13, t_sh_data;

ARED sh_t14, t_sh_duta}

ARED ash_t15, t_sh_data;
SHA sh_t16, t_sh_datn}
SHA sh_t17, t_sh_data;
SHA ti_data, integer;

SRARED stmt_date, integer;
YHARED num_guened, integer;

; Memsage gqueues

VAR loo.comm_g, gueus; of t_id_struct (one elt per local task)
VAR st_elt, t_id _struct;
VAR 1_t1, t_msg_struct;
VAR 1_t2, t_msg.struct;
VAR 1_%3, ¢ _meg_struce;
VAR 1_t4, +_msg_struot
ViR 1_.t6, t_msg_struct;
VAR 1_t6, ¢t _msg_struct;
VAR 1_.t7, t_meg_mtruct;
VAR 1_t8, ¢t msg_struct;
VAR 1_t9, t_msg_stinct;
VAR 1_t10, t_msg_struct]
ViR 1.t11, t_msg_struot;
VAR 1_ti12, <t_msg_struct;
VAR 1._¢13, ¢t_mag_struct;
VAR 1.ti4, ¢t_msg_struct;
VAR 1_t15, ¢t_msg_struct;
VAR 1.t168, <t _msg_struct;
VAR loeoal, string;

ViR shared, string;

VAR lec.tre, string;

VAR sh_trc, string;

STAT wsends, integer;
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STAT os_ovhd, integeri
STAT smo_ovhd, integer;
STAT switches, integer;
STAT preesmpts, integer;
STAT evt_ 0, integex;
STAT evt_1, integer;
STAT evt_2, integer;
STAT evt_3, integer;
STAT evt_4, integer}
STAT evt_B, integer;
VAR start_oz, integer;
VAR  end_os, integer:
VAR  elapsed, integer;
VAR s=mg¢_start, integer;
VAR so_snd, integer}
VAR rdy_str, string;
VAR wt_str, string;
¥AR rtun_str, string;
VAR  end_str, string;

VAR swvait , queus)

VAR wt_chk, integer;
VAR msg.str, string
VAR dest_str, string;
VAR temp_tob, t_tob;
VAR temp2_tch, t_tcb;
VAR ret_po, integer;
VAR tmp_stk, atack;
VAR num_parms, integeri
VAR found, integer;
VAR mmg_typs, integer;
VAR data_size, integer;
VAR nil_queus, queus
VAR nil_string, string;
VAR msg.elt, t_msg_elt)
VAR m_num, integer;
VAR templ_q, queue;
VAR mtype, integexr;
VAR gq_sz, integer;

VAR done, integer;

§ Olobal Kernel Varicbles

VAR ocurr_ tcb, t_tch ; current task control bleck
VAR  proclist, queue ; copy of task name list
VAR br_chk, integer 1 branch condition check
VAR tempstr, string; ; temporary string vmlue
VAR tcb_name, string; { current task name;
VAR rtr, quene } Teady to run queune;

} Variables for get_looal and get_sh procedures

VAR  g.q.size, integer;
VAR g_found, integer;
VAR  g.mt_elt, t_ld_struct;

; Variables for response_npdate procedure

VAR  action, integer

VAR prie, integer

VAR trace_elt, t_trace_elt
ViR msg_elt_name, string
VAR dest_elt_name, string
VAR  delim_elt, t_trace_elt
VAR q_size, integer

VAR data_nsme, string

VAR temp_q, queus

notion requested in respense_update
send prioczity

nev responsa trace elemsnt

name of msg elt for response trace
name of msg queue

mag or data trmce delimiter

size of trmas quene

nume of shared date variable

data Tesponse gueus copy

-t e we we mE wr W me

{  VARIABLE declarstions for procedure RUN_RTR_TASK

VAR  error, boolean} Set if no rendy processes
3 VARIABLE declarstions for procedure SCHED_RTR_TASK
VAR rtr_peb, t_tecb; PCE to be scheduled

; PROCEDURE response_update (Cname : string;
3 action: integer)
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H
: This procedure updates the response trace queues

PROC responme_update;
spop taskstk, action;
*move nod_name, trace_slt.node _name;
smove cturr_tcb.nume, trace _slt,task_name;
*time trace_elt.tima;
*move  actien, trace_elt.mct;

wif (mction = #1) SEND MSG
*pop tankstk, prio}
spop taskstk, dest_elt_name;
*pop tuskstk, msg_elt_name;
*addq trace_slt, curr_tcb.sts.resp_q, #1;
*move curr.tchb.sts.resp_q, temp.q;
*sizeq tonq;_q. q.size;
*movs  f_size, Cmsg_elt name.trc_sixze;
swhile (q_size > %0);
*delq temp_q, trace_elt;
*addq trace_elt, Odest_elt_name, prioj
ssizxeq temp_q, g.size;
sendwhile;
sendif;

vif (action = #3) RCV N3G

*pop taskstk, dest_selt_nams}

*pop taskstk, mg_olt-nm-;

‘move  trace_elt, delim_elt;

*addq  trace_slt, curr_tcb.sts.resp.q, #i;

*move 89, delim_elt.act;

*addq doii.m_clt, curr_tcb.sta.resp_q, #1;

srove Cmsg_elt nams.trc_size, q_sixe;

*uhile (q_size > #0);
*delg CQdest_elt_name, trece_elt;
*addq trace_elt, curr_tch.ste.resp_ g, #1;
*3ub q.size, 81, q_size;

sendwhile;

*move %10, delim_elt nct;
*addq dol:ln_olt, cn:r_tcﬁ.ltn.:up_q, 1
sondif;

*if (action = £3); DATA WRITE

*pop .taskstk, data_nume;

*addq trace_elt, curr_tch.sts.resp_g, ¥1;

*move curr_tch.sts.resp.q, @data_name.stats.trace_g
sendif;

vif (nction = n)i DATA READ
*pop taskstk, date_name;
*move trace_elt, delim_elt:
*addq trmce_elt, curr_tcb.sts.resp_q, ¥1;
*move #T7, delim_elt.nct;
seddg doiin_olt, ourr_tcb.sta.reap_q, #1;
*move Odata.name.stuts.data_trace, temp_q;

*sizeq temp.q, q._size;

eyhile (g.size > 20);
*delq temp._q, trace_elt;
saddg trace_elt, curr_tcb.sts.resp.q, 31;
ssixeq temp_q, q.size;

*endvhile;

*move 88, delim_elt.mot;
*nddg doiim_olt, eurr_tcb.sts.resp_q, #13
sencify

*if (mction = ¥E) RESPONSE OUT
*pop taskstk, trzce_elt.minci;
¢addg trace_elt, curr_tchb.sta.Tesp_q, #1;
*sizeq curr_tcb.sts.resp_g, q._siue;
svhile {(q_sixe > #0);
sdelq curr_tcb.sts.resp_q, trmce_elt;
sftype #/tmsk: /;
+ftype trace_elt.task_name;
+ftyps ®/ action: /;
sftyps trace_elt.act;
eoftype #/ time: /;
sftype truce_elt.time;
eftype %/ misci: /;
vftype trace_elt.miscl;
eftype &/ mise2: /;
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«ftypecr trmce_elt.miscd;

sgizeq ocurr_tcb.sts.resp.q, q_size;

senduhile;
«ftypecy end_str;

sendif;

+if (action = #8) EVENT TRIGGER
*po taskstk, trace_elt.misci;

totLo trace_elt.mimcl, trace_elt.misc2;

saddg trace_elt, curxr_tcb.sts.resp.q, #1;
sondif;

ENDPROC;

PROGEDURE zun_rtr_task

i

: This procednre tukes the first ready to ran task off the rtr

H quens (this is the one with the highest priority) and coples

H itc saved state into the current processor state. If thers are
} no ready to run tasks, then an erzor messags is printed and

H the Xkernel terminates.

PROC zun_ rtr_task;
wtime sc_start]
sizeq rtx, br_chk;

IF (br_chk = #0);
grintor #/ERROR: NO RTR PROCESSES/;
alt;
ELSE;
delg zrtr, curr.tchb)
move curr.tchb.nume, tcb_names
cxtsv tob_name;
sndd #1, switches, svitches;
+time ourr_tob.sts.finish;
#sub ourr_tcb.sts.finish, curr_tcb.sts.begin, curr_tcb.sts.begini
eadd curz_tcb.sts.begin, curr_tcb.sts.rdy_tinme, curr_tob.sts,rdy. time;
emove ¥/rdy.tn/, rdy_str;
smove curr_tcb,.sts.rdy_time, @rdy_str;
smove curr_tcb.sts.wi_time, Qwt_str}
stime curr_tcb.sts.begin;

move #/running/, curr_tcb.status;

moye cunrr_tch.stk, taskstk;

wtime end_osi

sgub end_os, start_on, elapsed;

sadd elupsed, os_ovhd, os_ovhd;

stime so_end;

sgudb so_end, sc_start, so_start;

»add so_start, lc_ovhi, sc_ovhd;

enable #10;

move curr_tcb.pent, poj

ENDIF;

ENDPROC;

; PROCEDURE sched_rtr_tmsk (rtr_peb : t.pcb)
§ This procedure mnocepts a process contrel block and adds it to
1 the remdy to run quens in a priozitized fashion.

PROC sched_xtr_task;
stime sc_start;
pop taskstk, rtr_pebi

move #/rendy/, rtr_ peb.status;

etime Ttr_pcu.sts.finish;

esub rtr_pch.sts.finish, rtr_pcb.sts.begin, rtr_pch.sts.begin;
sadd rtr_pcb.sts.vegin, rtr_peb.sts.uwt_time, rtr_peb.sts.ut_time;
smove taskstk, tmp_stk;

¢time rtr_pch.sts.brgin;

anddq =ztr_pet, rtr, rtr_pecb.priority;

if (rtr_peb.priority > curr_tcb.priority);
pop taskstk, ret_pc;
pop taskstk, ret_pc
movye ret_po, ourr_tcb.pent;
move taskatk, curr_tob.stk;

stime curr._tcb.sts.finish;

ssub curr_tcb.sts.finish, curr_tcb.sts.begin, curr_tcb.sts.begin;
eadd curr_tch.ste.begin, curr_tcb.sts.run_time, curr_tch.sts.run_tines
emove curr_tch.sts.run_time, Orun_str;

stize curr_tch.sts.begin;
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move #/ready/, curr_tchb.status;
addg curr.teb, rtr, curr_tch.priority;
sadd  #1, presppts, preempts;
stime sc_end;
sgub sc_end, so_start, sc_start;
«pdd sc_start, sc_ovhd, sc_ovhd;
call run_rtr _task;
halt}

endif}

stime sc_end;

ssub wmc_end, sc_start, sc_start;

spdd sc_start, lc_uvh&. so_ovhdj

ENDPROC:

PAOCEDURE get_sh (taskname : string)

i

i

} This procedure nccopts a task neme and sets the shared and

H sh_trc variables to hold the names of the task’'s messaging and trace
H structures.

PROC get_sh;
pop taskstk, tempetr;

move #0, g_found;

lockl
sizeq corm._gq, E_q.size;
while {g.q.sise > #0) & ("g_found);
delg comm.q, E-St_el%;
if (g.st_elt.nom = tempstr)|
move #1, g._found;
endif;
addg g.st_elt, comm_g, #1;
sub g-q.size, %1, g_q_size;
endwhile;
unlock}

iz (g.found = #1);
move g_st_slt.st_name, shared;
move g_st_elt.trc_name, sh_trcy
elme}
move nil_string, shured;
move nil_string, sh_tre;
sndi?;
EBDPROC;

PROCEDURE get_local (taskname : string)

]

H

$ This procedurs macepts u task name and sets the loecal and
H

]

loc_trc variables to hold the names of the task’'s messaging and trace
structures.

PROC get_local;
pop taskstk, tempstr;

move #0, g_found;
sizeq loc_comm_q, §.q-size;
while (g_q_size > #0) & ("g_found);
delq loc_comm_q, g5t _elt;
it (g_st_elt.nom = tempstx);
move #1, g_found;
sndif;
addq g.st_elt, loc_comm.q, #1;
sub g-q-size, #1, g_q_size;
endvhile;

if (g_found = $1);
move g_st_elt.st_name, local;
move g.st_elt.trco_name, los_tre)
elne;
move nil_string, locul;
move nil_string, loc_txos
endifs
EBEDPROC;

PRIMITIVE nilprim

i
i
i This dummy primitive does nothing except pull in interncde
3 messages.

PRIN nilprim;
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disable #10;
stime start_osi
emove ourr.tob.sts.rdy._time, Cxdy_stx|
smove curr_tcb.sts.et_time, Owt_str;
smove ourr_tcb.sts.run_time, Grun_str}
iz (num_queued > #0);
move 40, done
sizxeq loc_comm_q, q.SE}
vhile {q_sz > #0) & (“dene);
delq 1loc_gomm_g, st_elt)
move St_elt.st_nume, locali

onll get_sh, st_elt.nom;

lock;
while (Oshmred,num_msgs > #0);
stb  num_queued, $1, num_quened;
sub Gshared.num_megs, #1, @shared.num _msgs;
delq ©shared.msgs, meg.elt;

i? (Qlocal.weiting = #1);
47 (€looal.ut_type = mag_elt.type);

addq msg_elt, Olocal.msg._q, #2;

sghile (msg_slt.trc_size > 80}
sdelg Cshured.tres, trace elt;
enddq trace_elt, Olocal.truces, ¥2;
*sub nmsg_elt.tro_size, $1, mug_elt.tro sise;

wendwhile;

oluj
addq msg.elt, Olocal.msg.q. $1;
euhile (mug_elt.tro_size > #0);
+delq Oshared.tros, trece_slt;
saddq trace_elt, Olocul,traces, ¥1;
*sub msg_elt.tro_sixe, $1, mag_ elt.tro_size;
sgndvhile}
endif;

if (0locwl.wt_typs = #0) | (€local.ut_typs = mzg _elt.type);
move $0, Glocel.waiting;
move meg.elt.prior, Olocal.bleck.priority;
move #1, done}
endif}
endif;
sndvhile;
unlock}

addg st_elt, loc_comm_q, ¥1;
sub q_sx, #1, q_sx;
sndwhile;

i# (done = $1);
call sched_ztr_tausk, €local.blocki
endif;
endif;
enable $10;
ENDPRINM;

PRINITIVE send (Gtask_name : stringj Cmsg : string)

This primitive mccepts the nume of u destination task and a

}
i
: message pointer. It then performs a nonblocking send opsration.

PRIX sendi
disable 810}
ondd $#1, sends, sends;
etime start_osg
pop taskstk, msg _str}
Pep teskstk, dest_str;

cnll get_locnl, dest_str;
if (local <> nil_string);
i# (Qlocal.waiting = #1);
if (Olocml.vt_type = Cmsg_str.type):
scall response_update, msg.str, loc_tre, 321, #1;
addq Cmsg_str, Qlocal.zsg. <, #2
elue
-c‘mll response_update, msg_str, loc_trec, #1, ¥1;
uddg ©Cmsg_str, Olocal.msg.q, #1}
endifi

if ((€locsl.wt_typs = 30) | (Olocal.ut_type = Gmsg_str.type));
move 80, Qlocal.waiting;
move €msg_str.priozr, flecal.block.priority;
call sched_rtxr_task, Olocel.bleck;
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alne
*élll response_update, meg_str, loc_trc, #1, #1;
addg Omzg_str, Olocal.msg.q, #1;
endif;
slue;
onll get_sh, dest_str;
lock;
add #1, num_quened, num_queued;
scall response_update, msg_str, sh_trc, #1, #i;
uddq Omsg_str, €shared.megs, #1;
wdd 1, Cshazred.num _msgs, Gshared.num _msgs;
unlock;
mdif;

stime end_os}
sgub end_os, start_os, elapsed;
sadd elapsed, os_ovhd, os_ovhd;

enable #10;
ENDPRINM;

PRIMITIVE recr (msg.type : integer; Cmsg : string)

H
§ This primitive perfoxrms a blocking selective receive operstion.

H It accepts the type of message expected (%0 menns accept any type)
H and u pointer to where the messuge is to be pluced. It s

H specific receive type is specified, the task ia blocked until

1 that type is svailable. Othervise, the calling task is blocked

H until any message beccmen avallable.

PROC block_rav;
stime curr_tcb.sta.finish;
egnb ourr_tcb,.sts.finish, curr_tch.sts.begin, curr_tob.sts.begin;
endd curr_tch.sts.begin, curr_teb.sts.run_time, curr_tcb.sts.run_time;
smove curr_tch.sts.run_time, €run_str;
stime cu::_tcb.sel.hoglnl

move msg.tYps, Olccal.wt_type;
move #1, Glocal.waiting}

move msg_str, curr_tcb.elt_strj
move #/wnit/, curr_tcb.status;
move taskstk, curr_tcb.stk;

add #2, pe, ocurr_tcb.pent;
move curr_teb, €locel.block;
call run_rtr_task;

diseble £10;

move ourr_tob.elt_str, mag_str)

onll pget_local, currtaskj
move 80, Clocal.waiting;
sineq Olocal.msg_q, done;
i {done > #0);
delg Olocal.msg_q, ¢msg.str;
scall response_update, msg_str, loc_trc, #1;
endif;
ENDPROC;

PRIN recy;
disable #10;
stime start_os;
pop tuskstk, msg_str;
Pop taskstk, msg_type;

cnll get_local, carrtask;
call get_sh, currtask;

while (@shared.num_mags > 20}
lock;
sub  num_queued, ¥1, num_quened;
sub Gshared.num _msgs, #1, @sharsd.num _msgs:
delqg @shared.mags, msg_elt}
addq mag_els, €local.msg.q, #1;
svhile (msg.elt.tro_sixe > #0);
sdelg Cshared.trcs, trace_elt;
epddq trace_elt, Olocal.traces, 81
agub nsg_elt.trc aixe, #1, meg_elt.trc_size;
sondvhile;
unlock;
endwhile;

move 80, found;
sizeq ©local.meg.q, q_size;
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if (q_size = ¥0);
cmull block_rev}
elme;
move #1, found;

if (msg_type <> #0);

jTeorder msg queus because receive specific

move nil_queue, temp_q;
emove nil_gueus, Sempl_qi
move $#0, found;
sireq €locul.msg_q, m.num}
vhile (m num > #0);

delg ©local.msg.q, msg.elt;

if (“found) &k (msg.elt.typs = msg _type);

move #1, foundj
addg msg_elt, temp.q, ¥2;
syhile (msg_elt.trc size > #0)

slt}

, BSE_elt.tTC_mize;

sdelq @local.traces, trace_

epddq trace_elt, templ.q, #1;

sgub mag._elt.txc_size, #1
sendwhile;

.llié

addq msg.elt, temp.q, %1

syhile (msg_elt.trc size > #0)
wdelg
saddq
sgub mag. elt.trc_snize, ¥
sondwhile;

endif;

sizeq Clocal.mag.q, B.num;
endwhiles
move temp.q, Olocal.msg.dq;
smove temp2.q, €local.traces;

endif}

iz (“found);
call bloeck_xcv}
ol

e
delq Olocal.msg.q, Cmsg_str;

Qloocal.traces, trace_
trace_elt, templ2_q, #13

olt}

, mag_elt.txc.size;

move €msg._str.prior, curr_tcb.priority;
scall response_update, msg.str, loc.tre, #1;

stime end_os]
*sub end_os, start_os, elapsed;
#sadd elapsed, os_ovhd, os_ovhd;
endif;
endif;
enable ¥10;
BEDPRINM;

{ PRINITIVE sleep
i
i
1 the slesp wait quene,
PRIN sleep;
disable %10}

stime StArt_os;}
pop taskstk, Tet_po}

stime curr_tcb,.sts.Zfinish;

ssub ourr_tcb.sts.finish, curr_tcb.sts,
epdd curr_tcb.sts.begin, curr_tch,.sts.zun_
smove curr_tcb.sts.run_time, Grun_stri
stime curr_tcb.sts.begin;

move #/walt/, curr_tchb.status;
move taskstk, curr toch.stk;
move et pc, ourr_tcb.penti
wddq ourr_tcb, svait, curr_teb,.priority;
call run_rir_task;
ENDPRIN;

PRIMITIVE get.data (task_name : string; data

This primitive simply blocks the calling task by pusting it in

begin, ourr.tcb.sts.begin;

time, curr_tch.sts.run_time;

_name : string; size : integer)

This primitive simulat

of shared nccesses kIe
of duts requested.

PRIN get_data;
disable #10;

e

specified source task is

oa data nccess betveen tasks. If the
not resident on the processor, then a number
made. One mccess is mude for every 100 byles
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etime start_os

b
pop taskstk, datu_wize;
pop tuskstk, meg. str]
Pop tuskstk, dest_str]

oall got_loeal, dest_str|
12 (local = nil_string);
while (data_smize > %0);
look;
move Cmsg_str, q.size;
unlock;
sub  data_size, #100, duta_size;
endwhile;

else;
ghile (datm_sixe > #0);
move q.sixze, q_size;
sub data_sixe, $100, data_sixe;
endwhile;
sndif;

stime ond_os;
esub end_os, start_os, elapsed;
eadd elapsed, os_ovhd, os_ovhd;
anmble $10;

EEDPRIN;

PRINITIVE end_remp

i
: This primitive simply calls responss updute to print the
i Tesponse tIMCES.

PRIN endresp;
sdisable #10;
ap:i taskstk, m_num;
scall response_update, m_num, #5;
«snabls $10;
ENDPRIN;

{ PRINITIVE new_resp
i
3 This primitive clears the calling tusk’s current trace gueus.

PRIN newresp!
+disable #10;
esigeq curr_tcb.sts.resp.q, q.size;
*WEILE (q.size > #0);
+delq ourx_tcb.sts.resp.g, trace_elt;
ssizeq curr_tchb.sts.Tesp_q, q.size;
OIIDHEILE{
sgnable #10;
ENDPRIN;

PRINITIVE evt_synch

This primitive serves us the interrupt handler for the synchronization
primitive. This interrupt is raised periodically every & seconds.

PRIN evt_synch;
disable #10;
ackint #0;
sadd 81, evt 0, evt 0}
stime stoTt_os;
sizeq swait, wt_chk;
move 40, found;
wvhile {(ut_chk > #0) &k (“found))}
delq swait, temp_tob;
if (temp.tcb.nume = #/synch/);
move #1, found;
move 076. temp_tchb.prioxity;

Oll.&
addq temp_tcb, swalt, temp_tcb.priority;
snb  wt_chk, #1, wt_chk;
endif;
endvhile;

if (found)i
smove curr_tecb, templ_tab;
*move temp_tcb, curr_tcb;
sgall response_update, #2, #6;
emove ourr_tch, temp_tch;
emove temp2_tcb, curr_tech;
call sched_ttr_task, temp_tcb;
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endif;

etime end_on;

sgub end_os, start_os, elapsed;
sadd elapsed, os_ovhd, os_ovhd}

snuble #10;
ENDPRIN;

PRIMITIVE evt_loss.synch

loss primitive. This interrupt is raised sporadically to signal a loss of

i
; This primitive serves us the interrupt handler for the synchronization
¥

} synchronizatien.

PRIM evt_loss_synch;
disable #10;
ackint #1;
eadd #1, evt_ 1, evt _1;
st ime stut_u;
move #1, aynch_loss;
sixeq swalt, wt_chk;
move 80, found}
while ((ut_chk > #0) &k {"Zound));
delg swalt, temp_tobj
if (temp_tob.name = #/synch/);
move ¥#1, found;
move #80, temp_tch.priority;

oln&
addq temp.tcb, sumit, temp_tcb.priocrity;
sub  wt_chk, #1, uwt_chk;
endif;
sndvhiles

if (found);
smove ourr_tchb, templ_tch;
smove temp_tcb, curr_tob;
sgall response_updute, #1, $8;
smove ourr_.tcb, temp_taob;
smoye templ2_teob, ocurr_tob;
call sched_rtr_task, temp_tcb;

ondif;

stime end_os;}

sgub end_os, start_os, elapsed;

+pdd elapsed, os_ovhd, os_ovhd;

ennble #10;
ERDPRIM;

PRIMITIVE evt_msg.Ix

This primitive serves as the interrupt handler for the incoming external
message interrupt. This interrupt is raised sporadically to signal the
arrival of a message. It makes the MSG tusk ready to run from the
blocked Teceive state.

e L

PRIM evi_msg_IX;
disable %103
ackint H
*add #1, evt 2, evt 1}
stime start_os}
move #1, msg_xdy;
rand #10, wt_chk;
if (wt_chk < #6)}
move #1, msgtype;
else;
1f (ut_chk < $8);
move 82, megtype
else}
move #3, magtype;
endif;
endif;

»
"

ROYe #0, done|
call got_local, &/msg/;
if (Clocal.waiting = #1);
move #0, Olecul.waiting;
smove ourr_tcb, templ_tch;
smove @local.block, curr_tcb;
scall response_update, %2, té:
if (msgtyps = %1);
move #50, curr_tcb.priority;
alse}
12 (msgtype = #2);
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move #80, curr_tcb.priority;
else;
move #60, curr_tch.priority;
endif;
endif}
smove curr_tch, @locul.bleck;
*move tonpz_tcﬁ, curr.tchb;
move #1, done;
sndif;

if (done = #1);

call sched_xtr_task, €local.block;
endif;
stime end_osg
ssub oend_os, start_os, elupsed:;
sadd elapsed, os_ovhd, oa_ovhd;

snable B10;
ERDPRIN;

PRIMITIVE evt_signal

¥
: This primitive serves ms the interrupt handler for the signalling

} interrupt handler. This interrupt is raised sporadicnlly te signal the
} arrival of a signalling event. It mukes the SIGNAL task remdy to Tun

H from the blocked Teceive state,

PRIM evt_signul;
disable #10;
kint #3;
vadd #1, ovt 3, evt ]}

rand #10, wt_chk}
if (wt_chk < #56);
move &6, sigtype:
elue;
if {(wt_chk < #8);
move 84, sigtype;
elme;
move #6, nigtype;
endif;
endif;

move #0, donej
call get.local, #/signal/;
i2 (®local.weiting = #1);
move #0, @local.waiting;
smove curr._tob, temp2_tcb;
smove @local.block, curr_tcob;
+call response_updnte, #3, ié;
if (sigtype » #6);
move #80, curr_tecb.priority;
slee}
if (sigtype = 36);
move #70, curr_tcb.priority;
endif
endif;
spove curr_tob, @local.bleck;
smove temp2_tcb, curr_tobi
move #1, done;
endif;

it .done = #1);
call sched_rtr_task, €local,.block;
endif;
stime end_o»;
szub end_os, start_os, elapsed;
sadd elapsed, os_ovhd, os_ovhd;

enable #10;
ENDPRIN;

{ PRINITIVE evt_clk

i

i This primitive serves ms the interrupt handler for the clock interrupt

3 used s & timing base fir the andits tesk. This is n periodic interrupt.

PRIX avt_clk
digable #10;
ackint 84;
epdd 21, evt_4, evt_4;
etime stazrt. os;
sizeg swalit, wi_chk}
move 20, foundi
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vhile ((wt_chk > 20) & (“found));
delg swait, temp_tob;
if (temp_taob.nsme = #/audits/);
move #1, found;
.1'.&
uddg +temp_tcb, swanit, temp_tcb.priority;
sub wt_chk, #1, wt_chk;
endif;
endwhile;

if (found) é
move #80, temp_tcbh.priority;
smove curr tch, temp2_tob;
'move texp_teh, ocurr_tobg
scall xesponss_update, #4, 38;
*move curr_teb, temp_tch;
*move templ_tob, ourr_tob;
call sched_rtr_task, temp_tcb}

endif;

«time end_os;

sgub end_os, start_os, elapsed;

*ndd elapsed, os_ovhd, os_ovhd;

sneble #10;
ENDPRIN;

PRIN avt llci
disabie #i0;
sckint #6;
spdd #1, evt 5, evt_ B}
etime smtart_os;

stime curr_tcb.sts.finish;

ssub cuxr.tcb.sts.finish, curr_tcb.sts.begin, curr_tob.sts.begin;
*add ourr_tob.sts.begin, curr_tcb.sts,run_time, curxr_tob.sts.run. time;
smave curr_tcb.sts.run_time, €run_str;

etime curr_tcb.sts.begin;

pop tuskstk, ret_po

move taskstk, curr_tchb.stk;
move ret.pc, curr_tcb.pent;
call sched_x¢r_task, curr_tcb;
¢ell ruon_ rbr_task;

ENDPRIM;

BEGIN
move #/nodel/, nod_neme;
disable #$10;
move #/1_t1/, st_elt.st_name;
move #/1_ti,traces/, st_elt.trc_name;
addq st_elt, loc_.conm q, #1;
move #/1.t2/, st_elt.st_name;
move $/1_t2.traces/, st_elt.trc_namei
nddq st_elt, loc_comm g, #1i
move #/1_t3/, st_slt.st_name;
move #/1_%t3.trmces/, st_elt.tro_name;
addq st_elt, loc_comm_q, #1;
move #/1_t4/, st_elt.st_name;
move #/1_td.traces/, at_elt.trc_name;
eddg st_elt, loc_comm_ g, #1;
move #/1_t6/, st_elt.st_nwne;
move 8/1_tG.traces/, st_elt.trc_name;
uddq st_elt, loc_comm_q, #i;
move #/1.t6/, st_elt.st_name;
move #/1_t6.traces/, st_elt.tro_name;
addq st_elt, loc_comm_q, #1}
move #/1.¢T/, nt_elt.st_neme;
move #/1_tT.traces/, st_elt.trc_name;
addg st_elt, loc_comm_q, #1;
move #/1_t8/, st_elt.st_nams;
move #/1_tS.truces/, st_elt.trc_nume;
addg st_slt, lec_comm q, #1}
move #/1_t9/, st_elt.st_nume;
move &/1_t9.traces/, st_slt.tro_name;
addq st_elt, loc_comm q, #1;
move #/1_t10/, st_elt.st_nume;
move #/1_t10.traces/, st_elt.tro_name;
addq =t_elt, loc_comm_q, #1;
move #/1_t11/, st_elt.st_name;
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move
addq
move
move
addq
move
move
addq
move
move
addq
move
move
addq
meve
move
addq

$/1_t11,.tTeces/, st_elt.tro_nume;
st_elt, loc_comm_q, $1;

#/1_t12/, st elt.st_name;
#$/1_t12.tracen/, st_elt.trc_name;
et _elt, loc_comm_q, H

#/1_ 13/, wt_elt,.st_name;
#/1_t13.¢rwces/, nt_elt.tro_name;
st_elt, loc_comm_q, #1;

$/1_t14/, st_slt.st_name;
8/1_ti4.tracen/, st_elt.trc_name;
st_elt, loc_comm_q, #1;

#/1_t16/, st_elt.st_nume;
#/1_t16.tTaces/, st_elt.tra_nane;
st_elt, loc_comm_q, #1;

$/1_t18/, st _elt.st_name;
#/1_t18.txaces/, st_elt.trc_name;
st_elt, loc_comm_q, #1;

42 (nod_nmame = #/nodel/};
lock;

move
move
addq
more
move
addq
move
movse
eddq
move
moeve
addq
movye
move
addgq
moye
move
addq
move
move
nddq
move
movs
addq
move
move
addq
move
move
addg
mova
move
addg
move
move
addg
move
move
nddg
move
move
addq
move
move
addq
movs
move
uddg
move

maove
addq

unlock;

endif;

#/sh_t1/, st_slt.st name;
#/sh_ti.tros/, st_elt.trc_nume;
st_elt, corm_q, #1;

#/sh_t2/, st_elt.st_name;
#/sh_t2.trce/, st_slt.tro_nams;
st_elt, comm g, #1}

8/3h_t3/, st_elt.st _nume;
#/sh_t3,tras/, st_elt.trc_namo;
st_elt, comm_q, #1;

#/sh_t4/, st_elt.st_name;
#/sh_t4.tros/, st_elt.tro_name;
st_elt, comm. g, #1;

#/sk t6/, nt_elt,.st_name;
#/sh_t6.trcs/, st_elt.tro_nume;
st_el%, comm_q, #1i

$/sh_t8/, st_elt.st_name;
#/sh_t6,trcs/, st_elt.txo_name;
st_elt, comm.q, #1;

#/eh_t7/, st_elt.st_nume;
8/sh_t7.tres/, st_eslt.tro_nume;
st_elt, comm_q, #1;

#/sh_£8/, st_elt.st_nume;
#/eh_t8.trca/, st_elt.tro_name;
st_slt, conm_ g, #1;

8/sh_t9/, mt_elt.st _nume;
#/sh_t0,trcs/, st_elt.tzo_name;
lt_oit, comm.q, #1}

#/sh_%10/, st_elt.st_name;
#/sh_t10.tros/, st_elt.tro_name;
st_elt, comm_q, #1;

#8/sh_t11/, st_elt.st_name;
#/sh_t11.tzce/, st_elt,.tro_name;
st_elt, comm_ q, #i}

#/sh_t12/, st_slt.st_name;
#/sh_t12.txoe/, st_elt.tro_name;
st_elt, conm g, #1;

#/sh_t13/, st _elt.st_name;
#/sh_t13.tros/, st_elt.tro_name;
st_elt, comm_q, 1}

8/uh_t14/, st_elt.st_name;
#/ah_ti14.tron/, st_elt.trc_name;
st_elt, comm q, 81}

#/sh_t16/, st_slt.st_name;
#/sh_ti16.tres/, st_elt.tro_name;
st_elt, comm.q, #1;

#/sh_t16/, st_elt.st_name;
#/sh_t16.txce/, wt_elt.trc_name;
st_elt, comm_q, 1}

#/sh_t1T7/, st_elt.st_neme;
8/sh_t17.txcs/, st _elt.tro_nuome;
sk_elt, comm_ g, #13

move tasklist, proclist;
sizeq proclist, br_ chk ;

move currtask, tempstr;

smove #1, wt_chk;

shile br_chk <> #0;
delq proclist, tcb_neme;
cxtsv tcb_name;
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etime curr_tcb.sts.begin;
emove wt_chk, curr_tch.num;
spdd #1, wt_chk, wi_chk;

if (tob_name <> #/idle/);
lock}
»£4ype nod_neme}
delg loc.comm.q, st_alt:
move tob_name, st_elt.nomj
»ftype #/ -~LOCAL-- TASK: /3
s2type tcb_name;
sftype #/ QUEUE: /;
sftypecr ot_elt.st_name]
uddq st_elt, temp.q, #1}
anlock;

lock:
delq ocomm.q, st_elt)
while (st_elt.nom <> nil_string);
nddg st_slt, comm_q, #1;
delq comm.q, st_elt;
endvhile;
move tcb_name, st_elt.nom;
»2type #/GLOBAL-~ TASK: /3
+ftype tob_name;
«2type #/ QUBUE: /;
sftypecr st_elt.st_name;
addq st_elt, comm_q, ¥1;
unlock}
endify

move taskstrt, ourr_tcb.pent;
move tcb_name, curr_tch.name;
move #/zendy/, curr_tcb.status;
move currprio, curr_tcb.pricrity;
move taskstk, curr_tcb.stk
nddg curr_tch, rtx, enrrprlo;
sizeq prooclist, br_chki

enduhile;

move temp._q, loc_comm.q;
move nil_quene, temp._q;

oxtuy tempstx}

move #/rdy_tm/, rdy_str;
move ®/ut_tm/, wt_str;
move #/run_tm/, run.str
move $/END RESPONSE .....0sen0s/, ond_strg
bind evt_synch, #0;
bind ev%_loss_synch, 8#1;
bind evt_meg._Tx, %23
bind evt_signal, #3;
bind evt_clk, #4}

bind evt_slc, #5;

enable #10;
printor #/Kexnel Starting.. U
call run_re¢r_task;

printor #/ERROR - KERNEL TERMINATING/

EADTASK:
ENDKERNEL;
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B.4.4 Response Priority Ap-
plication Tasks

The following tasks were used with the above re-
sponee Eriority kernel. The only differences be-
tween these tasks and those of section B,2.3 are
that the ncthties of these tasks fill i

in the mes-
sage tag field (msg.out.prior) before sending any

messages. As such, only the activities affected by
this chanTe are included here. The task mainlines
are exactly the same as those of section B.2.3.

: N30 Task
H

ACTIVITY send_tone}
move #2, meg.out.type;
move #80, mag_out.prier;
move 8/meg/, msg_out.src;
ENDACT;

ACTIVITY
move
mMove
move

ERDACT

ACTIVITY
move
move

move
ENDACT;

send_sntart;

#1, msg_out.type;
#00, mag_out.prior;
#/msg/, meg_out.src]

send_dingg

#3, msg_out.type;
#60, meg_out.prior;
#/usg/, msg_out.sxc;

; SYNCH Task
H

ACTIVITY xeport_synch;
move $0, synch_losai
move #9, meg_out.type;
move #80, mzg.ont.prioz;
move ®/synch/, mag_out.sra;
ENDACT

-
ACTIVITY change synch;
move %8, masg_out.typse;
move $#70, msg_out.prior;
move #/synch/, mag._ont.sre;
ENDACT;

H
i FAULT Task
i

ACTIVITY send_reporti
move &7, msg_out.type;
move $80, msg_out.prior;
move #/fault/, msg.out.sra
ERDACT;

: AUDITS Task

H

ACTIVITY
move
move
nove

ENDACT}

ACTIVITY
move
move
move
owOve

BHEDACT;

tell_timte;

#23, msg_out.type;

#80, msg_out.prior;
#/andits/, msg_out.sxc;

andi;

$0, sudi_cnt;

866, mEg._out.prior;
#10, mag_out.type;
#/uudits/, msg_ont.sze;

ACTIVITY aud2;
move %0, audl_cnt}
move 816. meg.out.type;
move #60, msg_out.priox;
move #/audits/, msg_out.src;
ENDACT;

ACTIVITY and3i
move #0, mud3_cnt}
neve tlé. meg.out.type;
move #80, msg_ont.priox}
move #%/mudits/, msg_ocut.sxc;
EEDACT;

H
3 TIMIC Tesk

}

ACTIVITY report.fail;
move #10, meg_out.type
move #B0, msg_out.prior;
move &/timto/, msg_cut.srs;
EEDACT;

i
i DIAGS Task
H

ACTIVITY chnl_req;
move $12, msg_out.type;
move #60, msg.out.prior;
move #/diags/, msg_out.sro)
ENDACT;

ACTIVITY choese_diag)
rand #4, dg.num}
move #21, msg_out.type;
move #80, meg_ out.priori
move #/diugs/, mag_ont.sra;
if (dg.num = #0);
move #/toneding/, dest;
else;
if (dg_num = ¥1);
move #/chnldiag/, desti
alue}
if (dg_num = #3)
move #/msgding/, dest;
else}
move #/tiding/, dest;
endif;
endif;
endif;
EHDACT;

; TADIAG Task

3

ACTIVITY stop_mtct
move #21, mEg_out.type;
move #60, msg.out.prior;
move #/tiding/, msg_out.sroj
ENDACT; :

ACTIVITY report_failj
move #10, mag.out.type;
move #80, msg_out.priory
move #/tidiag/, meg_out.sre;
ENDACT;

1
i MSGDIAG Task
H

ACTLIVITY stop_integ;
move %20, msg_ont.type;
move $#80, msg_out.prior;
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move #/msgding/, msg_out.arcy
EADACT;

ACTIVITY report_fail;
move #10, mag_out.type;
move #80, mEg_out.prior]
move #/msgdiag/, msg_out.src;
ENDACT;

H
{ TOKEDIAG Task

ACTIVITY select_tone;

move #2, msg. out.type;

move #80, nsg_out.prior;

move #/tonedimg/, mag_out.src;
BNDACT;

ACTIVITY zepoxt.fall;

move #10, msg_ount.type;

move #80, mag_out.priori

move #/toneding/, msg_out.sro;
ERDACT;

P CHNLDIAG Tesk
;

ACTIVITY connect_chnl;

move #11, msg_out.type;

move #80, meg_out.prior;

move #/chnldiag/, msg_ount.arcy
ENDACT;

ACTIVITY stop.integs

move #30, msg_ocut.type;

move %80, msg_out.prior;

move #/chnldiag/, msg_onut.sxc;
ERDACT;

ACGTIVITY zeport_fail;

move #10, msg_out.type;

mova #80, msg_out.prior;

move #/chnldieg/, msg_out.sroj
ENDACT;

: TONES Task

ACTIVITY select_tone;
ticks #3503
it (msg_in.src = #/meg)’);
meve #1, msg_out.date;
alne;
move #0, msg_out.datam;
endif}
move #11, msg_out.type;
move msg.in.prior, msg_out.prior:
move #/tones/, mag_out.sreo;
BADACT}

; CINIT Tusk

$

ACTIVITY chnl_req;
move #12, meg_out.type;
move #80, nls_out.pxio::
move #/cinit/, msg_out.sxc}
ENDACT;

ACTIVITY conn_req)
move #11, msg_out.type;
move #00, msg_out.prior;
move ®/cinit/, msg_out.szc;
ENDACT;

ACTIVITY stat_req;
move #1656, meg_out.type;

move #80, msg_out.prior;
move #/cinit/, mag.out.szc}
ENDACT

H
i CHIELS Task
H

ACTIVITY get.chnlj
udd #1, num_sllocated, num_allocated;
wif (msg_in.sTc » B/diagn/)}
sadd #1, mtech, mtcchj
*olee;
-uéd #1, cpeh, epchy
+sandif;
move #14, meg_out.type;
move msg_in.prior, mesg._out.prior;
move #/chnls/, msg._out.sxe)
ENDACT;

H
t  STAT Tmak
§

ACTIVITY nev_oall;
ticks 22003 updats tuble
move #1i, stat_data;
move %90, mag_out.prior;
move ¥16, mag_out.typs;
move #/stat/, msg.out.src;
EHDACT;

ACTIVITY integ.fail;
move #10, msg_out.type;
move #80, msg_out.prisri
move #1, stat_date;
move #/stat/, mag_out.sroy
EHDACT

i LED Tusk
i

ACTIVITY chnl.reg;
move #13, msg_ out.typei
move #70, msg_out.prioxy
move #/end/, msg_ount.sro;
ENDACT;

ACTIVITY conn_req;
move #11, msg._out.type}
move #70, msg_out,prior;
move #/end/, mzg_out.sro;
ENDACT;

ACTIVITY wtat_xeq}
move #®i9, meg_out.type;
move #70, msg_out.prior;
move #/end/, msg_nut.arc;
ENDACT;

H
i CONBECT Task
H

All Activites the Same.

SIGNAL Task

ACTIVITY send_stat;
move ®iT, msg_out.type;
move $60, m-g_out.priort
move #/signal/, msg_out.szc;
ENDACT;

ACTIVITY fin_stuti
move #19, mag_ out.type;
move #70, msg._out.priorg
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move #/signel/, mag_out.sre;

ENDACT

ACTIVITY send_diag;
meve 27, meg_ouk.type;
move #80, msg_out.prior;
move #/aignal/, mag_out.sraj
BNDACT;

meve
move
move
ENDACT;

ACTIVITY ack_in;
stime tsk_strt;
if (meg.in.type <> #0};
move #1, msg_pending;
endif;
ENDACT:

#3, meg.out.type}

s/msg/, meg_out.sxrc;

B-4-5 Shortest TaSk First SOftmnvrn clr_msgi

ware

The kernel and application software used for this
scheduling scheme is the same as that provided
in section B.2.2 and B.2.3. A sample of the tasks
used to determine task cycle times is presented
below. This anme type of task was used to deter-
mine cycle times for section B.4.6.

i
1 MSG Task

STAT zdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR byte_cnt, integer; No. of messnge bytes
; transmitted or received
VAR msg_pending, integer;
VAR msg_out, t_meg_elt)
VAR msg_in, t_msg_elt}

move
move
ENDACT}

ACTIVITY set_synchi
ticks #200;

#0, mag_in.type;
#0, mag_pending;

msg.due, msg.cut.prior;

VAR  tsk_strt, integer;
VAR  tak_end, integer;

STAT

cycle, integer;

STAT num_cycles, integer;
VAR  tot_time, integer;

move ¥0, meg.in.type;
move $#0, msg_pending;
ENDACT;
ACTIVITY time _upd;
stime tak_end;
eaub  tsk_end, tek_strt, tek_end;
epdd tsk_end, tot_time, tot_time;
ENDACT;
BEGIR
DO_ACT inity
caiLp nilprim;
SETSTATE #/clenr/;
QP;
STATESELECT;
STATE clear;
IF ftrusi
po_act upd_cycls;
CALLP neuresp;
SiE_TBTATE #/staxt/;
ENDSTATE;

STATE start;

IF (mag_pending = #1);

ACTIVITY init: CALLP nilprim;
stime tek_strt; SETSTATE #/hndl _meg/;
move #0, msg_pending; ENDIF;
move B0, msg_in.type; IF (meg_Tdy = #1);

ENDACT; DO_ACT init_ent;

CALLP nilprim;

ACTIVITY upd_cycls; SETSTATE t/rxtx/;
move %0, msg.in.type; ENDIF;
sadd #1, num_cycles, num_cyclas; IF #true;
sdiv  tot.time, num_cycles, cycle; DO_ACT time_upd;
'tigl ts‘:_ong; x X ond CALLP Tecy, #0, #/msg_in/;
*3q tsk_end, tsk_strt, tsk_end;

o:g‘: ts:_o:d: tot_ti.nc: tot_tiu;: g.pggs““ ¢/xigusg/s
stime tzk_strt \

—s : ENDSTATE:

ACTIVITY init_cnt; S“LE ::g:si
move #0, byte_.cnt; D } ack_in;
move $0, msg_rdy; CALLP nilﬁrimi

EEDACT; epp ETSTATE #/atart/

ACTIVITY dmer.cnt; i
add #1, hyto_’.cnt. byte_cnt; ENDSTATE:

ENDACT; STATE fxtx; ;

IF (byte_cnt < 832);

ACTIVITY send_tone; - H
move 82, msg_out.type; gfﬁ‘,gr :ﬁ';;:?i
move msg_due, msg.out.prior; SETSTATE 2/ Pt ,'
move #/msg/, mag_out.src; ENDIF; TxEX/}

SHDACT; IF g:ﬁ;; ilprim

ACTIVITY send_start; he prini
move ¥1, msg_out.type; SETST“E #/msg.fin/;
move usg _dus, msg_out.prior; Elbggg‘f'g:
move #/msg/, mag_out.sre; '

ENDACT; STATE mag._fin;

ACTIVITY send_diag; IF (msgtype = #1);
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DO_ACT send_start;
CALLP wend, #/cinit/, tlnlg_ontl:

SETSTATE #/clenz/;
ENDIF

IF {(msgtype = #2);
DO_ACT send_tons;
CALLP send, #/tones/, #/msg_out/}
SETSTATE #/clenx/

ENDIF;
IF {(megtype = %3);
DO_ACT send_di

H
CALLP send, tldil;?. #/msg. out/
SETSTATE t/clenx/
ENDIF;
EXDSTATE;

STATE hnd. .msg;
IF (msg_in.typo = #7);

DO_ACT clr_msg;
CALLP endresp, #1;
SETSTATE #/clenx/;

E¥DIF;

IF (“E _in.type = #8)}
DO_ACT set_synch;
CALLP endresp, ¥1;
SETSTATE $/clenr/;
DIF;

ENDSTATE;
BEDSELECT;
ENDLODP
ENDTASK;
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B.4.6 Longest Task First Scheduling Software

The kernel and application software used for this scheduling scheme is the same as that provided in
section B.2.2 and B.2.3.

B.4.7 Earliest Due Date Scheduling Kernel

KERNEL CODE FILE

This kernel contains the following primitives:
nonblocking send

blocking selective receive
slesp

get data frem ancther task
nilprim

The following external message types are supported:
#1 - start call setup
#2 ~ provide tone

#3 - run diagnestic

#4 - integrity ok

$6 ~ integrity failure

i

H

i

i

i

i

i

i

i

i

i

i

H

i

H

i

H #8 - call takedown

: The follovwing internal message types are supported:

H #1 ~ START = request call setup

$ $2 - TOWES ~ reguest for tone

H #3 - DIAG - regquest single random dimgnostic
8] -

Poes -

i e -

1 8T - N3G ~ report fault

1 88 - HSG = perform and report synch operation

: 29 =~ FAULT ~ synch loss

t $10 - FAULT - general fault repert

H #11 - CORNECT = pezform connect/disconnect

H 812 - CHILS = allocate channe)

¢ #13 - CHELS ~ free channel

i #14 - all tasks -~ channel granted

t 816 ~ STAT =~ call setup complete

H 816 ~ SIGNAL = start integrity checking

; #17 - STAT = integrity failure report

t #i8 ~ END = caller hung up

: #19 ~ STAT = call finished

T #20 - STAT = stop integrity checking

H 821 - pll diags - run diagnostic

H #$12 - TINTC - stop carrier checking

H $23 - TINTC = monitor carriers

: The following response typss ure supported:

H &1 - MSG = fault report sent to switching center

3 $2 - MSG = synch source changed

i #3 - CONNECT - B!itching ¢snter tone reguest connscted

; 84 - STAT - cull finished

; 86 - STAT = call started

: 6 - alldiegs - diagnestic completed without failure

H #7 - TINIC = carrier scan completed without failure

i

KEAREL baseb;
TASK kern_task, §0;
TYPE t_tcb_stats = rdy_time : integer »;

run_time 1 integer »;

wt_time : integer »;

begin : integer »;

finish : integer »;

Tesp_q ! qQueus { of t_trace_elt
TYPE t_shared_stats = data_trace :queus 3 of t_trace_slt
TYPE t_tcb " name ! string ¢ ; task name

num : integer »;

status : string * i task state

prioxity: integer » i priority

pent  : integer ¢ + Program counter

elt_str: string ¢ i rev msg elt

stk 1 stack ¢ ;i local task stack
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sts t t_tch.stats } task control block
TYPE t_sh_data = tsk_nm 1 string #; task name
num_negs ! integer 4 number of quened messages
mEgs  : queus o3 message queus (t_msg_elt)
tros 1 quens; trace qusus {t_trace_elt)
TYPE t_meg_struct = task._nm @ stTing *; tesk neme
waiting : integer ¢; flag set if blocked for meg
msg.q  quense & message quens (¢ _meg_elt)
traces 1 queue *; trace quene (t_trace_slt)
wt_type ! integer ¢; tygo of meg blocked on
block i t_tcbj tob wait aren
TYPE t_id_struct = nom t string *;
trc_name : string *;
st_name ! string]
SHARED comm_q, quene; of t_id_struct (one elt per tusk);
SHARED sh_%1, t_sh_data;
SHARED ah_t2, t_sh_data;
SHARED sh_%t3, t_sh_dataj
SHAR sh_t4, t_sh_ data;
SHARED sh_t5, t.sh_dutwj
SHARED sh_t8, t_sh_dats}
SHAR sh_t7, t_sh_dataj
SHARED sh_t8, t_sh_dmta;
AED sh_t9, t.sh_data;
SHARED lh-tlé, ¢_sh_data;
SHIRED sh_ti1, t_sh_data;
SHARED sh_t12, t_sh_datum;
SHAR sh_t13, t_sh_data}
SHARED ash_tid, ¢ _sh_data;
SHARED sh_ti6, t_sh_data;
SHARED sh_t16, t_sh_dsta}
SHARED sh_t17, t_sh_data;
SHARED ti_dsta, integer;
SHARED stat_data, integer;

} Nessage queuss

VAR

ViR
VAR

VAR
VAR
VAR
YAR
VAR
ViR
ViR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
VAR
ViR
VAR
VAR

STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
STAT
VAR
VAR
VAR
ViR
VAR

log_comm_c, queuns;

st_elt
i_tl,
1.t2,
1.¢3,
1.4,
1,45,
1_t8,
1.7,
1l_t8,
1 %9,
1.t10,
1_t11,
1_%12,
1_t13,
1_ti4,
1_416,
1_t18,
local,

, t_id_struct;

t_msg_Btruct]

t_mag_struct;

t_msg_struct;

t_msg_struct;

t_msg._struct;

t_msg._mtruct;

t_meg_structs

t_msg_struct;

t_mag_struct;

t_msg_struct;
t_msg_struct]
¢t meg_struct}
t_msg_struct;
t_msg._struct;
t_msg_struct;
t_msg_struct;
string;

shared, string;
loo_trc, string:
sh_trc, string;

sends, integer;

os_ovhd, integer;
sc_ovhd, integer:
awitches, integer;
preezpts, integer;

evt_0, integer;
evt_1, integer;
avt_2, integer;
evt 3, integer;
svt_4, integer;
eyt b, integer;

start_os, integer:
end_os, integer;
elapsed, integer;
sc_start, integer;
sc_end, integery

num_quened, integeri

¢ t_id_struct (one elt per local tusk)
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ViR  rdy_str, otring;
VAR  wt_str, string;
VAR run_atr, stringt
VAR  end_str, string;

VAR svait , queue;

VAR wt_chk, integer;
VAR nmsg_str, string)
VAR dest_otr, string;
ViR vemp_tcb, t_tcby
VAR templ_tcb, t_tcb;
VAR ret_pc, integer;
VAR tmp_stk, stack;

VAR num_parms, integer|
VAR found, integer;

VAR mag_type, integer;
VAR data_size, integer;
VAR nil_gqueus, gueue}
VAR nil_string, string;
VAR msg_elt, t_msg.elt;
VAR m_num, integer;

VAR temp2_q, queue;

VAR mtype, integer;

VAR q_sx, integer;

ViR done, integer;

VAR ch_syn_due, integer;
VAR 1_syn_due, integer;
VAR meg_due, integer;
ViR wig_due, integer;
VAR aud_due, integer;
VAR t_prio, integer;

t Global Kernel Variables

VAR ourr_tcb, t_tecb
VAR roclist, queus
VAR gr_chk. integer
VAR  tempatr, string;
VAR  tch_name, string:
VAR rtr, queue

current task control block
copy of task name list
branch condition check
tezporary string value
current task name;

ready to run queue;

- s ma we

{ Variables for get _local and get_sh procedures

VAR g.g.size, integer;
VAR  g.found, integer;
VAR gost_elt, t_id_svmmot;

{ Variables for response_update procedurs

VAR mction, integer

VAR  prie, integer

VAR  trace_elt, t_trace_slt
VAR msg_elt_name, string
VAR  dest_elt_name, string
ViR  delim_elt, t_trace_elt
VAR  q._size, integer

VAR data_name, string

VAR  temp_q, {uene

action requested in response_update
send priority

ne¥ responss truce slement

name of msg elt for response trace
name of msg queus

msg or data trace delimiter

size of trace queus

name of shared data veriable

datn responss queus copy

. wr we wh b hh ma ma me

H VARIABLE declarations for procedure RUN_RTR.TASK

VAR error, boolemn} Set if no ready processes
H VARIABLE declarations for procedure SCHED_RTR_TASK
VAR  rir_peb, t_tcb; PCB to be scheduled

; PROCEDURE response.update (Cname : string;
: wction: integer)
i

This procedure updates the response trace qusues

PROC response_update;
*pop taskstk, action;
smove nod_nmame, trace_.elt.node _name;
*move curr_tcb.nams, trace_elt.task_name;
stime trace_elt.time;
smove action, trace_elt.aat;
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eif (action = $1) SEXD N3G
spop taskstk, prio;
spop tuskstk, dest_elt_nams;
*pop taskstk, mEg_elt_nams;
szddq truce_elt, curr_tcb.sts.resp.q, #1}
smove curr_tchb.sts.resp.q, temp.qi
sgizeq temp._q, q.sizej
smovs ¢_size, Mg_olt,nmo.trc_lizo;
eghile (q_wixe > 80)%
edelq temp_q, trmoe_elt]
saddq  trace_elt, Cdest_elt_name, prio;
esizeq temp_q, q.size;
squdyhile;
sondif;

#if (mction = #2) RCYV 3G

*pop taskatk, dent_slt_name;

spop taskstk, mg_o].t_nun

smove trace_elt, delim_elt;

*addq trace_elt, curr_tch.ste.zesp q, #1;

smove %9, delim_ elt.nct;

enddq delim_elt, curr_tcb.sts.resp_q, #1}

rmove Omsg_elt_name.tro_size, q.size;

w.aile (g size > #0);
+delq Odest_elt_name, truce_elt}
saddq tTace_elt, curr_tcb.ste.resp.q, ¥l
*sub q.sixe, #1, q_size;

venduhile;

emove #10 dclin_ol‘..-ct‘;’
saddq dclin_ult. curr, tch.stm.reup_q, #1;
sendif;

oif (motion » £3); DATA WRITE

*pop tuklti‘.. data_neme;

saddq trace_.elt, ourr_tcb.sts.zeap_q, ¥1;

smove ourr_tcb.sts.resp_q, Odats_nams.stats.trace_qi
sandif;

eit (action = #4) DATA READ
*pop teskatk, data_name;
smove trace_slt, delim_elt;
eaddq tzmce_elt, curr_tcb.sts.resp.q, #1}
smove #7, delim_elt.mct;
*addg delim_elt, curr_tcb.sts.resp_q, $1;
smove Cdata name.stats.data_trace, temp_q;

esizeq temp_q, q.size;

wghils (g_size > 80);
sdely temp_q, trace_elt;
+addg trace_elt, curr_tch,sts.resp.y, ¥1;
suizeq temp.q, q.size;

sendwhile;

smove #8, delim_elt.act;
ael

+addq im_elt, curr.tcb.sts.resp_q, #1;
eondif;
sif (action w %6) RESPONSE QUT

spop tankstk, trace_slt.miscl;
esaddg trmce_elt, curr_tcb.sts.resp_q, #1;
sgizreq curr_tob.sts.resp.q, q.size;
sghile (g_size > #0)

sdelq curr_tch.sts.resp.q, trace_elt;

sftype $/task: /i

sftyps trace_slt.task _name;

eftype #/ mction: /j

sftype trace_slt.mct]

sftyps 8/ time: /[y

sftyps trace.elt.time;

sfeype 8/ miscl: /;

+ftype tInce_elt misel;

sftype $/ mise2: /3

sfeypecr trace_elt.miscli

esigeq curzr._tchb,.sts.resp_g, q.size;
sqndwhile;
sftypecr end_stri
sondif}

oif (nction = 86) EVENT TRIGGER

*pop taskstk, trace_elt.misci}
sotime trmce_elt.miscl, trace_elt.misc2;
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enddg trace_elt, curr_tcb.sts.resp_q, #1;

sepdif:

ERDPRAC;

PROCEDURE run_rtr_task

This procedure takes the first ready to run tusk off the rtr
queue (this is the one with the highest priority) und copies
its saved state into the current processor state. If there are
no ready to run tasks, then an error message ls printed and
the kernel terminates.

PROC run_rtxr_task;

i
5
i
i

etime sc_start;
sizeq rtr, br_chk;

IF (br_chk = 80}

i
printor $/ERRDR: N0 RTR PROCESSES/;
halt}

‘ELSE;

delq Trtr, curr_%ch;

move curr_tcb,.nume, tcb_nams;

cxtsy tcb_numej

sadd £1, svitches, swvitches;

etime curr_tcb.sts.finish;

sgub corr_tch.sts.finish, curr_xchb.sts.begin, curr_tcb.sts.begin;
sadd curr_tcb.sts.begin, curz_tcb.ats.rdy_time, curr_tob,sts,rdy_time;
*move #/rdy_ts/, rdy_str;

*move curr_tcb.ate.rdy_time, Grdy_str;

smove curr_tcb.sts.ut_time, Cut_str;

stime curr_tcb.sts.begin

move #/running/, curr_tcb.status;
movs curr_tch.stk, taskstk;

etime end_ou}

saub end_os, start_cs, slapsed;
oadd elapsed, os_ovhd, os_ovhd;
stime sc_end}

sgub sc_end, sc_start, sc_start;
eadd smc_start, sc_ovhd, sc_ovhdi
anable #10;

move curr_teb.pent, poi

ENDIF;
ENDPROC;

PROCEDURE sched_rty_task (rtr_peb 1 t_pob)

This procedurs accepts a process control bleck and adds it to
the ready to run gueue in a prioritized fashion.

PROC ached_rtr_tesk;
etime sc_mtazt;
pop taskstk, rtr_pcb;
move %/ready/, rtr_pcb.status;

stime rer_pcb.ste.finish;

sgub rtr_pcb.sts.finish, rtr_pchb.sts.begin, rtr_pch.sts.begin;
spdd rtr_pcb.sts.begin, xtr_pch.sts.wt_time, rtr_pch.sta.ut_time;
smove taskstk, tmp_stk;

*time rtr_pcb.sts.begin;

sub  #70000, rtr_ peb.priority, t_prio;

addq =rtr_peb, rtr, t_priot

if (rtr_pcb.priority < curr_tcb.priority); PRIORITY IS ACTUALLY DUE LATE

pop taskstk, ret_pc;
pop taskstk, ret_pe
move Tet_pc, curr_tch.pent;
move taskstk, curr_tch.stk;

etime curr_tcb.sts.finishi

saub curr_tch.ste.finish, curzr_tch.ste.begin, curr_tcb.sts.begin;
#add ourr_tcb.sts.begin, curr_tch.sts.run_time, ourr_tcb.sts.run_time;
smove curr_tcb.sts.run_time, &run_str;

stime curr_tch.sts.begin;

move #/ready/, curr_tcb.status;

sub #70000, curr_tcb.priority, t_priocg
addq  curr_tch, rtr, t_prio;

sadd #1, preempts, preempts;

otime sc_end}

egub wsc_end, sc_start, sc_starti
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sadd sc_start, sc.ovhd, sc_ovhd;
call run_rtr_tesk;
halt}
endif;
*time sc_end}
ssub sc_end, sc_start, so_start)
sadd sc_start, so_ovhd, s¢_ovhd}

ENDPROC}

; PROCEDURE get_sh (tuskname : string)

i

} This procedure accepts a task nume and sets the shared and

} sh_txc varisbles to hold the names of the Susk’s messaging and trace
H structures.

PROC get_sh;
poep  taskstk, tempstr;

move #0, g_found;

1oclr.l
sizeq comm_q, E-q-sixe;
vhile (g_q_size > $0) & ("g_found};
delq comm_q, g.st_elt;
if (g_st_elt.nom = tempaty)
move #1, g_found;
andif;
addq g_st_elt, comm_q, #1;
sub g-q-size, #1, g_q _size;
endvhile;
unlock;

if (g_found = #1);
move g_st_slt.st_name, shared;
move E.st_elt.trc_nume, sh_tro;
slee;
move nil_string, sharved;
move nil_string, sh_trei
andif;
ENDPROC;

PROUCEDURE get_local (tasknams : string)

This procedure accepts & task name and sets the local and

loc_tre variables to hold the names of the tusk’s messaging and tracs
structures.

-k S m.

PROC get_looal;
pop  tmakatk, tempstr;

move $0, g_found;
sizeq loc_comm_q, E-q-size;
while (g_g.size > 80) & (“g_found);
delq loc_comm_ g, g.st.elt;
if (g.st_elt.nom = tempstr);
move #1, g_found;
endif;
nddg g.st_slt, loc_comm.q, ¥1;
sub g-q.size, #1, g.q. sixze;
endwhile;

if (g_found = $1);
move g._st_elt.st_neme, local;
move [._st_elt.trc_name, lec_txc
else}
move nil_string, local;
meve nil_string, loc_treg
endif;
EXDPROC;

+ PRIMITIVE nilprim
i This dummy primitive does nothing except pnll in interncde
§ HeESRES.

PRIN nilprim;

disable #10;
stime start_os;
smove ourr_ tcb.sts.rdy_time, €xdy_str;
emove curr_tcb.sts.wt_time, Cut_mtr;
smove curr_tcb.sts.run_time, Grun_stri
if (num_quened > $0);

move $0, done;

aizeq loc_comm_q, q.sx;
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while (q_sz > $0) & ("done);
delq loc_comm.q, st_elt;
move st_elt.st_name, locul}

cull get_sh, st_elt.nom;
lock}
while (@shured.num mags > #0)}
sub  num_queued, #1, num_queued;
sub  @shared.num_msge, #1, Cshered.num msgs;
delq ¢@shared.msgs, mog_elt}

12 (€local.waiting = #1);
if (Olocal.wt_type = msg_elt.type)i
nddq msg.elt, Olocal.msg q, #3;
sohile (msg_elt.tzc_size > #0);
+delq ©Oshared,trcs, trace_el%
suddq  trace_.elt, Q@lccal.trmces, #2;
*sub msg_elt.trc_size, #1, meg_elt.trc_site;
sgpndohile;
elmey
addq msg_elt, Qlocal.msg._q, ¥}
eghile (msg_elt.tzc_size > %0}
sdelq ©Oshared,trcs, trace_elt;
snddq trace_slt, Olocal.traces, #1}
*sub msg_elt.tro_size, #1, meg_elt.tro_sizes
sandwhile;
endif;

if (€locel.wt_type = #0) | (@local.wt_type = msg_elt.type);
move #0, Qlocal.waiting;
move msg_slt.prior, €locunl.block.priority;
move #1, donej
endif}
andit;
endwhile;
unlock;

addg st_elt, lec.comm q, #1;
sutb  q.sx, #1, q.sz;
endehile;

i# (done = #1);
call lchci_rtt_t;sk. Qlocal.block:;

ENDPRIN;

PRIMITIVE send (Otask_name : string; €msg : stxing)

This primitive mccepts the name of a destination task and a
mesmage pointer. It then performe a nonblocking send operation.

PRIK send;

disable #10;

eadd 41, ssnds, sends;
otime start_osj

pep taskstk, msg_str;
pep tasketk, dest _str;

call get_local, dest_str;
if (lecul <> nil_string);
if (Qlocal.waiting = #1)i
if (0locel.wt_type = Cmsg_str.type)}
scall response_update, msg_str, loc_tre, #2, #1;
addq Cmsg_str, Olocal.msg_q, #2
else;
scrll response_update, msg_str, loc_tre, ¥1, #1;
addqg ©Cmsg_str, Olocal.msg.q, ¥1;
sndif;

if ((Qloonl.wt_typs = #0) | (Olocal.wt_type = Cusg_stIr.type));
move %0, Clocal.waiting
move Cmsg_str.prior, Olocal.block.priozity!
enll weched_rtr_tesk, Olocal.block;
endif;
alae;
scall response_update, meg_str, loc_trc, #1, #1;
addq €msg _atr, Clocal.msg.q, ¥1;
endif;
elue;
call get_sh, dest_str;
look;
add  #1, num_queuned, nnm_queued;
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scall response_update, mag_str, sh_trc, #1, ¥1}
addq Omsg.str, @shared.msge, #1;
add #1, Oshared.num _megs, Oshared.num_nzgs;
unlock)
endifg

etime end_ous;
egub end_os, start_os, elapsed;
eadd elapsed, os_ovhd, os_ovhd;

enable #10;

ENDPRIN;

i
H
i
i
H
]
i
i

PRIMITIVE recv (msg_type ! integer; €mag : string)

This primitive performs a blocking selective receive operstion.

It accepts the type of message sxpected (#0 menns mccept mny type)
and & pointer to vhere the message is to be placed. If u

specific receive type is specified, the task is blocked until
that type is aveilable. Otherwise, the calling tesk is blocked
until any message becomes avanilable.

PROC block_rev
stime

cur:_écb.ltl.ﬂnilh;
ssub cory_tcb.sts.finish, ourr_tcb.sts.begin, curr_tcb.sts.beging
+add curr_tcb.sts.begin, curr_tch.sto.run_time, curr_ teh.sts.run_time;
smove curr_tchb.sts.run_time, @run_str;
stime curr_tch.sts.begin;

move msg_type, Olocal.wt_type;
move 81, Olooal.vaiting;

move msg_str, curr.tch.elt_ str;
move tlnit‘, curr_tcb.status;
move taskstk, curr_tcb.stk;
add #2, pe, curr_tcb.pent}
move curr_tcb, €local.block;
call m_zt:_éuk;

disable #10;

move curr_tch,elt_str, msg_str;

call get_local, currtask;
move #0, €local.wnitingi
sizeq €local.msg._q, done}
if (dons > #0);
delqg ©local.msg.q, Cmsg_str;
woall response_update, msg_str, loc_trc, #2;
endif

EEDPROC;

PRIN zecy;

disable $10;

stime start_ os;
pop taskstk, msg_str|
pPop tankstk, msg_type;

call get_local, currtask;
enll got_sh, currtask;

while (@shared.num_msgs > $0);
lock;
sub  num_gueued, #1, num_queoned;
sub Orhared.num msgs, #i, €shared.num msgs;
delq €shured.mags, msg_elt;
rddg mag_elt, €local.msg_q, ¥1;
sghile (msg_elt.txo_size > %0);
sdelq Oshared.trcs, trace_elt;
spddq trace_elt, Clocal.traces, *;
*sub neg_elt.trc_size, #1, msg_elt.tre_size;
sondehile;
anlock}
endvhile;

move #0, found;
sizeq €local.msg._q, q.size;
if (q_size v $0)};
¢all block_rev;
olse;
move #1, found;

it (msg.type <> %0);
jreorder msg queus because receive specific

move nil_quens, temp.q;
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*move nil_queus, temp2_q;
move %0, found;
sizeq @local.msg_q, m_num;
vhile (m_num > #0);
delq €local.msg_q, msg _elt;
if ("found) & (nsi_olt.typ- = meg_type):
move #1, found;
addq msg_elt, temp_q, #2;
svhile (msg. elt,trc_size > #0);
¢*delq €Clocal.traces, trace_elt;
*addq trece_elt, temp2_q, #2;
sgub mag_elt.trc_size. ¥1, mag elt.trc_size;
1 eqnduhile;
.

else;
nédq mag_elt, temp_q, #1}
svhile (mug_elt.tro_size > #0);
*delg GQlocal.traces, trace_e.t;
saddq trace_elt, templ.q, #%.i
*aub mag_elt.tro_size, ¥, mug_elt.tre_size;
eendehile;
endif;
sizeq Olocal.msg._q, m.num;
sndehile;
move temp_q, Olocal.msg_qi
smove templ_q, Clooal.traces;

endif;
it (“found);

call block_recy;
else;

delq €local.meg.q, Cmsg_str;
move ©Omsg_str.prior, curr_tcb.priority;
+call response_update, msg_str, loc_tro, ¥#2;
*time end _os;
ssub end_os, start_os, elnpsed;
sadd elapsed, os_ovhd, os_ovhd;
endif;
endif;
enable ¥10:
ENDPRIN;

PRIMITIVE sleep

H
H
: This primitive zimply blocks the calling task by putting it in
: the sleep vait queus.

PRIM sleep;
disable #10;
etime start_cos}
pop taskstk, ret_pe;

etime curr_tcb.sts.finish;

*sub curr_tcb.ste.finish, curr_tcb.sts.begin, curr_tcb.ste.begin;

*add curr_tcb.sts.begin, curr_tob.sts.run_time, curr_tcb.sts.zrun_time;
smove curr_tcb.sts.run_time, Orun_str;

stime curr_tob.sts.beging

move ®/wait/, curr_teob.status;
move taskstk, curr_tcb.stk;
move Tet_pc, curr_tchb.pent;
addg  curr_tcb, swait, curr_tcb.priozity;
call run_rtr_task;
ENDPRIN;

PRINITIVE get_data (task_name : string; data_nome : string; size : integer)

i

i

H This primitive simulates data uccess betueen tusks. If the

H specified source task is not resident on the processor, then s number
H of shared accesses wre made. One nccess is made for svery 100 bytes

H of date requested,

PRIN get_data;
digable #10;

stime start_os}

pep tuskstk, data_sixe;
pop taskstk, mag_str;
pop taskstk, dest_str;

call get_locel, dest_str;
if (locel = nil_string);
vhile (duta_sixe > #0);
lock;
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move Cmsg_str, q.size;
unlock;
sub data_size, #100, data_size;
andwhile;
slsey
while (duta_size > #0);
move q_sixe, q.size;

atb  datun_size, £100, date_size;
endwhile;
endif;

stime end_os}
sgub end_os, start_cs, slupsed;
sadd elapsed, on_ovhd, os_ovhd;
snahle #10;

ENDPRIN;

PRIMITIVE end_resp

This primitive aimply calls response update to print the
Tesponse traces,

i
i
H
}
PRIM endresp;

sdisable #10;

*pop taskstk, m_num;

scall response_update, m_num, #6;

ssnable $107
ENDPRIN;

3 PRIMITIVE new_resp

H
i This primitive clears the calling task's current trace gueus,

PRIM newresp;
sdisable #10;
saizseq ocurr_tcb.sts.Tesp q, q._size;
*WHILE (q_size > #0);
+delq curr_tcb.sta.rosp.q, trace_elt;
+#sizeq curr_tcb.sta.zemp_q, q_size;
-EIDHHILBI
wenable #10;
ENDPRIN;

PRIMITIVE evt_synch

This primitive serves as the interrupt handler for the synchronisgation
primitive, This interzupt is raised periodically every 5 seconds.

PRIM evt_synch;
dinable $10}
ackint #0;
sndd #1, oyt _0, evt_0;
*time atart_os;
sizeq swait, vt _chk;
move 80, found;
while ({wt_chk > #0) & ("found));
delg swait, temp_tch;
i (temp_tcb.naze = #/aynch/);
pove $1, found;
time ch_syn_due;
udd #9800, ch_syn_due, ch_syn_due;
move ch_syn due, temp_tch,priority;
slas
n&dq temp_tch, aweit, temp_tcb.priority;
sub wt_chk, #1, vt_chk;
endif;
snduhile;

if (found);
*move ourr_tcb, temp2_tch;
smove temp_tob, curr_tab;
*call rexponse_update, $2, #6;
smove curr_tcb, temp_tab;
epoye temp2_tch, curr_tobj
orll sched_rtr_task, temp_tcb;

endif;

stime end_os;

sgub end_os, start_os, elapsed;

;
i
¥

sadd elapsed, os_ovhd, os_ovhd; N
enable $10;
EXDPRIN;
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PRINITIVE svt_lnss_synch

i

: This primitive serves as the interrupt hendler for the synchronization

} loss primitive. This interrupt is raised sporadically to signal & loss of
H synchronization.

PRIM evt_loss_synch}
disable #10;
ackint #1;
sadd #1, evt_1, evt 1;
etime stl:t_olg
move #1, synch_ loss;
sizxeq swait, wt_chkj
move #0, found;
while ((wt_chk > #0) & (“found));
delq swait, temp_tch;
if (temp.tcb.neme = #/synch/);
move #1, found;
time 1_syn_due;
add #700, 1_syn_due, 1l_syn_dus;
move 1_asyn_due, temp_tcb.priority;

alsoé
nddq temp_tcb, swait, temp_tcb.priority;
sub wt_chk, #1, wt_chk;
endif;
sndwhile;

if (found);
smove curr_tch, templ_tchj
smove temp_tch, curr_tcb;
*cell response_update, #1, #6;
smove curr_tcb, temp_tcbi
smove  templ_tch, curr_tcb;
call sched rtr_task, temp_tab;

andif;

stime end_os;

sgub end_os, start_os, elapsed;

eadd elupsed, os _ovhd, os_ovhd;

eniable #10}
ENDPRIN;

PRINITIVE evt_msg_rx

b
: This primitive serves as the interrupt handler for the incoming externsl
§ message interrupt. This interrupt is reised sperndically to signal the

} arrivesl of a message. It makes the MSG task zeady to run from the
t blocked Teceive stnte,

PRIK evt_mag_rxi
disable #10;
ackint #2i
»ndd #1, eyt 2, evt 2;
stime start_os;
move #1, msg._xdy;
rand #10, wt_chk;
if (wt_chk < #6)3
move ¥, msgtype;
elue;
i? (wt_chk < #8);
move %1, magtypet

else;
move #3, msgtype;
endif;
andif;
move 80, done;

call get_locul, #/msg/;
if (@local.vaiting = #1);
move 30, @ocel.maiting}
smove curr_tcb, temp2_tchb}
smove Clocml.block, curr_tch;
+call response_update, 32, 38,
time mag_due;
i? (msgtyps = #1);
add #5000, mag_due, msg_due;
move msg_ dus, curr_tch.priority;
else;
i {msgtype = #2);
add %3000, msg_due, msg_due;
move msg_due, curr_tcb.prierity;
else;
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ndd  #12000, msg.due, msg_due;
move msg_due, curr_tch.priority:
endif;

sndif;

emove curr_tcb, ©local.block;

*move temp2_tch, curr_toh;

move #1, donej

sndif;

i (dene = #1);

cnll sched_rtr_task, Olocal.block)
endif;
stime end_os}
ssub end_os, start_os, elupsed;
sadd elapsed, os_ovhd, os_ovhd;

enable #10;
ENDPRIM;

PRIMITIVE evt_signal

interrvpt handler. This interrupt iz raised sporadically to signal the

arrival of a signalling event. It makes the SIGHAL task ready to run

i
]
i This primitive serves as the interrupt handler for the signelling
i
H

H from the blocked receive atate.

PRIM evt_signalj
disable #10;
ackint #3
wadd #1, evt 3, evi 3}
stime start_os;
move  #1i, sig_xdy;
rand #10, wt_chki
if (ut_chk < ¥6);
move #6, sigtype}
else;
17 (wt_chk < #8);
move #4, sigtype;
else}
move #5, sigtype;
endif;
endif;

move #0, done;

call get_local, $/signal/y

if (¢loonl.uvmiting = #1);
move #0, Olocal.walting;
smove curr_tcb, templ_tcb;
smove €local.block, curr_tchb;
scall Tesponse_update, 83, ¥6;

time sig.due;
if (sigtype = ¥6);
add #1000, sig.due, sig.dus;
move sig.due, curr_tch.priority;
olse;
if (sigtype = %6);
add #7700, sig.due, sig_due;
move mlg_due, curr_tcb.pricxity;
slse;
ad #2000, sig_due, sig_due;
move wsig_due, curr_tcb.pricrity;
endif;
endif;
smoye curr_tcb, €local.block)
"move t.mp!_tcﬁ, surr.tab}
move #1, done;
andif;

if {done = #1)}
call sched_rtr_tmsk, Q@local.bleck}
endif;
#time end_os}
ssub end_os, start_os, elapsed;
w*add elapsed, os_ovhd, os_ovhd;

ennble $10}
ENDPRIN;

3 PRIMITIVE evt_clk

§

i This primitive serves as the interrnpt handler for the clock interrupt

3 used as u timing base Lor the audits task, This is u periedic interrupt.
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PRIN lvt_clki
disable #10;
ackint #4;
sudd #1, evt_4, evt _4;
stime start_os}
sizeq wswalt, wt_chk;
move #0, found}
vhile ((wt_chk > #u) & (“found));
delq swait, temp_tchj
if (temp_tch.neme = #/audits/);
move #1, foundi

else
lédq temp_tch, swait, temp_tchb.priozity;
sub wt_chk, #1, wt_chk;
endif;
endvhile;

i2 (found);
time sud_duse;
add #1100, aud_dne, uud_dnoi
move aund_due, temp_tcb.priority;
smove curr_tcb, templ2_tchi
emove temp_tcb, curr_tcb;
ecall response_update, ¥4, 86
*move curr_tcb, temp.tch;
*move temp2_tcb, enrr_tch;
call sched_rtr_task, temp_tchb;
endif;
vtima and_os}
ssub end_os, start_os, elapssd;
sadd elapsed, os_ovhd, os_ovhd;

snable #101
ENDPRIN;

BEGIN
move #/node2/, nod_nume;
disable %10;
move #/1_t1/, st_elt.st_name;
move $/1_tl.traces/, mt_elt.trc_name;
addq st_elt, loc_comm_q, #1;
move #/1_t2/, st_elt.st_name;
move $/1_t2.traces/, st_elt. trc_nume;
uddq st_elt, loc_comm.q, $1;
move #/1_t3/, st_elt.st_nams;
move #/1_t3.traces/, st_elt.tro_name;
addg st_elt, loc_comm.q, #1;
move #/1_t4/, st_elt.st_name;
move #/1l_td.traces/, st_elt.trc_name;
addq st_elt, loc_comm q, %1;
move $/1_tE/, st_elt.st_name;
move $/1_tG.traces/, st_elt.trc_name;
addq st_elt, loc_comm_q, #1;
move #/1_t6/, st_elt.st_name;
move #/1_t6.traces/, st_elt.trconnme;
nddq st _elt, loc_comm.q, #1;
move &/1_tT/, st_elt.st_name;
move $/1_t7.truces/, st_elt.trc name;
addg  et_elt, loc_comm_q, #1;
move #/1_t8/, st_elt.st_numa;
move #/1_t8.traces/, st_elt.tre_name;
addq st_slt, loc.comm_.q, #1;
move #/1_%9/, st_slt.st_name;
move #/1_tD.traces/, st_elt.trc name;
addqg st_elt, loc_comm g, #1;
move #/1_t10/, st_elt.st_name;
move $/1_t10.traces/, st_elt,trc_name;
addg st_elt, loc_comm q, $1;
move #/1_t11/, st_elt.st _name;
move #/1_t11.traces/, st_elt.trc_nams;
addq st_elt, loc.comm.q, #1;
move $/1_t13/, st_elt.st_name;
move $#/1_t12.truces/, st_elt.trc_name;
addg st_elt, loc_comm_q, ¥1;
move ®/1_%13/, st_elt.st_name;
move $/1_t13.traces/, st_elt.trc_name;
sddq st_elt, loc_comm_q, ¥1;
move $/1_t14/, st_elt.st_neme;
move #/1_ti14.trnces/, st_elt.trc_name;
addq st_elt, loc_comm q, #i;
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move #/1_t16/, st_elt.st_nume;

move #/1_tib.truces/, st_slt.trc_nwume;
addq st_elt, loc.comm_q, ¥1;

move #/1_t18/, st_elt.st_nams;

move #/1_ti6.traces/, st_elt.trc_name;
addg st_elt, loc.comm_q, #1;

if (nod_name = ¥/nodel/);

lock;
move
mave
addg
move
nove
uddq
move
move
addg
move
move
addgq
move
move
addq
move
move
addq
move
move
addgq
move
move
addq
move
move
addq
move
move
addq
move
move
addq
move
move
addq
move
move
addq
nove
move
nddq
nove
move
addq
meve
move
addq
meve
move
addq
unlock;
endif;

$/ah_t1/, rt_elt.st _nume;
#/sh_ti.trca/, st_elt.trc_name;
st_s)t, comm_q, #l;

8/ah_t2/, st_elt.st_name;
#/sh_t2.tros/, st_elt.trc_namse;
st_elt, comm_q, #1;

$/ah_t3/, st_elt.at_nume;
#/sh_t3.trce/, st_elt.trc_nume}
st_elt, comm _q, #1;

#/oh_t4/, st_slt.st_name;
#/sh_td.tros/, st_elt.trc_nems;
st_.elt, comm_q, #1;

#/eh_%6/, st_alt.st_nume;
#/sh_tB.txcs/, st_elt.trc_name;
st_elt, comm_ g, #;

#/eh_t8/, st_elt.st_name;
#/sh_t6.trcs/, st_elt.trc_name;
st_elt, comm_q, #1;

$/ah_tT/, st_elt.st_name;
#/sh_tT.tzcs/, st_elt.trc _name;
st_elt, comm_q, 81}

8/sh_t8/, st_elt.st_name;
$/sh_t8.trcs/, st_elt.trc_nams;
st_elt, comm_q, #1}

#/sh_t9/, nt_elt.at_nume;
$/sh_tH.tros/, st_elt.tTc_nanme;
st_elt, comm_q, ¥1;

$/sh_t10/, st_elt.st_name;
8/sh_t10.trca/, st_elt.trc_namsj
st_elt, comm_q, #1;

#/sh_t11/, st_elt.st _name;
#/sh_t11.trce/, st_elt.trc_neme;
st_elt, comm_q, ¥1;

$/ah_t12/, st_elt.st_name;
#/sh_t12.trcs/, st_elt.trc_numei
st_elt, comm_gq, #1;

#/ah_¢13/, st_elt.st_name;
#/sh_t13.tres/, st_elt.tro_name;
st_slt, comm_q, #1;

#/sk_ti4/, st_elt.st_name;
#/sh_t14.trce/, st_elt.tzrc_nuxme;
st_elt, comm_q, #1;
#/sh_t15/, st_elt.st_name;
#/sh_t16.vros/, st_elt.tro_name;
st_elt, comm_q, §1;

#/sh_t18/, st_elt.nt_name;
#/sh_t168.trcs/, st_slt.trc_namei
st_elt, comm_q, #1i3

#/sh_ti7/, st_elt.st_nume;
#/sh_t17.txcs/, st_elt.trc_name;
st_eit, comm_gq, #17}

move tasklist, proclist;
sizeq proclist, br_chk ;

move currtesk, tempstr;

smove #1, wt_chk}

ghile br_chk <> #0;
delq proclist, tcb_name;
cxtsw tcb_name;

stine cu:t_tcb.stl.hogin;
«move vt_chk, curr_te

.num;

sadd #1, wt_chk, wt_chk;
i (tc:-nlno <> #/idle/)}

look;
eftype nod_name;

delg
move

loc_comm_q, st_slt;
tcb_nsme, st_elt.nom;

sftype #/ --LOCAL-- TASK: /i
eftype tcb_name;
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«feype 8/ QUEVE: /i
sftypecr st_elt.st_name;
addq st_elt, temp.q, #1;
unleck;

lock;

delq comm.q, s$_elt;

while (st_slt.nom <> nil_string)}
addq st_elt, comm_q, 1}
delq comm_q, Bt_el%;

snduhile;

move tch_neme, st_slt.nomi

eftype $/0LOPAL-- TASK: /;

sftype teb.neme;

efeyps 8/ QUBUE: /;

sftypecr st_elt.st_name;

addq st_elt, comm_q, #1;

unlock;

move currprio, curr_tcb.priority;
else;

moeve #70000, curr_tcb.priorityy
endif}

move taskstrt, curr_tcb.pent)

move tcb.name, curr_tcb.nume;

move #/zeady/, curz_tch.stmtus

move taskstk, curr_tcb.stk;

addq cnrr_tci. rtr, cuzzprio;

sizeq proclist, br_chk;
endwhile;

move temp.gq, lec_comm.q;
move nil_quece, temp_qi

extsw tempstr;

move #/rdy_tm/, rdy_stri

move #8/wt_tm/, wt_stri

move ®/run_tm/, run_stri

emove $/END RESPONSE ............/, end_str}
bind evt_synch, $#0;

bind evt_loss_synch, #1;

bind evt_mag.rx, #2;

bind evt_signal, $3;

bind evt_clk, #4;

enable #i0;
printer 8/Kernel Sturting.../;
oall run_rtr_task;

printcr $/ERROR - KERNEL TERMINATING/;

ENDTASK;
ENDKERNEL;
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B.4.8 Earliest Due Date Ap- ACTIVITY time_upd:

plication Tasks

i
t M30 Task
H

STAT vdy_tm, integer:
STAT wt_tm, integer;
STAT run_tm, integex;

VAR Dbyte_cnt, integer; No. of message bytes
; transmitted or recoived

VAR meg_pending, integer;
VAR msg_out, t_msg_elt;
VAR meg_in, t.meg_elt

VAR  tsk_strt, integer;
VAR tak_end, integer;
STAT cycle, integer;

STAT num_cycles, integer;
VAR tot_time, integer;

ACTIVITY init;
stime tak_strti
move #0, mag_pending;
move #0, msg_in.typs]
ENDACT

ACTIVITY upd_oycle
move $0, mag_in.type;
epdd #1, num_cycles, num_cycles;
sdiv tot_time, num_cycles, cycle;
stime tsk_end;
epub tsk_end, tsk_strt, tsk_end;
wadd tsk_end, tot_time, tot_time;
etimo tsk_strt;

ENDACT;

ACTIVITY init.cnt;
move %0, byte_cnti
move #C¢, mag.rdy;

ENDACT;

ACTIVITY incr_cnt;
add $1, byte_cnt, byte_cnt;
E¥DACT;

ACTIVITY send_tone}
move #1, msg_out.type;
move mag._due, meg.out.prior;
move #/msg/, msg_out.src;
BNDACT;

ACTIVITY send_startj
move $#1, mag_out.type;
move msg._due, msg_out.prior;
move #/msg/, msg_ont.sro;
ENDACT;

ACTIVITY send_ding;
move #3, msg_out.type|
move msg_due, mag_out.prior;
move $#/msg/, meg_out.sro;
BNDACT;

ACTIVITY mck_ing
stime tak_strti
if (mug_in.type <> $0);
move #1, msg_pending;
endif;
ENDACT;

ACTIVITY clr_meg;
move #0, meg_in.typej
move #0, msg_pending;
BNDACT;

ACTIVITY set_synchj
ticks #2003
move #0, msg_in.type;
move #0, mag_pending;
BNDACT}

stime tsk_end;

vsnb  tsk_end, tsk_strt, tek_end;

endd tsk_snd, tot_time, tot_time;
EBDACT:

BEGIR
DO_ACT init;
CALLP nilprim;
SETSTATE #/clear/;
LODP
S*ITBSBLECTi
STATE clear;
IF #truey
DO_ACT upd_cycle;
CALLP newresp;
SETSTATE $/atart/;
ENDIF;
ENDSTATE;

STATE startt
IF (msg_pending = 1)1

CALLP nilprim;
SETSTATE  #/hndl_nmag/;
ENDIF:
IF (msg_rdy = #1);
DO_ACT iniv_cnt;
CALLP nilprim;

SETSTATE s/rxtx/
ADIF1t
IF strue;
po_act

time_upd;
CALLP recy, 80, 8/msg.in/;
SETSTATE #/nigrag/s
ENDIF;
BXDSTATE;
STATE migrag;
IF Btrue}
DO_.A ack_int
cafLp nilprim;
SETSTATE $/start/;
ENDIF;
ENDSTATE;

STATE rxtxi
IF (byts_cnt < $32);

DO_ACT incr_cnt;
CALLP nilprim;
SETSTATE 8/rxtx/;
ENDIF;
IF #truej
CALLP nilprim;
SETSTATE  #/msg_fin/;
ENDIF;
ENDSTATE;

STATE meg._in;
IF (magtype = #1);
DG_ACT send_start;
CALLP send, #/cinit/, $/msg_out/;
SETSTATE $/cleaz/}

ENDIF;
IF {megtyps = $2);
DO_ACT send_tone;

CALLP send, #/tones/, #/mag_cat/}
SETSTATE #/clenr/}

ERDIF;
IF (msgtype = 33);
DO_ACT send_diw

i
CALLP send, 8!&1-317. &/mag_out/}
%gTSTlT! #/clenz/;

ENDIF;
BYDSTATE;
STATE hndl_msg;

IF (msg_in.typs » #7);

0_ACT clr_msg;

CALLP endreasp, #1;

SETSTATE #/clear/;
ERDIF:
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IF {(meg_in.type = %8);

DO_ACT set_synch;
CALLP sndresp, #2;
SETSTATE #/clenx/;
ENDIF;
ENDSTATE;
ENDSELECT;
ENDLODP
ERDTASK;
{ SYNCH Task

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR meg_ocut, t_msg_elt;

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT c¢ycle, integer;
STAT num_cycles, integer;
VAR  tot_time, integer;

ACTIVITY init;

stime tsk_strt;

move #0, synch_loss;
E¥DACT}

ACTIVITY upd_cycle;
epdd #1, num _cycles, num_cycles;
odiv tot_time, num_cycles, cycle;
stime tak_end;
sgub  tsk_end, tak_strt, tak_end;
eadd tak_end, tot_time, tot_time;
¢time tsk_stre;

ENDACT}

ACTIVITY report_synch;
etime tak_strt;
move #0, synch_ loss;
move #9, meg_out.type;
move 1_syn_due, mEg_out.priort
move #/synch/, msg_ocut.sxe;
ENDACT;

ACTIVITY change_synch;}
etime tsk_strt;
move #8, mag_out.type;
mave ch_syn_due, msg_out.priocr;
move #/synch/, meg_cut.sre;
ENDACT;

ACTIVITY time_upd;
stime tak_end;
egub  tak_end, tsk_strt, tsk_end;
vadd tsk_end, tot_time, tot_time;
ENDACT;

BESIN
DO_ACT  init
caiLe nilprim;

SETSTATE #/cleax/;

LOOP;
stATESELECT;
STATE clear;
IF #true}
DO_ACT upd_cycle;
CALLP nevresp;
SETSTATE #/sturt/;
ENDIF;
ENDSTATE;
STATE start)
IF #true
PO_A time_upd;
CALLP sleep;
SETSTATE #/chk/}

EBDIF;
ENDSTATE;
STATE c<hki
IF (synch_loss = $1);
DD_ACT report_synch;
CALLP send, #/fault/, #/meg_out/;
SETSTATE #/cleax/;
ENDIF;
IF ftue
DO_A change_synch;
CALLP send, $/asg/, t/msg_out/;
SETSTATE #/aleax/;
BEDIF;
ENDSTATE;
ENDSELECT;
ENDLOOP
ENDTASK;

1
t  FAULT Task

H

STAT zdy_tm, integer;
STAT ot_tm, integer;
STAT run_tm, integer;

VAR msg_out, t_msg_elt;
VAR msg_in, ¢t _msg.elt;

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycls, integex;
STAT num_cycles, integer;
VAR  tot_time, integer;

ACTIVITY
»time
ENDACT;

ACTIVITY
wadd
ediv
stime
esub
sadd
stime

ERDACT:

ACTIVITY
stime
ENDACT

ACTIVITY
*time
egud
sadd

ERDACT;

ACTIVITY
move
move
nove

ENDACT

BEGI
CALLP

init;
tek_strt}

upd_cycle;
#1, num_cycles, num_cycles;
tot_time, num_cycles, cycle;
tsk_end;
tsk_end, tsk_strt, tsk_end;
tak_end, tot_time, tot_time;
tsk_strt;

time_nt;
tak_atrt;

time_updi
tak_end;
tak_end, tsk_strt, tsk_end;
tak_end, tot_time, tot_time;

send_report;
87, msg_out.type;

mag_in.prior, msg_out.prior;

#/fuult/, meg_out.ssc;

)
DO_ACT injit;

nilpzim;

SETSTATE #/clenr/;

LUUP*
STATESELECT;
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STATE clear;
IF Strue;
po_acT upd_cycle;
CALLP NeWresp;
SETSTATE  #/start/;

ENDIF;
ENDSTATE;
STATE staxt;

IF Strue}



DO_ACT time_upd;
CALI P recy, 80, #/mig.in/;
SETSTATE s/got_msg/y
BXDIF;
ENDSTATE;

STATE got_msg;
IF (msg_in.src = #/timtc/);

$/atnt_date/, $1000;

DO_ACT time_st
calLe 5|e_inti. msg_in.src,
#/¢1_data/, £1000;
SETSTATE  #/zepoxt/;
ENDI?;
IF (meg_in.src = $/etat/};
DO_ACT time_st;
CALLP get_date, msg_in.sre,
SETSTATE 8/report/;
ENDIF;
IF strue;
po_ict time_st;
CALLP nilprim;
SETSTATE #/zepoxt/
ENDIF;
ENDSTATE:
STATE report;
IF 3trus;
Dﬂ_lcf send_report;
CALLP  send, ®#/msg/, %/msg_out/;
SETSTATE #/cleax/;
ENDIF;
EEDSTATE}
ENDSELECT;
ENDLOOP
ENDTASK;

: AUDITS Tusk

STAT rdy.tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg_out, t_msg_ el
VAR audi_cnt, integer;
VAR andi_cnt, integer;
VAR aud3_cat, integer;

VAR tsk_strt, integer;
VAR tsk_end, integer;
STAT oycls, integer;
STAT num_cycles, integer;
VAR tot_time, integer;

ACTIVITY inity
etime tsk_strtg;
ENDACT}

ACTIVITY upd_cycle;
sadd #1, num_cycles, num_cycles;
»diy tot_time, num_ocycles, cyole;
stime tsk_end;
epub tsk_end, tsk_strt, tak_end;
sndd  tsk_end, tot_time, tot_time;
stime tek_strt;

EBDACT;

ACTIVITY incx_cnt}
stime tsk_ond;
#aub tsk_end, tsk_strt, tsk_end;
sadd  tsk_end, tot_time, tot_time;
add #1, audi_ont, andl_ent;
add #$1, aud2_cnt, mudd_cnt;
ndd #1, audd_cnt, aud3_cont;
BEDACT;

ACTIVITY tell_timtc;
stime tsk_strt}
move #23, mag_out.type;

move
move
EBDACT

ACTIVITY
move
move
move
move

ENDACT;

ACTIVITY
move
move
move
move

ENDACT}

ACTIVITY
move
move
move
moye

ENDACT;

BEGIN

aud_due, msg_out.prior;
#/uudits/, meg_out.urcy

andl;

#0, audi_cnt;

nu&_dnc. mEg.out.prior;
#10, msg_ount.type;
#/andits/, meg_out.src)

aud2}

%0, audd_cnt}

'16. mag. out.type;
aud_due, msg_out.priory
$/andits/, myg_out.sxrc}

nud3;

20, sudd_cnt}

816. msg.out.type;
and_due, msg_out.prior;
$/undits/, msg_out.srey

DO_ACT init;

CALLP

nilprim;

SETSTATE #/clomr/j

LOOF;
staTESELECT;
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STATE clear;
ftrue;
DD_IC+ upd_cycle;
CALLP NeWIesp;
SETSTATE $/nturt/;
EYDIF;
ENDSTATE;

STATE start)

IF Otrua*
DO_A iner_cnt;
CALLP sleep;
SETSTATE  #/trigger_timtc/;
ENDIF;
ENDSTATE;

STATE trigger_timte;
IF strus
DO_AC tell_timtc;
CALLP send, #/timte/, $/meg.out/;
SETSTATE #/chk_nudl/;
ENDIF;
EWDSTATE;

STATE chk_audl;
I¥ (audl_cnt = $10)1
DO_ACT audl;
CALLP send, #/disgs/, #/msg_out/;

SETSTATE #/chk_audd/;
EADIF;
IF $true;
CALLP nilprim;
SETSTATE #/chk_aud2/;
ENDIF;
ENDSTATE;

STATE chk_aud2;
IF {(wud2_cnt = #20);
DO_AC andd
CALLP send, #/disgs/, #/meg_out/;

SETSTATE 8/chk_rudd/;
EXDIF;
IF strue;
CALLP nilprim;
SETSTATE #/chk_audd/;
EWDIF;
EEDSTATE;

STATE chk_aud3;
IF (and3_cnt = 330);
DO_AC apdl;
CALLP mend, #/diags/, #/msg_out/;



SETSTATE #/clenz/;
EHDIF;
IF strue;
CALLP

nilprim;
SETSTATE $/clent/;
ERDIF;
ENDSTATE;
ENDSELECT;
EBDLOOP
ENDTASK;

he
i TINIC Task
]

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run tm, integer;

VAR msg.out, t_mag_elt)
VAR  mag_in, t_msg.elt;
VAR result, integer;
VAR  fail, integer;

VAR  tek_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer;
STAT num_cycles, integer}
VAR tot_time, integer;

ACTIVITY init;
stime tak_strt;
ENDACT;

ACTIVITY upd_cycle;
*add #1, num_cycles, num_cyclesi
sdiv tot_time, num_cycles, cyclse;
*time tsk_end;
egub  tak_end, tsk_strt, tsk_end;
sadd tsk_end, tot_time, tot_time;
etime tak_strt}

ENDACT;

ACTIVITY time _upd;
stime tsk_end;
*pub tsk_end, tsk_strt, tsk_end;
epdd tsk_end, tot_time, tot_vime;
ENDACT;

ACTIVITY time_st;
etime tak_stxt;
ENDACT;

ACTIVITY do_scanj
stime tak_strt;
move %0, faill;
rmove #1, tl_data;
ticks Oiéo;
rand #10, result;
it (remult = OB){

move %1, fail;
endif;

ENDACT}

ACTIVITY report_fail:
move %10, msg_out.type;
move msg_in.prior, msg_out,.prior;
move &/timtc/, mag_out.src;
ENDACT}

DO_ACT init;
CALLP nilprim;
SETSTATE #/clenr/}

LOOP;
StATESELECT;
STATE clear;
IF #true;
DO_ACT upd_cycle;
CALLP newIeEp;

SETSTATE ®/start/y
ENDIF;

ENDSTATE;

STATE start;
IF #true;

DO_ACT
CALLP

SETSTATE

time_upd;
recv, %0, #/msg._in/;
8/got _mag/}

EXDIF;
ENDSTATE!
STATE got_mag;
IF (meg.in.type = #23);

DOQ_ACT do_scanj
CALLP nilprim;
SETSTATE #$/chk_results/;
ENDIF;
IF #true
DO_AC time_st;
CALLP nilprim;
SETSTATE #/clenr/
EEDIF;
EADSTATE;

STATE chk_results;
IF (fail = 81);
DO_ACT report_fail;

CALLP send, #/fault/, #/mag_out/;

SETSTATE #/respons/;

ENDIF;
IF Strue;
CALLP nilprim;
SETSTATE #/rvespons/
ENDIF}
ENDSTATE;

STATE respoens;
IF (fail = 80);
CALLP sndresp, #7;
SETSTATE #/clenz/;

ENDIF;
IF #true}
CALLP nilprim;
SETSTATE #/clear/;
ENDIF;
ENDSTATE;
ENDSELECT;
ENDLOOP
ENDTASK;

H
3 DIAGS Task
H

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR mag.out, t_msg_elt;
VAR msg.in, t_msg_elt;
VAR  dest, string;

VAR dg.num, integer}

VAR  tsk_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integeri
STAT num_cycles, integer;
VAR tot_time, integer;

ACTIVITY inist;
*time tak.strt;

ENDACT;

ACTIVITY upd_cycle;
sadd #1, num_cycles, num.cycles;
sdiv  tot_time, num_cycles, cycle}
stime tsk_end;
egub  tek_end, tsk_stzt, tsk_end;
epdd  tsk_end, tot_time, tot_time;
stime tsk_mtrt)

ERDACT;

ACTIVITY time_upd;
stime tsk.end;
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wgub  tsk_end, tsk_strt, tsk_end;
epdd tsk_end, tot_time, tot_time;

ENDACT

ACTIVITY time_st;
stime tsk_:tr&;
ENDACT;

ACTIVITY chnl_reqi
etime tsk_strt}

move #12, msg_out.type}
move msg_in.prior, msg_out.prior;
move &#/diegs/, msg_out.src;

ENDACT;

ACTIVITY choose_dieg;
etime tak_ stry;
rand #4, Ag_num}

move #21, meg_out.typs;
move msg_in.prior, meg_out.prior;

STATE wt_nckl;

IF #trus
DO_AC time_updi
CALLP recy, ¥4, ®/meg_in/;
SETSTATE #/pick_diag/;
ERDIF:
ENDSTATE;

STATE pick_ding:
IF #true;
po_ict choose_ding:

CALLP send, dest, $/msg_out/;
SETSTATE  #/cleax/;
ENDIF:
ENDSTATE;
ENDSELECT;
ENDLOOP
ENDTASK;

move #/diags/, msg_out.src;

if (dg_num = #0);

move #/tonediang/, dest;

slse;
i? (dg.num = #1);

move #/chnldieg/, desti

alse;

if (dg_num = #2);

move ®#/msgding/, dest;

sl

endif;
endif;
endif;
EXDACT;

BEGIN
DO_ACT init;
CALLP nilprim;

SETSTATE #/clear/;

LooP
S%ITBSELBCT:

STATE clear;
IF #true;

oo act
CALLP

EADIF}
ENDSTATE;

STATE staxt
IF $true,
DO_ACT
CALLP

SETSTATE

EEDIFi
ENDSTATE;

STATE got.msg}
IF ®true
DO_A

o
move #/tidiag/, dest;

upd_cycle;
newresp;
$/nturt/y

time_upd;
recy, #3, #/msg_in/;
t/got.mag/;

chnl_raq;

CALLP send, #/chnls/, #/msg_out/;

SETSTATE
ENDIF;
EADSTATE;

STATE wt_nckl;
IF #truse;
DO_ACT
CALLP
SETSTATE

ENDIF;
ENDSTATE;
STATE got_chnl;

IF #true;
DO_ACT

®/ut_ncki/;

time_upd;
recy, $14, #/msg_in/;
#/got_chnl/;

chnl_req;

CALLP sand, #/chnls/, #/msg._out/;

A% 2Y ¥y

U

EAD

ENDSTATE]

#/wt_nck2/;
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TiDIAG Task

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg_out, t_mig_elt;
VAR msg.in, t_meg_elt;
VAR  result, integer;
VAR  fail, integer;

VAR tak_stzt, integex;
VAR  tsk_end, integer;
STAT cycle, integer;
STAT num_oycles, integer;
VAR tot_time, integer;

ACTIVITY init;
stime tak_strt)
ENDACT;

ACTIVITY upd_cycle;
spdd #1, num_cycles, num_cycles;
ediv tot_time, num_cycles, cycle;
stime tsk_end;
esudb  tak_end, tak_strt, tsk_end;
eadd  takX_end, tot_time, tot_time;
stime tEk. mtrt}

ENDACT;

ACTIVITY time_upd;
stime tak_end;
epnb  tsk_end, tsk_strt, tsk_end;
sgdd  tsk_end, tot_time, tot_time}
ENDACT

ACTIVITY stop_mtci
stime tak_strt}
move #21, msg.cut.type;
move #80, mag. out.prier;
move #/tidiang/, meg_ont.src;
ENDACT}

ACTIVITY do_ding;
move %0, fail;
ticks 3400}
rand #10, result;
i? (resuls = #9);

move #1, taii:
endify

ENDACT;

ACTIVITY report.fail;
move #10, msg_out.typs;
move msg_in.prior, msg.out.prior;
move #/tidiag/, mug_out.srec;
ENDACT;

DD_ACT init;
CALLP nilprim;
SETSTATE #/cleer/;

LOOP;
9TATESELECT;

STATE clear;
IF $true;
Do_AcT upd_cycle;
CALLP nevresp;
SETSTATE $/utart/;
ENDIF;
EEDSTATE;

STATE start)
IF #true
DO_AC time_upd:

CALLP Tecy, %0, $/msg.in/;

SETSTATE
ENDIF;

$/got_meg/;

ENDSTATE}
STATE got_msgi

IF Strus;
90_ACT stop.mtc;
CALLPmond, #/signal/, #/msg_out/;
SETSTATE  #/diagnome/;
ENDIF
ENDSTATE;
STATE dimgnose;
IF Struo*
DO_AC do_diag;
CALLF nilprim;

SETSTATE #/chk _results/;
ESDIF;
ENDSTATE;

STATE chk_results;

IF (fail = 1)
-ACT report fail;

CALLP send, #/fault/, $/msg_out/;

SETSTATE  #/respons/;
BADIF;
IF ftrue;
CALLP nilprim;
SETSTATE #/zespons/;
ERDIF;
ENDSTATE;

STATE zespons;
IF (fail = #0);
CALLP

SETSTATE
D

IF;
IF $true}
CALLP nilprim;

SETSTATE 8/clear/;
ENDIF;
ENDSTATE;

endresp, #6;
#/clenx/;

ENDSELECT;
ESDLOOP

ERDTASK;

{ MSGDIAG Tusk

H

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg_out, t_msg_elt;
VAR mag in, t_meg_elt
VAR result, integer;
VAR fail, integer;

VAR  tzk_strt, integer;
VAR  tsk_end, integer;
STAT cycle, integer:
STAT num_cycles, integer;
VAR  tot_time, integer;

ACTIVITY
*time
ENDACT;

ACTIVITY
endd
sdiv
stime
*sub

£ADACT;

ACTIVITY
*time
*sub
vadd

ENDACT;

ACTIVITY
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indit;
tak_strt;

upd_cycle;
#1, num_cycles, num_cycles;
tot_time, num_.cycles, cycle;
tsk_end;
tsX_end, tek_strt, tsk_end;
tsk_end, tot_time, tot_time;
tsk sttt

time_updi
tsk_ondi
tak_ond, tsk_strt, tsk_end}
tsk_end, tot_time, tot_time;

stop_integ,



stime tsk_strt]

move
move
move
ENDACT;

#20, meg_out.type}
mag_in.prior, meg_out.prior;
#/osgding/, msg_ocut.szag

ACTIVITY do.die

move

:06 !ufl;

ticks #3200

rand

#10, rcnult;

if (result = as)i
move ¥1, ily

ondifs

EEDACT;

ACTIVITY zeport fmil;

nove
move

move
ENDACT;

BEGIN

DO_ACT

caiir

SETSTATE

#10, msg_out.type;
msg_in.prior, msg_out.prior;
$/msgding/, meg_out.srcy

init;
nilprim;

#/cleax/;

LOOP;
STATESELECT;

STATE clear;
IF Strue
DO_AC
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE mtart;
IF Strue
DO_AC
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE got_m3g;
IF #tzue
DD_AC%

upd_oyole;
neNCesp}
$/aturt/;

time_upd;
vecy, %0, ®/msg_in/;
8/got_msg/;

stop_integ;
CALLP send, #/signal/, #/meg_out/;
SETSTATE  #/diagnose/

ENDIF;
ENDSTATE;
STATE diagnose;
IF struey
DO_ACT
CALLP
SETSTAIE
ENDIF;
ENDSTATE}
STATE chk_results;
IF (glil = £1);

do_diag;
nilpzim;
#/chk_results/;

LCT roport-!ail;
CALLP mend, #/fault/, #/msg_out/;
SEISTATE #/zenpons/
ENDIF;
IF St:uo;
CALLP nilprim;
SETSTATE $/zespons/;
BUDIF;
ENDSTATE;

STATE xespons;
IF (fail = %0);
CALL

P endresp, #6;
SETSTATE #/clenr/}
ENDIF;
IF Rtrue;
c nilprim;
SETSTATE  #/clear/;
ENDIF;
BNDSTATE;

ENDSELECT;
ENDLOOP
ENDTASK;

i
i CRNLDIAG Tmsk
i

STAT rdy.tm, integery
STAT wt_tm, integer;
STAT run_ti, integer;

VAR msg_out, t_meg._elt;
VAR  msg_in, t_mag_elt;
VAR  zesult, integer;

VAR fail, intogurl

YAR  tsk_strt, integer;
YAR  tsk_end, integer;
STAT cycle, integer;
STAT num_cycles, integer;
VAR tot_tims, integer;

AcrIVITY inity
time tsk_strtj
BlDlCT;

ACTIVITY upd_cycle;

sadd #1, num_cycles, num_cycles;
ediv tot_time, num_oycles, cycle;
stime tak_end;
sgub  tsk ond. tak_stre, tsk_end;
sadd tak_end, tot tino. tot. time;
stime tak_ -trts
ERDACT}
ACTIVITY timy_upd;
stime tak_end;
sgub  tek. ond tsk_strt, tsk_end;
sadd tsk ond, tot tin-. tot_time}
ERDACT;
ACTIVITY connect_chnl;
*time tok_strti
move #11, msg out.typs;

move
move
ENDACT;

ACTIVITY stop_integ;
move #20, msg_out.vype}
move msg_in.pricr, msg_out.priory
moeve #/chnldieg/, msg.out.sre}
ENDACT}

ACTIVITY do_diag;
move Ioéoiaila

ticks §
rand #10, Tesult;
i# (result = %0);
move #1, tlii;
endif;
ENDACT;

ACTIVITY report_fwil;
move #10, msg_out.typei
move msg_in.prior, meg_ocut.prior;
move #/chnldiag/, msg_out.src;
ENDACT;

msg_in.prior, msg.out.prior;
#/chnldiag/, msg_ont.srcy

»
-

BEGIE
DO_ACT
CALLP
SETSTATE

init;
nilprim;
8/clear/;

00P;
STATESELECT;

STATE clear;
IF #ttue;
DO_ACT upd_.c¢ycle;
CaLLP neWresp;
SETSTATE #/start/y
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ZNDIF;
ENDSTATE;

STATE sturt;
IF #trus:
po_act
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE got._msg;

IF $tzue;
DO_ACT
CALLP send,
SETSTATE

ENDIF;

ENDSTATE]
STATE signel}

IF Strue;
poO_ACT
CALLP send,
SETSTATE

ENDIF;
ENDSTATE]

STATE diagnose;
IF #trut*
no_AC
CALLP

SETSTATE
ENDIF;
ENDSTATE;

STATE ochk_results}

IF (fall = #1);
DO_ACT

CALLP send,

SETSTATE

ERDIF;

IF ¥true;
CALLP
SETSTATE

ENDIF;

ENDSTATE}

STATE respens;

IF (fail = #0)
CALLP
SETSTATE

NDIF;

IF Strue;
CALL:
SETSTATE

EBDIF;

ENDSTATE;
ENDSELECT;

ENDLOCP
ENDTASK;

H
; CINIT Task
H

STAT rdy_tm, integer;
STAT uvt_tm, integer;
STAT run_tm, integer;

VAR  msg_out, t_meg.elt;
VAR msg_in, t_msg_elt;
VAR  tsk_stri, integex;
VAR tsk_end, integer;
STAT eycle, integer;

STAT num_cycles, integer;
VAR  tot_time, intager;

ACTIVITY init;
+time tek_strt;

time_upd;
recy, #0, $/meg_in/;
#/got _nsg/y

connect_chnl;
¥/connect/, #/mug_out/}
8/signul/;

stop_integ;
#/signal/, #/msg.out/}
s/dingnone/;

do_diag;
nilprim;
#/chk_vesults/}

Teport _fail;
#/fanlt/, #/msg_out/;
#/xespons/;

nilprim;
#/zenpons/}

sndresp, #6;
#/cleax/;

nilprim;
#/clenr/s

ENDACT;

ACTIVITY
sadd
ediv
stime
saub
sudd

stime
ENDACT;
ACTIVITY

+time
eaub

sadd
ENDACT;
ACTIVITY
#time
move
move

neve
ENDACT;

ACTIVITY
stime
move
move
move

EXDACT;

ACTIVITY
move
meve
move

ENDACT;

BEGIN

DO_ACT

CALLP

SETSTATE

Loocp
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upd_cycle;

#1, num_cycles, num_cycles;

tot_time, num_cycles, ¢ycle;
tak_end;

tsk_ond, tsk_strt, tsk_end;

tak_end, tot_time, tet_tims;
tak_ strt}

time_upd;
tak_end}
tsk_end, tsk_strt, tsk_end;
tak_end, tot_time, tot_time;

chnl_req;

tak_stxt;

#12, msg_ocut.type}
msg_in.prior, msg_out.prior;
#/cinit/, msg_out.sro}

conn_req;
tsk_strt;

1, meg_out.type;
mag_in.prier, msg.out.prior;
#/cinit/, meg.ocut.sre;

stat_redq;

#1656, msg_out.type;
msg_in.prier, msg_out.prior;
#/einit/, msg.out.sxre;

init;
nilprim;
#/clenx/;

H
STATESELECT:

STATE cleari
IF Struaé
DoO_A

upd_cycle;
CALLP neNresp}
SETSTATE #/etzt/;
BNDIF}
ENDSTATE;
STATE strt)
IF #trye
DO_AC time_upd;
CALLP reov, #1, #/meg_in/;
SETSTATE  #/got_msg/;
ENDIF;
EADSTATE;
STATE got_msg;
IF #true;
po_act chnl_req;
CALLP send, #/chnls/, #/umsg_out/;
SETSTATE #/vt_nck/;
EHDIF;
ENDSTATE;
STATE wt_ack;
IF #true
DD_AC time_upd;
CALLP Tecy, %14, #/msg_in/;
SETSTATE  #/got_chnl/;
ENDIF;
ENDSTATE;
STATE got_chnl;
IF #true;
D T conn_reqj
CALLP send, #/connect/, #/msg_out/s
SETSTATE %/got_conn/
ENDIF;
ENDSTATE;



STATE got_connj
IF ttrua*
Do.A

stat_reqi
CALLF send, #/stat/, #/msg_out/;

SETSTATE #/cleax/;
E¥DIF;
ERDSTATE;

ENDSELECT;
ENDLOOP
ENDTASK;

: CHYLS Task
H

STAT rdy.tm, integer;
STAT wt_tm, integer;
STAT run_.tm, inceger;

VAR  meg_out, ¢ mag_elt;
VAR  msg.in, 4 _meg_elt;]
VAR num_mllocated, integer;

VAR  tak_strt, integer
VAR  tsk_end, integer;
STAT cycle, intager;
STAT num.cycles, integer;
VAR  tot_time, integer;

STAT umtoch, integer;
STAT cpch, integer;
STAT over_limit, integer

ACTIVITY initiel;
stime tsk_strt}
ENDACT;

ACTIVITY upd_cyclei
sadd ¥1, num_cycles, num_cycles;
sdiy tot_time, num_cycles, cycle;
etime tak_end;
ssub tsk_end, tsk_strt, tok_end;
»add tsk_end, tot_time, tot_time;
etime tak_strt}

ENDACT;

ACTIVITY time_updj
stime tsk_end;
egub tak_end, tsk_strt, tsk_end;
epdd tsk_end, tot_time, tot_time;
ENDACT;

ACTIVITY get_chnl;
stime tsk_strt;
add #1, num_allocated, num_sllocated;
»if {(msg_in.src = %/dinga/);
sadd #1, mtoch, mtech;
‘lll'i
wpdd #1, cpch, cpchy
sandif}
move #¥14, nsg.ont.type;
move mag_in.prior, msg_out.prier;
move #/chnls/, msg_out.sxe;
BEDACT;

ACTIVITY ovilw;
wtime tak_end
sguh  tsk_end, tsk_strt, tsk_end;
sadd tak_end, tot_time, tot_time;
wadd #1, over_limit;

ENDACT;

ACTIVITY fzee_chnl;
stime tak_strt;
sub num_allocated, #1, num_allocated;
if (num_allocated < #0);
move #0, num_esllocated;
sndify
ENDACT;

BEGIN

DCO_ACT

CALLP

initinl;y
nilprim;

SETSTATE #/cleac/;

LGDP*
STATESELECT;

STATE clenar;
IF #true;
DO_ACT npd_cycle;
CALLP newrenp;
ETSTATE #/etart/|
GEDLF

ENDSTAT 5§

STATE atart;
1IF (num_mllocated < #1B);

DOD_ACT time_upd;
CALLP recy, 80, #/mag in/;
SETSTATE t/got_meg/

ENDIF;

IF #txue
DO_AC ovflw;
CALLP recy, 813, #/msg._in/
SETSTATE #/free_req/y

ENDIF;

EX¥DITATE;

STATE got_meg;
IF (msg.in.syps = #12);
DD_ACT

get_chnl;
CALLP send, mag_in.src, #/msg_out/t
SETSTATE  #/clesr/;
EHDIF;
IF #true;
DO_ACT free_chnl;
CALLP nilprim;
SETSTATE 8/clenz/;
ENDIF;
ERDSTATE}

STATE freo_req}
IF #true;
CT

DO_A fres_chnl;
calLp nilprim;
SETSTATE  #/clear/;
ENDIF;
EXDSTATE;
E¥DSELECT;
ENDLOOP
ENDTASK;
i
t  STAT Tesk

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

ViR nmag_out, t_msg.elt}
VAR mag_.in, t_mag_elt;

VAR  tak_strt, integer;
VAR  tak_end, integer;
STAT cycle, integer;
STAT num_cycles, integer;
VAR tot_time, integer;

ACTIVITY
*time
ENDACT;

ACTIVITY
sadd
sdiv
stime
*ayb
eadd

*time
ENDACT;
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init;
tak_strt;

upd_cyclet
#1, num_cycles, num_cycles;
tot_time, num_cycles, cycle;
tak_end;
tsk_end, tsk_gtrt, tsk_end;
tsk_end, tot_time, tot_time;
tak_strt;



ACTIVITY
stime
*snb
+add

ERDACT;

ACTIVITY new_cellt
stime tak_strt;
ticks #200;
move #1, stat_data;
move
move
move

ENDACT;

ACTIVITY
st ime
ticks

time_upd;
tak_end;
tak_end,
tsk_end,

#16, msg_out.typs;

call_fin;

tak_stre;

#200;
move #1, stat_datai

ENDACT;

ACTIVITY
vt ime
move
move
move
move

ERDACT;

integ_fail;
tsk. strt;
#10, mag_out.type}

#1, stat_data;

PEGIN
DO_ACT  init;
cALLp ailprim;

SETSTATE 3/olenr/;

LOOP;
STATESELECT;

STATE ¢lear;
IF #true
DO_AC
CALLP
SETSTATE
ENDIF;
ENDSTATE;

STATE start;
F Strue;
DO_ACT
CALLP

SETSTATE
ENDIF;
ENDSTATE;

STATE got_meg

tak_strt, tsk_end;
tot_time, tot_time:

update table

meg. in.prior, msg.out.prioer;

8/stat/, meg_ out.srey

update table

meg._in.prior, msg_out.priox;

#/stat/, mag_out.sroj

upd_cycls;
newresp;
#/atart/;

time_upd;
recv, ¥0, #/msg_in/}
#/got_mag/;

IF (msg.in.type = #1F);

DO_ACT new_callj
CALLP send, #/signal/, #/mag _out/;
SETSTATE #/zesponse/;
EBDIF;
IF (msg.in.type = #17);
DO_ACT integ_fail;
CALLP send, #/fault/, #/msg_out/;
SETSTATE #/cleax/;
ENDIF;
IF #tzue
DO_A call_£in;
CALLP endresp, #4;
SETSTATE  #/cleaz/;
ENDIF}
E¥DSTATE;
STATE responsse;
IF #true;
CALLP endresp, #5;
SETSTATE #/clenr/;
ERDIF;
ERDSTATE;
ENDSELECT;
EFDLOOP
ENDTASK;

i END Task
i

STAT rdy_tm, integeri
STAT wt_tm, integer;
STAT run_tm, integer;

VAR msg_out, t_mag.elt;
VAR msg_in, t_msg.elt)
VAR  tek_strt, integer;
VAR tak_end, integer;
STAT cycle, integer;
STAT num_cycl:cs, integer;
VAR tot_time, integeri

ACTIVITY init;
etime tak_strti
BEDACT;

ACTIVITY upd_cycle;

sadd #1, num_oycles, num_cycles;
sdiy tot_time, num_cycles, aycle;
atime tsk_end;
sgub  tsk_end, tsk_strt, tak_end;
spdd  tsk_end, tot_time, tot_time;
stime tsk_strt;

ENDACT}

ACTIVITY time_upd;
*time tsk_end;

sgub  tsk_end, tsk_strt, tsk_end;
sadd  tsk_end, tot_time, tot_time;
ENDACT;

ACTIVITY chnl_req;
move %13, msg_out.type;
move msg_in.prior, msg. out.prior;

move #/end/, msg.out.szrc;
ENDACT;
ACTIVITY conn_reqi
+time tek_strt;
move #11, msg_out.type;
move msg_in.prior, msg_out.prlor;
move #/end/, msg_out.src}
ERDACT;
ACTIVITY atnt_req;
move #19, msg_ocut.type;
move mig_in.prior, meg_out.prior;

move #/end/, msg_out.src]

ERDACT;

BEGIN
DO_ACT
CALLP

SETSTATE

init;
nilprim;

#/clenr/;

LoOP;
stareseLECT;

STATE clenr}
IF #truej
DO_ACT
CALLP
SETSTATE
EBDIF;
EHDSTATE;

STATE atart;
IF #true;
DO_ACT time_upd;
CALLP recy, #/msg_in/;
SETSTATE */got_mag/;
ENDIF;
ENDSTATE;

STATE got_mag;
IF ®true;
DO_ACT

upd_cycle;
neuresp;
#/stuzt/;

conn_req;
CALLP send, #/connect/, %/msg_out/;
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SETSTATE
ENDIF
ENDSTATE;
STATE rel_chnl;

IF #true;
DO_iaCT

CALLP send, #/chnls/, #/msg_out/;

SETSTATE
ENDIF;
ENDSTATE;
STATE oall_finj
IF #true;
DO_ACT

CALLP

SETSTATE
ENDIF;
EEDSTATE]

EFDSELECT;
ERDLOCP
ENDTASK;

i
3 COENECT Task
i

STAT rdy.tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

#/zel_chul/y

chnl_req;

#/anll_tin/;

stat_req;

send, #/stat/, #/mag_out/;

#/clenr/;

VAR

VAR
VAR
STAT
STAT
ViR

ACTIVITY indi
stime

ENDACT;

ACTIVITY
eadd
adiv
stime
ssub
sadd
stime

ENDACT;

ACTIVITY
stime

BEDACT;

ACTIVITY
wtime

ticks
ENDACT;

BEGIN

DD_ACT

CALLP

msg_in, t_mag.elt;

tsk_strt, integer;
tsk_end, integer;
cycle, integex;
num_cycles, integer
tot_time, integer;

t
tok_strt;

upd_cycle;

#1, num_cycles, num_cycles;

tot_time, num_cycles, cycls;
tsk_end;

tsk_end, tsk_strt, tsk_end;

tak_end, tot_time, tot_time;
tak_strt;

time_upd;
tek_end;
tsk_end, tek_strt, tsk_end;
tsk_end, tot_time, tot_time;

make_ conn;
tek_stTt]
#6003

init;
nilprim;

SETSTATE #/clear/;

LOOP;

STATESELECT;

STATE cleanr;

F #true;
DO_ACT

upd_cycle;
CALLP NeNTreEp]
SETSTATE #/staxt/;
ENDIF;
ENDSTATE;
STATE start;
IF #true;
DO_ACT time_upd;

CALLP recy, #0, #/msg_in/;

SETSTATE
ENDIF;
ENDSTATE;

STATE got_meg}

s/got_meg/;

IF {(meg.in.szc = #/tones/} &

{msg_in.data » #1));

DO_ACT make_connj
CALLP endreap, 83;
SETSTATE #/olenz/;

ENDIF;

IF #true;
DO_ACT make_connj
CALLP nilprim;
SETSTATE 8/clenr/;

BNDIF;

ENDSTATE}
ENDSELECT;
ENDLODOP
ENDTASK;

H
i SIGHAL Task

1]
STAT rdy.tm, integer;

STAT wt_tm, integer;
STAT run_tm, integer

VAR msg_out, t.msg.elt]
VAR mag_in, t_mag_elt;
VAR meg.pending, integer;
VAR tsk_strt, integer;
VAR  tsk_end, integer;
STAT <¢ycls, integer;

STAT num_cycles, integer;
VAR  tot_time, integer;

ACTIVITY init;
stime tak_strt;

move %0, msx.pending
move #0, msg_in.type;
ENDACT;

ACTIVITY upd_cycle;

move %0, meg_in.type;
spdd %1, nu_cycles, num_cycles;
«div tot_time, num_cjcles, cycls;
atime tsk_end}
saub  tsk_end, tsk.strt, tek_end;
sadd tek_end, tot_time, tot_time;
wtime tsk_stTt}

EBDACT;

ACTIVITY time_upd;
«time tak_end;
sgub  tsk_end, tsk_stzt, tsk_end;

sndd  tsk_end, tot_time, tot_time;
ENDACT;
ACTIVITY init_ent;

move %0, sig_rdy;
ENDACT;

ACTIVITY upd_integ;
ticks ¥75;
T¥DACT;

ACTIVITY cond_stat;
move MN17, mag_out.typs;
move sig_due, msg._out.prior;
move i/signal/, msg_out.src;
ERDACT;

ACTIVITY fin_stat;
move 819, msg_out.type;
move sig dus, mrg.out.prior;
move #/zignal/, meg_out.sre;
ENDACT;

ACTIVITY send _diag:
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move &3, msg_out.type;

move sig_dus, msg_out.pzieri

move #/signal/, msg.out.sraoj
ENDACT;

ACTIVITY mck_inj
wtime tsk_strt;
if (msg_in.type <> ¥0};
move #1, msg_pending;
endif}
ENDACT;

ACTIVITY olr_upd.integ]
move #0, msg_in.type}
ticks #7E}
move #0, msg_pending;

ENDACT;

BEGIN
DO_ACT init;
CALLP nilprim;
SEISTATE &/clear/;

LOOP
E*ITBSELBCT:

STATE clear;
IF Strue;
DO_ACT upd. cycle;
CALLP newresp;
SETSTATE s/steaxt/;

BEDIF;
EYDSTATE;
STATE start;
IF (msg_pending = #1);

CALLP nilprim;
SETSTATE  #/hndl_msg/;
ENDIF;
IF (sig_zdy = $1);
DO_ACT init_ont;
CALLP nilprim;
SETSTATE #fexfy
ENDIF;
Ir itrno*
DO_AC time_upd;
CALLP r;cv, $0, ®/mag_in/;
SETSTATE  $/sigmsg/;
E¥DIF; K8
ENDSTATE;

STATE sigmsg;
IF ftrue;
po_act

- ack_in;
CALLP nilprim;
SETSTATE #/atert/
ENDIF;
ENDSTATE;
STATE xx;

IF (sigtype = #4)|
DO_ACT upd._integ;
CALLP nilprim;
SETSTATE #/clenxr/;

ENDIF}

IF (sigtype = #6);
DO_ACT send_stat;

CALLP smend, #/stat/, #/mag_out/;

SETSTATE &/dieg/;

ENDIF;
IF (sigtype = #8);
DO_ACT fin_stat;

CALLP send, #/stat/, #/msg_out/;

SETSTATE $/clenr/;
ENDIF;
ENDSTATE]

STATE ding;
IF #true;
DO_AC send_diag;

CALLP send, #/disgs/, $/msg_out/;

%BTSTATB $/clenr/;

EXDSTATE;
STATE hndl_mag;

IF Struc*
DO_AC clr_upd_integ;
CALLP nilprim;
SETSTATE #/clenr/;
ENDIF;
ENDSTATE]

ENDSELECT;
£NDLOOP
ENDTASK;

i TONES Task
i

STAT rdy_tm, integer;
STAT wt_tm, integex|
STAT run_tm, integer;

Vil msg_out, t_meg.elt}
VAR  meg.in, t_msg.elt;

¥AR  tsk._strt, integer;
VAR  tsk_end, integeri
STAT cycle, integer;
STAT num_cycles, intexer;
VAR  tot_time, integer;

ACTIVITY init;
stime tak_strty
EBDACT;

ACTIVITY upd_cyclej
sadd %1, num_cycles, num_cycles;
ediy tot_time, num_cycles, cycls;
stime tsk_end;
wsub  tak_end, tsk_strt, tsk_end;
sadd tsk_snd, tot_time, tot_time;
etime tsk_strt;

ENDACT;

ACTIVITY time_upd;
stime tsk_end;
exub  tsk_end, tsk_strt, tsk_end;
wadd tsk_end, tot_time, tot_times
EBNDACT;

ACTIVITY select_tono;
stime tak_strt;
ticks #360;
if (meg_in.src = #/mug/)y
move $1, mag_cut.datnj
olse}
move #0, masg_out.data;
endif;
move %11, msg.out.type;
move mag.in.prior, meg.out . prior;
move #/tones/, meg_out.src)
EBDACT}

BEGIN
DO_ACT initg
CA[LP  nilprim;
SETSTATE #/cleanr/i

LOOP;
SHATESELECT;

STATE clear;
IF #true;
DO_ACT upd_cyele;
CALLP neuresp;
SETSTATE 8/sturt/y
ENDIF;
ENDSTATE;

STATE start;
IF #true;}
DO_ACT time_upd;
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CALLP recy, %0, #/meg.in/;

STATESELECT;

SETSTATE 8/got. msg/;
ENDIF}
ENDSTATE;
STATE got_mag;
IF gtruo;‘
DO_ACT select_tons}
CALLP send, #/connect/, #/mag_out/;
SETSTATE  8/cleanz/;
EBDIF;
ENDSTATE;
BIDSELECT:
BRDL
BIDTASKI

i
; TOYEDIAG Task
}

STAT zdy_tm, integer;
STAT ut_tm, integer;
STAT run_tm, integer;

VAR nmeg_out, t_msg_elt;
VAR mag.in, t_osg_ elt}
VAR  Tesult, integer;
VAR  fail, intngor;

VAR  tsk_strt, integer
VAR  tsk_end, integer;
STAT oycle, integer;
STAT num_cycles, integer;
VAR tot_time, integer;

ACTIVITY inits
ime tak_strt;
BIDICT;

ACTIVITY upd.cyclet
epdd #i, num_cycles, num_cycles;
sdiv tot_time, num_cycles, cycle;
stime tok_end;
wgub tsk_end, tsk_strt, tsk_end;
sadd tsk_end, tot_time, tot_time;
ttime tlk_stria

ENDACT;

ACTIVITY time_upd;
wtime tsk_end}
sgub  tsk_end, tsk_strt, tsk_end;
eadd tsk_end, tot_time, tot_time;
ENDACT;

ACTIVITY select_tone;
stime tek_stxt)
move %2, msg_out.type;
move mag.in.pricx, msg_out.prior;
move #/tonediag/, meg_out.sro;
ENDACT}

ACTIVITY do dil?
move 80 13
ticks $300
rand #10, rnlult;
i? (result = #9);

move #1i, :aii;
endif;

EXDACT;

ACTIVITY report_fail;
move %10, msg_out.type;
move msg_in.prior, meg_out.prior;
move #/tonediag/, msg.out.src
BRDACT:

BBGIN

DO_ACT init;
CALLP nilprim;
SETSTATE #/clenax/;

LDOP;

STATE clear;
IF $true;
DO_ACT

upd,_cycls}
CALLP neuresp;
SETSTATE  #/start/;
ENDIF}
ENDSTATE;
STATE stazt;
IF ftrue
DO.AC time_upd;
CALLP recy, 80, #/mag_in/;
SETSTATE #/got_mag/s
REDIF;
BREDSTATE}
STATE got_msgi
IF #true;
DO.ACT sslect_tone
CALLP send, #/tcnes/, 8/msg_out/;
SETSTATE #/dlagnose/;
ENDIF;
ENDSTATE;
STATE dimgnosse;
IF #trus;
D0_AC do_diag;
CALLP nilprim;
SETSTATE #/chk_results/;
ENDIF;
ENADSTATE;

STATE cak_results;

IF (fell = #1);
DO_ACT report_Iall;
CALLP send, #/fault/, #/msg_out/i
SETSTATE #/respons/;

EADIF;

IF #true;
CALLP nilprim;
SETSTATE #/zespons/;

ENDIF;

ENDSTATE;

STATE vespons}
IF (fail = #0);
CALLP

andresp, #8;
SETSTATE 8/clenr/;
ERDIF;
IF $true;
CALLP nilprim;
SETSTATE #/clenr/;
ENDIF;
ENDSTATE}
ENDSELECT;
ENDLOOP
ENDTASK;
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B.4.9 Least Slack Time Scheduling Kernel

This section contains the kernel software used to implement the “least alack time” acheduling algo-
rithm. The node file used in this sytem is also provided as it contains some new type definitions.

NODE FILE

t_trace_elt.act Values: #1 - Mgg Sent
*

i

i

i 2 ~ Mag Acoepted

3 #3 - Shared Data Write

} #4 =~ Shared Data Read

3 86 - Response Out

} #6 - Event Trigger

i $7 =~ Start Remd Delimiter
i $8 - End Read Deljimiter
: #9 -~ Start Nsg Delimiter
3 #10 - End Msg Delimiter

i

TYPE t_trace_eslt = node_name:string ¢;
task_name:string +;
act tinteger +;
time tinteger »;
miscl tinteger +;
misc2 tinteger;

TYPE t_msg_elt = datm t integer *;
type 1 integer *;
due t integex »;
elopss 1 dnteger #;
length t integer
src t string
tro_size : integer; No. of nmsociated trace elts

ViR nod_name, string; value must be initimlized in kernel task

VAR msg.Tdy, integer; used for externnl messages by HSG
VAR msgtype, integer; used for external messages by N3G

ViR synch_loss, integer; used by SYRCH

ViR sig_rdy, intager; ussd for signalling messages by JIGNAL
VAR sigtype, integer; caed for signalling messnges by SIGHAL
STAT so_ovhd, integer;

EVEST clki;

KERNEL tasel;

TASK mag, 10;
TASK idle, 1;

ENDNODE;
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KERNEL CODE FILE

This kernel contains the following primitives:

nonblocking send

blocking selective receive
sleep

get duta from mnother task
nilprim

The following externsl message types are supported:
#1 - start call setup

The folloving internal message types nre supported:
= YTART = request call setup

request for tone
request single random dingnostic

report famult

perform and report synch operation
synch loss

general fault report

perfornm connect/disconnsct
allocate channel

free channel

#2 - provide tone
#3 - run disgnostic
#4 - integrity ok
#6 - integrity failnre
#6 - cull takedown
L
L i TONES -
3 DIAG -
4
%5
e
T MSG

MSG
9 FAULTY
#10 - FAULT
#11 - CONNECT
#13 - CHNLS
#14 ~ all tasks

STAT
SIGQNAL
STAT

-
[ =]
»
| IO N D D IO RO N DO A N O N RO RN R B B N R TN |
(=]
=3
-
I
w

23

I I R I N A NN NN NN U N N BN B B N |

The folloving response

channel granted

anll setup complete
start integrity checking
integrity failure repoxt
ccller hung up

call finished

stop integrity checking
run diagnostic

stop carrier chacking
monitor cerriers

tyYpes nre supported:

fault report sent to switching center

switch center tone request connected

#1 - N3G -

#2 -~ NS0 - synch source changed
$3 - COENECT -

$4 - STAT - call finisghed

%5 - STAT - call started

%8 - nlldiugs -

#7 - TINTC -

e ma M WA WA WA e W NS WS e WS A WS W W B WE T W W TR W W W W W WS WE TR WA WE WS 4 WA WA W WS WS W N WA R WS e me WS W

KERNEL baseb;
TASE kern_task, 50;

TYPE ¢_tcb_stats = rdy_tize

TYPE t_shared_stats =
TYPE t_tch =

disgnostic completed without Zailure
carTier scan completed without failure

t integer *;
run_time : integer ¢;
wt_time : integer »;
bagin 1 integer *;
finish t integer ¢;
Tesp_q ¢ queue 3 of t_trace_elt
duta_trace :quene ; of t_trace_elt
name ¢ string e } task name
num t integer »;

ddate : integer ¢
elap : integer ¢
resp_length : integer «
status : string ¢

pent @ integer »
elt_str: atring »
stk i stack ¢

due date
task state

rev msg elt

elupsed response time
response length

program counter

local task stack

H
H
i
priority: integer » i prierity
H
H
i
H

sts 1 t_tch_stats

TYPE t_sh_data = tsk_nm : string +;

num_msgs @ integer »;

msgs ! queue *;
trcs ! gueus;

tusk control bleck

task name
number of queued messages
message quous (t_msg_elt)
trace queue (t_trace_elt}
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TYPE t_msg.struct = task.nm i1 string «; task namo
gaiting t integer #; Zflag set if blocked for msg
msg.q ! gqueue *; message gqueus (t_mag_elt)
TIRCHS ¢ Quens *j trece queus (t_trace_elt)
wt_type : integer *; type of msg bloocked on
blook 1 t_teb; tob walt aren

TYPE t_id_struct = nom ! string +;
trc_name ! string *;
st_name ! mtringy

SHARED comm_q, queus of t_id_struct (one elt per task)i

SHARED sh_tl, t_sh_date;
SHARED si_t2, t_sh_duta;
SHARED sh_t3, lh dataj
SHARED sh_t4, t_sh_data;

SHARED sh_t5, lh ~data;
SHARED lh_ts, t_sh_data;
SHARED sh_t _lh_dltl:
SHARED = t . t_sh_data;
SHARED sh t.sh_duta;
SHARED sh t 6, t_sh_dmta}
SHARED sh_tii, t_sh_dataj
SEAR sh_£12, t_sh_data;
SHARED sh_t13, t_sh_data;
SHARED sh_ti4, t_sh_dataj
SHARED sh_ti5, t_sh_data;
SHARED sk _t16, t_sh_data}
SHARED sh_ti7, t_sh_data;
SHARED +1_datm, mtogon

SHARED stat_dats, integer;
SHARED num_queued, intoger:

} Messags gueunes

VAR loc_comm_q, queue; of t_id_struct (ons slt per local task)
VAR st_elt, t_id_struct;
VAR 1_t1, t_msg_struct;
VAR 1_t2, t_mag._struct;
VAR 1_t3, ¢t _msg_struot;
VAR 1_t4, ¢t _mag_struct;
VAR 1.s5, t_msg_strmot;
VAR 1_t6, t_msg_struot}
VAR 1_¢7, ¢t_msg_struot;
YAR 1_tB, t_msg.structi
VAR 1_t9, t.msg. struct;
VAR 1_¢10, ¢t_msg_stxuct;
ViR 1_t11, t_msg.struct}
VAR 1_t12, t_msg_struct;
VAR 1_%13, t_msg_struct;
VAR 1_t14, t._msg._struct;
VAR 1_t16, t_msg_struct;
VAR 1_t16, t_msg_struct:
VAR locel, string;

VAR shared, string;

VAR loc_tre, string;

VAR sh_trc, string;

STAT sends, integer;
STAT os_ovhd, integer;
STAT switches, integer;
STAT presmpts, integer;
STAT wevt_0, integer;
STAT evt_1, integer;
STAT evt_2, integer;
STAT evt.3, integer;
STAT evt_4, integer;
STAT evt_ B, integer|
VAR start_os, integer;
VAR end_os, integer;
VAR  elupsed, integer;
VAR  sc_start, integer;
VAR sc_end, intu or;
VAR rdy_str, string;
VAR wt_str, string;
VAR run_str, string;
VAR end_stx, string;

VAR swait , quene;
VAR wut_chk, integsrt
VAR meg_str, string;
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VAR deat_str, string;
VAR temp_tch, t_tebj
VAR temp2_tcb, t_toby
VAR ret_pc, integer;
VAR tomp_atk, stackj
VAR num_parms, integer;
VAR found, integer
VAR mag_type, integer;
VAR data_sixs, integuri
YAR nil_quene, gueus;
VAR nil_string, string;
VAR mag_elt, t_msg_elt}
VAR m_num, integer;
VAR templ.q, queuns;
VAR mtype, integer;

VAR q_sz, integer;

VAR done, integer;

VAR ch_syn_doe, integer;
VAR 1_syn_due, integer;
VAR msg_due, integer;
VAR sig._due, integer;
VAR wnd_due, integer;
VAR msg_len, integer;
VAR l_syn_len, integer
VAR ch_syn_len, integer;
VAR dimg.len, integer;
VAR tim.len, integer;
YAR smig.len, integer;
VAR try_tch, t_tecb;
VAR best_tob, t_tcb;
VAR slacki, Intogor;
VAR sluckl, integer:
VAR our_ time, intuger;

: Global Kernsl Variables

VAR curr_tcb, t_tcb
VAR  proclist, guene
YAR br_chk, integer
ViR tempatr, stringi
VAR  tcb_name, string;
VAR rur, queuds

curtent task centrol block
copy of task name list
branch condition check
temporary string value
current task name;

Tendy to run queus;

- e wa we

7 Variables for get_local and get_sh procedures

VAR g.q-size, Seger
VAR g_found, integer;
VAR  g_st_elt, t_id_struct;

{ Variables for response_update proceduxe

VAR action, integer
ViR prio, integer
VAR  trace_elt, t_trace_elt new Tresponse trace element

VAR msg_elt_name, string nume of meg elt for response trace

3 action reguested in response_update
3
H

VAR dest_elt_name, string } name of msg queus
¥
i
}
'
i

send priority

VAR  delim_elt, t_trace_elt msg or detm trace delimiter
VAR q_size, integer sire of trace queue

VAR deta_name, string name of shared data variable
VAR temp.g, quens data response queus copy
VAR  resp.time, integer slapsed Tesponse time

i  VARTABLE declarations for procedure RUN_RTR_TASK

VAR error, boolean; Set if no ready processss
§ VARIABLE declarations for procedure SCHRD_RIR_TASK
VAR rtr_pch, t_teb; PCB to be scheduled

; PROCEDURE response_update (€name : string;
i sction: integer)

i
3 This procedurs updates the response trace queuss

PROC response_update;
spop taskstk, action;
*move nod_name, trace_slt.node_name;
*moye curr_tcb.nams, trace_slt.task_name;
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otime trace_elt.time;
smove action, trace_elt.act}

sif (motion = #1) SEED NSG
*pop taskstk, prio}
*pop taskstk, dest_elt_name;
*pop taskstk, mg_clt name;
+addq twace_elt, ourr_tob.sts.resp_q, #1i;
*pove  curr_tcb.sts,resp_q, %Yemp.q;
sgizeq temp.q, q.sixe;
*move q.size, Cmsg_elt _name.trc_size;
svhile (q. size > 80);
sdely temp.q, truce_elt}
¢addg trace_elt, Odest_elt_name, prio;
esizeq temp.q, q._size;
eenduvhile;
sandif;

wif (notion = tl)i RCV KSG
*pop tuskstk, dest_elt_name;
*pop tuknk. mag_elt_neme;
smove trace_elt, delim_elt;
*rddg t:aco 011:, cnxr tcb.ltl.:osp-q. %1
smove delim_elt.uct;
suddq ii.n_olt. curr_tob.sts,resp.q, ¥1;
*move lﬂls #1t_name.trc_size, q.size;
exhile (q_size > #0);
*delq Qdest_slt_name, trace_elt;
saddq trmce_elt, curr_tcb.sts.resp_q, #1;
*gnb q.size, B1, q_size;
senduhile;

smove #10, delim_elt. act{
saddq doiin _elt, ourr_tch.sts.resp.q, #1;
sondify

*if (actlon = #3); DATA WRITZ
*pop ta-ksti data_nhamei
saddq trace_ olt curr_tchb,sts.resp_q, #i;

smove curx.tch. lts TesSp.q, Gdata_nmme.stats.trace_g;
sendif;

sif (action = ")ﬂ DATA READ
*pop taskatk, date_nume;
smove  trace_ clt delim_elt;
saddq tuco olt. curr tcb.ltl.rup..q. 13
smove delim_elt.met}
saddq doiiu elt, curr tcb.ntl resp.q, #1;
‘move Odata_name.stats.date_trace, temp_q;

sgizeq temp_q, q.size;

syhile (g.size > #0);
sdelq temp_q, trace_elt;
saddq trace_elt, curr_tcb,.sts.resp.q, #1i;
egizeq temp_q, q_size;

sendvhile;

*mova delim_elt.ach;
enddgq doiin ole, ourr_tcb,.sts,.Tesp.q, #1;
wondif;

»if {(action = #5) RESPONSE oUT
spop taskstk, trace_elt.miscly
*pop taskstk, resp_time;
saddq trace_elt, curr_tch.sta.resp.q, #1;
sgizeq ocurr_tcb.sts.xeasp_q, q_size}
syhile (g_wize > #0);
sdelg curr_tcb.sts.resp q, trace_elti;
sftypes #/task: /[;
sftype trace_slt.task_name;
sftyps #/ action: /;
oftype trace_eslt.sct;
oftype 8/  time: /i
sftype trace_elt.time;
sftype ¥/ miscl: /j
sftype trace_slt.miscl;
eftype #/ miscl: /;
sitypecr trace_elt.misq2;

*gizeq ocurr_tchb.sts.resp.q, q.size;
+*endvhile}
«ftype  #/elapsaed time: /;
«ftypecr resp_time;
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sftypecr snd_stri
vondif

sif (motion = #68); EVENT TRIGGER
spop tuk-ti. trace_eolt .miscl;
satime trace_elt.misci, trlco_clt.niscﬂ&
saddg trace_elt, curr_tcb.sts.resp.q, ¥1;
sondif;
EBDPROC;

PROCEDURE run_rtr_task

b

; This procedure takes the first ready to run tusk off the rtr

i queue {(this is the one with the highest priority) and copies

H its saved state into the current processor state. IZ there are
1 no ready to run tasks, then an error message is priuted and

1 the kernel terminmtes.

PROC run_rtx_task;
*time sC_stLrt}
pop taskstk, m_num;
sizeq rtr, br_chk;

IF (br_chk = 80);
printcr #/ERRGR: RO RTR PROCESSES/;
halt;

ELSE;

time cur_time;

sub curr_tcb.ddate, cur_time, slacki;
sub slackl, curr_tch.resp_length, sluckl}
add curr_tch.elap, slackl, slackl;

if (curr_tcb.nmme = #/idle);
move #80000, slmcki:
endif;

if (m_num = $0);
dz;'. #80000, sluckl; DON'T WANT CURR_TASK TO RUN
endif;

move #/nil/, best_tcb.name;

move #0, g_found;

sizeq réx, g_q_mixze;

while (g_q.size > $0);
delq rtr, try_tcb;

if (try_tcb.name = ¥/1d1e/);
move $80000, slmnck2t

else;
sud try_tob.ddate, cur_time, oluck2;
sub slack2, try_.tcb.resp_length, slackl;
add try_tob.elap, slack2, sluck2;

endif;

if (alackl < slacki);
moves #1, g_found;
move slackl, slackl;
if (best_tcb.name <> #/ni1/)}
addg  best_tch, rér, #1;

endif;
move  try_tch, bast_tch;
.ll.éd N
[1 try.teb, rtr, #1;
et st
su _q.size q.size;
sndehile; &-9 ' » 8-4 !

if (g _found = #1);
¢add  #1, preempts, presmpts;

42 (m_num = #1);
PoP tunketk, ret_pc;
Pop taskstk, ret_pe
pop  taskstk, ret_pc;

meve ret_pc, curr_tcb.pent;
move taskstk, curr_tcb.stk}

etime curr_tcb.sts.finish;

*sub  curr_teb.sts,.finish, curr_tcb.sts.begin, curr_teb.sts.begin;
*add curr_tecb.sts.begin, curr_tcb.ats.run_time, curr_tch.sts.run_time}
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smove curr_tch.sts.run_time, Qrun_stri
etime curzr_tch.sts.begin;

move #/ready/, curr_tocb.statusg
addq ecurr_tech, rtx, #1)
endif;

move best_tcb.name, tchb_name;

move best_tch, curr_tchj

cxtsy tob_neme;

spdd #1, switches, swi*ches;

stime onrr_tob.ste.finish;

egub curr_sch.sts.finish, curr_tcb.ata.begin, curr_tcb.sts.begin;
*add curr_tcb.sts.begin, curr_tcb.sts.rdy_time, curr_tob.sts.rdy_time;
*move #/zdy_tm/, xdy_stri

'move curr_tcb.sts.rdy_time, Grdy_stri

smove cury_tcb.sts,.ut_ time, Ost_str;

stime curr_tcb.sts.begin;

move #/running/, curr_tcb.status;
move curr_tcb.stk, taskmtki
stime end_os}
sgub end_os, start_os, elapsed;
¢sadd elupsed, os_ovhd, os_ovhd;
stime mc_ond;
+sub sc_end, sc_start, sc_start;
spdd sc_start, sc_ovhd, sc_ovhd;
ennble #10;
move curr_tcb.pent, pei

andif;

ERDIF;
ENDPROC;
PROCEDURE sched_rtr_task (rtz_pcb t t_pch)

i
H
] This proceduzre accepts a process control block and adds it to
i the ready to run queue in a prioritized fashioen.

PROC sched_rtr_ task}
stime so_start;
pop taskstk, rtr_pch;
move #/remdy/, rtr_pob.status;

stims rtz_pob.sts.finish;
sgub rtr.pcb.sts.finish, rtr_pcb.ats.begin, rtr_pch.sts.begin;

sndd rtr_pcb.sts.begin, rtr_pch.sts.ut_time, rtr_pcb.sts.ut_time;
smove taskstk, tmp_stk;
stime rtr_pcb.sts.beging

addq rtr_peb, rtr, ¥1j
etime mc_end}

ssub sc_end, sc_start, sc_start;
endd sc_start, sc_ovha. sc_ovhd;

call zun_rtr_task, #1;
ENDPROC;
1 PROCEDURE get._sh {taskname : string)
: This procedure accepts a task nams and sets the shared and
i sh_trc variables to hold the names of the task’s messeging sund trace
H structures.

PROC get_sh;
pop  taskstk, tempsir;

move #0, g_found;

lock
ll:oq comm_g, g.q-size;
while (g_q.mize > #0) & ("g_found);
delq wocomm.q, g.st_slt;
it (g_st_elt.nom = tempstr)
move 31, g_found;
ondif;
nddq g_st_elt, comm_q, #1;
sub g-q-size, 81, g_q.size;
sndvhile
unlock;

if (g_found = #1);
move g_st_elt.st_name, shared;
move E.St_elt.trc_name, sh_txc;
else}
move mnil_string, shared;
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move nll _string, sh_tzc;
endif;
ENDPROC;

PROCEDURE get_local (tasknume : string)

§

E This procedure accepts a task name and sets the local and

H loc_txc variables to hold the nemes of the task’s messaging and trace
t structures.

PROC get_local;
pop taskstk, tempstr;

move #0, g_found;
sizeq loc_comm_q, g.q.size}
while (g.q.sixze > $0) & (“g_found)
delq loc_comm_q, g.st_elt;
if (g_st_slt.nom = tempstr);
move #i, g._found;
endif;
addq g_st_elt, loc_comm_q, #1;
sub g.q.eize, #1, g q sixe;
endwhile;

12 (g_found = #1);
move g_st_elt.st_name, local;
move E._st_elt.trc_name, loc_trcy
alme}
move nil_string, local;
move nil _string, loc_trej
ondif;
ENDPROC;

PRIMITIVE ailprim

i
% This dumny primitive does nothing except pull in internode
} mesERges.

PRIX nilprim;
disable #10;
stime start_os}
smove curr_tcb.sts.rdy_time, Ordy_str;
smove curr_tcb.sts.wt_time, Qut_str;
szove curr_tcb.sts.run_time, €run_str)
if (num.queued > #0);
move 80, done;
sigeq loc_comm_q, q.sE;
whils (q_sx > #0) & ("done);
delq loc_comm.g, st_slt;
move st_slt.st_nams, locnl;

call get_sh, st_elt.nom;
lock;
while {€shared.num _msge > %0};
sub  num_queued, #1, num_quened;
sub  @shared.num_mags, #1, Oshared.num_megs;
delq e€shared.msgs, msg_elt;

iz (Qlocal.wniting = #1);
1t (Qlocal.wt_type = msg_elt.type);
addqg msg_elt, Glocal.meg.q, #2;
*ghile (mag_elt.trc_size > 10);
*delg ¢shared.trcs, trace_elt;
s*addq trace_elt, Qlocal.traces, $2;
ssub meg_elt.trc_sire, #1, msg_elt.trc_size;

*andwhile;
elsne;
a&dq meg_elt, Olccal.meg.q, ¥1;
evhile (mag_elt.trc_size > #0)%
*delq @ehared.trcs, trace_slt;
saddq  trace_elt, Qlocal.tIrces, #1;
ssub msg_elt,.trc_size, #1, mag_slt.trc_size;
sendwhile;
endif;

if (@local.wt_vype = $0) | (Qlocal.vt_typs = mag_elt.type)}
move #0, Glocsl.waiting;
move msg_elt.due, €local.block.ddate;
move msg_elt.elapss, €loca).block.elap;
move msg_elt.length, @local.block.resp_length;
move %1, done;
andif;
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endif;
endvhila;
anlock}

addq st_elt, loc_comm_ g, #1;
sub g_sx, #1, q_s£]
endvhile;

if (done = #1);
call sched_xtr_task, €locnl,bleck;
sndif;

endif;
anable #10;
ENDPRIN;

PRIMITIVE send (€task _name : string; Cmag : string)

+
1
t This primitive mccepts the name of a destination task and a

} message pointer, It then performs a nonblocking send opermtion.
PRIN nend;
disable #10;
sadd #1, sends, sends;
stime start_os;

pop taskstk, msg_str;
pop taskatk, dest_str;

call got.local, dest_str;
if (locml <> nil_string);
i# (€locul.vaiting = #1);
if (Qlocal.wt_type = Omsg_str.typs);
scul) response_update, msg.str, loc_txe, #¥2, #1;
1 addg Omsg_str, @local.msg._q, %2
else
ténll Tesponse_updnte, mig_str, loc_trc, #1, ¥}
addq Omsg_str, Olocml.msg.q, #1;
endif;

12 ({Qlocal.ut_type = #0) | {€local,wt_type » €msg_str.type))]
move #0, €local.vaiting;
move Omsg_otr.dus, Olocal.block.ddets:
move €msg _str.elapse, €locel.block.elap;
move Gmsg_str.length, ¢local.block.resp.length;
call sched_rtr_twsk, €local.block;
endif
else;
#call response_update, msg_str, loc_trc, #1, #1;
eddq ©Omig_str, Olocel.mag_q, #1;
endif;
elsei
call pget_sh, dest_str;
loek;
add %1, num_gqueued, hum_queued;
*call response_update, mag_str, sh_trc, B, #1;
nddq Omsg. str, Oshured.msgs, #1;
add #1, Cshared.num msgs, Oshared.nuz_mags;
unlock;
endif}

stime end_on;
wgub end_os, start_os, slapsed;
sndd elupsed, os_ovhd, os_.ovhd;

snable #10;
ENDPRINM;

PRIMITIVE recv (msg_type : integer; €msg : string)

:
; This primitive performs a blocking selective receive operation.

H It accepts the type of message expected (#O means accept any typs)
i and a pointer to vhere the message is to be placed. If n

H specific receive type is apecified, the task is blocked until

H that type is mvailable. Othervise, the cslling task is blocked

: until any message becomes availmble.

PROC block_rov;
stime curr_tch.sts,.finishy
ssub curr_tcb.sts.finish, curr_tcb.sts.begin, curr_teb.sts.begin;
sadd curr_tcb.sts.begin, curr_tcb.sts.run_time, curr_tcb.sts.run_time;
smove curr_tcb.sts.zun_time, @run_atr;
stime curr_tch.ste.begin;

476



move msg_tYpe, Olocal.ut_type;
move %1, €local.vaiting;

move msg_str, curr_tcb.elt_str;
move 8/wait/, curr.tcb.statuss
move taskstk, curr_tcb.stk;

add #2, pe, curr_tcb.pent;
move curr_tch, @looul.block;
cxll run_rtr_{alk, %03

disable #10;

move ourr_tcb.elt_str, msg_stri

call get_local, currtesk;
move #0, €local.waiting;
sizeq Olocal.msg_q, done;
if (done > $0);
delq Olocal.msg.q, Emsg_str;
scall response_update, mug_stir, loc_trc, #2}
andi?f;
ENDPRAC;

PRIN recyy
disable #10;
etime stars_osj
pop taskstk, nsg_stri
pop taskatk, msg_type;

call get.locul, currtask;
call get.sh, currtask;

while (Oshared.num_mags > $0};
locky
sub  num_gueued, #1, num_ neued;
sub  Oshared.num_msgs, #1, €shared,.num_msgs}
delq Oshared.megs, nug_elt;
addq msg.elt, Giocai.msg.q, ¥1;
eghile (msg_elt.trc_size > 30}
*delq ©shared.tros, trace_elt;
eaddq trace_elt, @local.tracos, ¥i
agub meg_elt.trc_size, #1, msg_¢lt. trc_size;
senduhile;
unlock;
sndvhile;

move #0, foundi
sizreq Qloonl.msg.q, q_size;
if (q_size = 80)%
call block _xcrv;
else}
move #1, found;

if (msg.type <> %0);
irecrder msg queus because receive specific

move nil_gueune, temp_q;
emove nil_queue, templ_q;
move #0, found;
sizeq Clocnl.msg.q, m_num;
vhile {m_num > 80);
delg ¢local.msg._q, mog.elt;
4¢ (“found) & (msg.elt.type = msg_type)j
move #1, foundi
addq msg_elt, temp_q, 2;
wghile (msg_elt.trc_size > $0);
sdelq Olocel.traces, trace_eli}
enddq trace_elt, temp2.q, #2;
*sub msg_elt.trc_size, #1, msg_slt.trc_size;
sendvhile;
alne}
addg msg.elt, temp_q, ¥1;
enhile (msg_elt.trc.size > #0);
sdelq @locel.txaces, trace_eolt;
saddq trace_slt, templ.q, #1;
+sub msg_elt.tro.size, #1, msg_elt.trc_size;
+gnduhile;
endif;
sirzeq €local.msg_q, m_num;
endul.. .0,
move temp_q, ¢locml.msg._q;
smove templ_q, Clocal.traces;
andis;

12 ("found);
enll block_rov;
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else}
delg Olooml.msg_q, Cmsg.str;
move Cmeg_str.dus, curr_tch.ddate;
move Cmsg_str,elapss, curr_tcb.elap;
move Omsg_str.length, curr_tcb.resp_length;
scall response_update, msg.str, loc_trc, #3;
stime end_os
ssub end_om, staxt_os, elapeed;
*add elapsed, os_ovhd, os_ovhd;
andif}
endif;
anable #10;
ENDPRIN;

{ PRIMITIVE sleap

: This primitive simply blocks the calling task by putting it in
H the slesp weit queue.

PRIM sleep;
disable #10;
stie start_os;
pop  tackstk, ret_pc;

stime cuxx _tcb.sts.finish;

egub eurz_tcb.sts.linish, curr_tob.sts.begin, ourr_tcb.sts.begin;
sadd ourz_tcb.sts.begin, curr_tcb.sts.run_time, curr_tcb.sts.Iun_time;
smove ourr_tcb.sts.run_time, €run_stri

stime curr_tcb.sts.begin;

move . #/vanit/, curr_tcb.stntus;
move taskstk, curr_tob.stkj
move ret_pe, ourr_tob.penti
nddq cnrr_teb, swait, ourr_tcb.priority
oall run_rtr_task, %0;
ENDPRIN;

PRINITIVE get_dmta (task._name : string; data_name : stzing; size : integer}

This primitive simulates date access between tasks. If the
specified mource task is not resident on the processor, then a number

of shared accesses are made. One nccess is made for every 100 bytes
of data requested.

PRIM got_data;
disable #10;
etims start_os;
pop tasketk, duta_size;
pop tuskstk, mag_str}
pep taskstk, dest_atr;

call get_looal, dest_stri
if (loenl = nil_string)
vhi%o (data_size > 20);

P ]

ook}
move Cmug_str, q_size;
unlock}
sub data_size, #100, data_size;
endehile;

*lee;
while {(datm_size > $0);
move q.size, g_size;

sub  data_size, #100, dutn_size;
sndwuhile;
sndis)

*time end_os}
*aub end_cos, start_os, slapaed;
sadd elnpsed;, os_ovhd, os_ovhd;
anable #10;

ENDPRIN;

PRIMITIVE end_resp

i
; This primitive simply calls reaponse updats to print the
1 response traces.

PRAIN endresp;
edisable $10;
*pop taxkstk, m_num;
*pop taskstk, resp_time;
scall response_update, resp_time, m_num, #5;
sgnable #10;
ENDPRIN;
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t PRIMITIVE new_resp
: This primitive clears the calling tesk's current trace queus,

PRIK newresp;
sdisable #10;
esizeq curr_tcb.sts.rssp_q, q.size;
*WHILE (q_size > 20);
»delq curr_tcb.sts.resp_g, trace_elt;
ssigeq ocurr_tcb.sts.resp q, q.size;
-BIDHHILBI
senable #10;
ENDPRIN;

PRIMITIVE evt_synch

i
: This primitive serves ns the interrupt handler for the synchroniention
H primitive. This interrupt is raised pericdically every b seconds.

PRIK evt_synch;
disable #10;
ackint H
sadd 21, evt_ O, evt_0;
stime start_osj
sizeq swvait, wt_chk;
move #0, found}
vhile ((wt_chk > #80) & (“found));

delq swait, temp_tcb;

if (temp_tcb.name = #/synch/);
move #1, found;
time ch_syn_due;
ndd #6500, ch_syn_due, ch_syn_due;
move #1279, ch_syn_len}
move ch_syn_due, temp_tcb.ddate;
move #0, temp_tch.elap;
move ch_syn_len, temp_tcb.Tesp len;
endd #4, soc_ovhd, sc_ovhd;

else}
addq temp.tcb, swait, temp_tob.priority;
sub  wt_chk, %1, uwt_chk;

andif;

endvhile;

i? (found)i
*move curr_tcb, temp2_tch;
'move temp_tcb, curr_tcb;
scall response_update, #2, #6;
smove curr_teb, temp_tch;
smove tempd_tcb, curr_tchy
call sched_rtr_task, temp_tcb;

andif;

stime end_os}

sgub end_om, start_os, slapsed;

eadd elapsed, os_ovhd, os_ovhd;

anable #10;
ESDPRIN;

-
<

PRIMITIVE evt_loss_synch

i

i

i This primitive serves ms the interrupt handler for the synchronization

H loss primitive. This interrupt is raised sporadically to signal = loss of
] synchronization.

PRIN evt_loss_synch;
disable #10;
ackint s
sndd 1, evt_1, evt_1;
stime start_os;
nove #1, synch_lesu;
sizeq sswnit, wt_chk;
move #0, found;
while ((ut_chk > #0) & (“found));

delg suait, temp_tech;
if (temp_tcb.nume = ®/synch/);
move 1, found;
time l_syn_due;
add %700, 1l_syn_due, l_syn_due;
move %64, 1_syn_leng
move 1_syn_dus, temp_tchb.ddate;

»
-
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move #0, temp_tcb.elap;
move 1l_syia_len, temp_tch.resp _len;
L endd #4, sc_ovhd, sc_ovhdj
eilEd
nédq temp_tck, swait, temn_tob.prioxity;
sub wt_chk, ¥1, wt_chky
endif;
endvwhile;

it (found);
smove gurr_tch, templ_tcb}
shove temp_tchb, curr_tob;
scall response_update, #1, #6;
smove curr_tcbh, temp_tch;
smove  tempd_tch, ourr_tch;
onll mched _xtr_tesk, temp_tcb;

endif;

stime end_os;

egub end_os, start_cs, elapsed;

*add elapsed, os_ovhd, os_ovhd;

snuble #10;
ENDPRIN;

PRIMITIVE evt.msg._rx

i
: This primitive serves as the interrupt handler for the incoming external
H messtge interrupt. This interrupt is raised sporadically ¢o signal the

1 arrival of a message. It mokes the MSG task ready to run from the
¢ tlocksd receive state.

PRIM evt_mag._TX|
disable %10;
nckint #2;
epdd #1, evt_ 2, evt_ 2
wtime wtart_os;
move #1, mag_rdy;
rand #10, wt_chk;
if (ut.chk < $5)}
move $#1, msgtype;
else]
i# (vt _chk < #B);
move %1, megtype;

(32T}
move #3, megtype;
endis;
andif;
move #0, done;

cell get.local, 8/mag/;
if (0locel.walting = #$1);
move %0, ©local.waiting;
smove curr_tch, temp2_tcb;
smoye Qlocnl.block, curr_tobi
scall response_update, #2, #68;
time meg_dues
if (msgtyps = #1);
ndd #5000, msg.due, msg_due;
move #6594, msg_len;
move msg.due, curr_tcob.ddate;
move #0, curr_tcb.elep;
move msg.len, curr_tch.resp_leng
sadd #4, sc_ovhd, so_ovhd;
slse;
i (magtype = #2);
add #3000, msg._due, mag_dus;
move #1031, meg_len;
nove msg.due, curr_tchb.ddate;
move #0, curr_tcb.elap;
move mag_len, curr_tch.resp_lsn;
sudd #4, sc_ovhd, sc_ovhd;
else;
add  #12000, msg.due, msg._due;
move #1669, msg_len;
move msg_due, curr_tcb.ddate;
move #0, curr_tcb.elap;
move mag.len, curr_tcb.resp_len;
opdd %4, sc_ovhd, sc_ovhd;
sndif;
endif;
smove curr_tcb, Olecal.block;
smove temp2_teb, curr teb)
move #1, done;
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endif;

42 (done = #1)
gall sched_ rtr_task, Q@locel.block;
endify
stime end_os;
sgub end_os, start_os, elapsed;
sadd elupsed, os_ovhd, os_ovhd;

enable ¥10;
ENDPRIN;

PRIMITIVE evt_signal

i

; This primitive serves as the interrupt handler for the signalling

i interrupt handler. This interrupt is reised sporadically to signel the
t arrival of s signalling event. It makes the SIGNAL task ready to run

i from the blocked 1eceive state.

PRIM evt_signel;
disable #10;
ackint #3;
sadd #1, evt 3, evt 3}
etime start_os}
move #1, sig_rdy;
rand #10, wt_chk;
if (wt_chk < $6)}
move #6, sigtype;
elue;
i# {wt_chk < #8);
move #4, sigtype;
else;
move #5, sigtype;
sndif;
endif;

move #0, donej

call get_local, #/signal/;

if (Olocel,waiting = #1};
move #0, Olocal.waiting;
smove curr_tcb, templ_tchb;
smove €local.block, ¢urr_tcb
*oall responss_update, #3, 88}

time sig_duet
it (aigtype = #6);
add #1000, sig_dne, sig_due;
move #128, aig_len;
move sig.due, curr_tcb.ddate;
move #0, curr_tch,elap]
move sig.len, curr_tcb.resp _len;
#add #4, sc_ovhd, sc_ovhd;
slue;
if (aigtyps = #8);
add  #700, sig_due, sig_due;
move $210, sig lent
move sig.dus, curr_tcb.ddate;
move #0, curz_tch,elap;
move sig len, curr_tcb.resp_len;
sadd #4, sc_ovhd, sc_ovhd;
else;
add #2000, sig_due, aig_due;
move #128, sig_len;
move sig_dus, curr_tcb.ddate;
move %0, curr_tcb.elapt
move sig_len, curr_tcb.resp_ len;
sndd #4, sc_ovhd, sc_ovhd;
endi?f;
endif;
smove curr_tcb, Olocal.block;
smove templ_tcb, curr_tcb;
move #1, done;
endif;

i# (done = #1);
¢nl) sched_rtr_tesk, Glocal.blocks
endif;
stime end_osi
egub end_os, start_os, elapsed;
*ndd elapsed, os_ovhd, os_ovhd;

enable #10;
ENDPRIN;

481



PRIMITIVE evt_clk

This primitive serves ns the interrupt handler for the cleck interrupt
uvaed us u timing base for the aundits task. This is & periodic interrupt.

PRIN ovt,alki

dissble #10;

nokint $#4;

sadd #1, evt_ 41, evt_4;

stime start_os;

sizeqg suait, uvt_chk;

move #0, found;

while ({wt_chk > 30} & ("found))i
delqg swait, temp_tch;
if (temp_tcb.name = R/uudits/);

move #1, found;

i
]
}
¥

olué
nddq temp_tchb, swalt, temp_tcb.priority;
sub  wt_ohk, #1, wt_chk;
endify
endehile;

if (found)s
time nud_duej
add #1100, aud_dde, aud_due;
move #2328, tim_len;
move #846, dimg_len;
move aud_due, temp_tcb.ddatse;
move #0, temp_tcb.elap;
move tim_len, temp_tob.resp.len;
sadd #6, sc_ovhd, sg_ovhd;
smove curr_tcb, temp2_tcb;
smove texp_tcb, curr_tchj
»call response_update, #4, #65;
smove curr_tch, temp_tabj
smove temp2_tch, currx_teb;
cnll smched_xtr_task, temp_tch;
andif;
wtime end_osj
s3ub end_os, staxt_os, elapsed;
¢add elapsed, os_ovhd, os_ovhd;

enable #10;
ENDPRIN;

move #/nodel/, nod.name;

disable #10;

move B/1_t1/, st_elt.st_name;

move #/1_tl.treces/, st_elt.trc_name;
nddyq st_elt, loc_comm_q, #1}

move #/1_t2/, st_elt,.st_name;

move #/1_t2.traces/, st_elt.trc_neme;
addg st_elt, loc_comm_ g, #1;

move #/1_t3/, st_elt.st_name;

move #/1_t3.traces/, st_elt.tro_name;
nddq st_elt, loo_comm_q, #14

move #/1_td4/, st_elt.st_name;

move #/1_td.traces/, st_elt.tro_nene;
addq st_elt, loo_comm_ g, #1;

move ®R/1_t6/, st_elt.st_name;

move #/1_tE.traces/, st_elt.tzc_name;
addq st_elt, loc_comm_q, #1

move #/1.t8/, st_slt.st_nams;

move #/1_t6.traces/, st_elt.tro_name;
addg st_sl%, loc_comm_q, #1;

move #/1_t7/, st_elt.st_name;

move #/1_tT.traces/, st_slt.trc_name;
addq st_slt, loc_comm.q, #i;

move ®#/1_t8/, st_slt.st_nzme;

wove #/1_tB.traces/, st_slt.txc_nume;
addq st_elt, loc_comm_q, #1;

move $/1.t9/, st_elt.st_name;

move #/1_t9.traces/, st_slt.txo_name;
addg st_elt, loc_comm_q, #1;

move #/1_t10/, st_slt.st_name:

move #/1_t10.traces/, st_slt.trc_name;
uddq =t_elt, loc_comm_q, #1;

move #/1_t11/, at_elt.st_name;

move #/1_tii.traces/, st_elt.trc_name;
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rddgq
move
nove
addq
move
move
addq
move
move
addq
move
nove
addq
move

move
nddy

st_elt, Joc_comm_q, ¥1;

#/1_t12/, st_elt.st_name;
£/1.t12.truces/, st_elt.trc_name}
st_elt, loc_ocomm_q, #1;

#/1_t13/, st_elt.st_nume;
$/1_ti3.tracan/, st_elt.tro_name
st_elt, loc_comm.q, #1;

#/1_t14/, st_slt.st_name}
$/1_t14.traces/, st_slt.tro_name}
st_elt, loc_ocomm q, %1}

$/1_t16/, st_elt.nt_name;
#/1_t16.traces/, st_elt.tro_name;
st_elt, loc_comm_q, #1}

$/1_t16/, st _els.st_name;
#/1_ti8.traces/, st_elt.tre_name;
st_elt, loc_comm._q, #1;

i? (nod.name ® #/nodel/);
lack;

move
move
addg
move
move
addg
mova
move
addg
move
move
addq
move
move
nddq
meve
move
addq
move
move
addq
move
move
addq
move
nove
addy
nove
meve
addg
move
move
addg
move
move
nddq
nove
move
addq
move
move
addq
move
move
addq
move
moye
rddq
move
meve
addg

unlock;

sndif;

move

move

#/sh_t1/, st_slt.st_name;
#/sh_t1.trca/, st_slt,tro_name;
st_elt, coom.q, #1;

#/sh_t2/, st_slt.st_name;
#/sh_t2,tres/, st_slt.trc_name;
st_eolt, comm_q, #1;

#/sh_t3/, at_elt.st_name;
#/sh_t3.trcs/, st_elt.tro_name;
st_elt, corm_q, #1}

#/sh_t4/, st_elt.st_name;
#/sh_t4,trce/, at_elt.tre_name;
st_elt, comm _q, #1;

#/sh_t6/, st_slt.st_name;
#/sh_t6.trcs/, st_elt.tzo _nams;
st_elt, comim_q, #1;

#/uh_t8/, st_elt.st_nams;
$/sh_t6.tres/, st_elt.tzc_name;
at_elt, comm _q, #1;

$/ah_tT/, st_slt.st_name;
#/sh_tT.tres/, st_elt,tro_name;
st_elt, comm.q, #1;

#/sh_t8/, st_elt.st_name;
#/sh_t8,tres/, st_elt.trc_namei
st_elt, comm.q, #1;

#/eh_tB/, st_slt.st_name;
#/sh_t0.tros/, st_elt,tre_name;
st elt, comm_ g, #1;

#/sh_t10/, st_elt.nt_name;
#/sh_t10,.trez/, st_elt.tzre_neame;
st_elt, comm_q, #1;

#/sh_t11/, Bst_elt.st_neme;
#/sh_t11.tros/, st_slt.tre_neme;
st_elt, comm_q, #1;

#/eh.t12/, st_slt.st_nume;
#/sh_t12.¢trcs/, st_slt.trc_name;
st_elt, comm_q, #1;

#/sh_t13/, st_elt.st_neme;
#/sh_t13,.tres/, st_alt.tre_nume;
st_elt, comm_q, #1;

#/ah_t14/, st_elt.st_name;
#/sh_ti14.tres/, st_elt.trc_name;
st_elt, comm_q, #1;

$/ah_t16/, st_slt.st_name;

#/sh_ t16,.treaf, st_elt.trc_name;
st_elt, comm_q, #1

#/sh_t168/, st_elt.st_nume;
#/sh_ti16.trcs/, st_elt.trc_name;
st_elt, comm_q, #1;

#/sh_t17/, st_elt.st_nams;
#/sh_tAT.tres/, st_slt.trc_name;
st elt, comm_q, #1;

tasklist, proclist;
sizeq proclist, br_chk ;

currtask, tempstri

smove #1, uwt_chk;

while br_chk <> %0y
delg procliast, tcb_name;
cxtsy tcb_name;
#time curr_tcb.sts.begin;
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*move wt_chk, curr_tch.num;
sndd #1, wt_chk, wt_chk;

i# (tcb_name <> #/idle/);

oc

t:!ty;:o ned_name}

delq Jloc.comm. g, st_elt;
move tcb_name, st_elt.nom;
*2¢yps #/ --LOCAL-- TASK: /3
sftype tcb_nams;

»Itype 8/ QUEUE: IE;
sftypecr st.elt.st_name;
addq st_elt, temp.dq, ¥1;
unlocki

locks
delq comm_q, st_elt]
while (st_elt.nom <> nil_string);
wddg a%_elt, comm_q, #1;
delg comm.q, st.elt;
endvhile;
move to!’:,nut, st_elt.nom;
sftype $/GLOBAL-~ TASK: /3
sftype tcb_nume}
sftype #/ QUEUB: /;
sftypecr st_elt.st_name;
addq st_elt, comm. q, 813
unlocks
endif;

move currprio, curr_tcb.priority;
move #20000, curr_tcb.ddute;
move #0, curr_tch,elap;

move #1, ourr_tch.resp.len;

move taskstrt, curr_tcb.pent)

move tcb_name, curr_tcb.name;

move #/Tendy/, curr_too.status;

move taskstk, curz_tcb.stk;

mddq ocurr_tcb, rtr, ¥1;

wizeq proclist, br_chk;
andvhile;

move temp.q, loc¢_comm. g;
moeve nil_quene, temp.q}

cxtsv tempatr;

move &/rdy_tm/, rdy_str;

move #/wt_tm/, wt_str;

move #/run_tm/, run_stx}

smove #/EXD RESPONSE ............/, end_str}
bind evt.synch, #0;

bind evt_loss_synch, %13

bind evt_mag_rx, ¥

bind evt_signal, #3;

bind evt_olk, #4;

enable $10;
call run_rtr_task, %0;

ENDTASK
BlDlEnlﬁL H
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B.4.10 Least Slack Time Ap-
plication Tasks

The application taska for the least slack time sys-

tem are similar to those used in the earliest due
data system. However, there are a few changes

in the way message tags are propagated. The
MSG and DIAGS tasks used in the iS‘I‘ system
are given here as an example for comparison with
their counterparts in section B.4.8,

H
{ MSG Task

STAT rig_tm, integer;
STAT wt_tm, integer;
STAT run_tm, integer;

VAR  byte_cnt, integer; No. of message bytes
i tranemitted or received
VAR msg_psnding, integer;
VAR msg.out, t_mag_elt;
VAR msg_in, t_msg_elt;
VAR  tsk_stxt, integer;
VAR  tek_end, integer;
STAT oycle, integer;
STAT num_cycles, integer;
VAR tot_time, integer;

ACTIVITY init;
time tak_strt:

move #0, msg_pending;
move #0, meg_in.type;
ENDACT;

ACTIVITY upd_cycle;

move #0, meg_in.type;
*ndd #1, nom_oycles, num_cycles;
time tsk_strt}
ENDACT;
ACTIVITY init_cnt}
move 80, byte_cnt}
move #0, msg_xdy;
BNDACT;
ACTIVITY inar_ent;
add #1, byte_cnt, byte_ont;
ENDACT}
ACTIVITY send_tone}
move #/mig/, msg_out.src}
move #2, msg_out.type;
move msg.due, msg_out.due;
move msg_len, msg_out.length;
time tsk_end;

sub  tsk_end, tsk.strt, msg_out.elapse;
eadd #5, sc_ovhd, sc_ovhd;
ENDACT;

ACTIVITY
move
move
move
move
time
sub

sadd
ENDACT;

ACTIVITY
move
move
move
move
time

send_start;

#1, msg_out.type;

#/msg/, msg.out,sre;

mag._dne, meg_out.due;

mag.len, msg_out.length;

tak_eond;

tak_end, tsk_strt, meg_out.elapse
#5, sc_ovhd, sc_ovhdg

send_diag;

83, msg_out.type;
#/msg/, mug_out.src;
nsg.dus, meg_out,due;
mag_len, msg_out,length;
tek_end;

sub  tsk_end, tsk_strt, msg_out.elapse;
wadd #5, so_ovhd, sc_ovhdj
ENDACT;

ACTIVITY ack_in;
if (msg_in.type <> #0);
move #1, mag_pending;

endif;
ENDACT;
ACTIVITY clr_msg
move #0, meg. in.type;
move #0, meg_pending;
ERDACT:
ACTIVITY set_synchj
ticks #200;
move $0, msg.in.type;}
move #0, msg_pending
BADACT;
BEGIN
PO_ACT init;
CALLP nilprim;
SETSTATE #/clenz/;
LOUP*
STATESELECT;
STATE clear;
IF #true
po_AC upd_cycle;
CALLP newresp;
SETSTATE $/stare/;
ENDIF;
EWDSTATE;
STATE start;
IF (msg_pending = #1);
CALLP nilprim;
SETSTATE #/hnd) _msg/
ENDIF;
IF (msg_rdy = #1);
DO_AC init_ecnt}
CALLP nilprim;
SETSTATE #/rxtx/y
ENDIF;
IF &trueg
CALLP Tecv, %0, %/msg_in/;
SETSTATE ¢/sigmag/}
ENDIF;
ENDSTATE;
STATE sigmeg;
IF Strue;
DC_ACT ack_inj
CALLP nilprim;
SETSTATE #/start/;
ENDIF;
EBDSTATE;
STATE rxtx;
IF (byte_cnt < #32);
DO_ACT iner_cnt;
CALLP nilprim;
SETSTATE $/rxtx/;
¥DIF;
IF $true;
CALLP nilprim;
SETSTATE  #/msg_fin/;
EBNDIF;
ENDSTATE;

STATE meg_fin;
IF (msgtype = #1);
DO ACT send_start;
CALLP send, #/cinit/, #/msg_out/;
SETSTATE #/clenr/y
EUDIF;

IF (msgtype = $2);
DO_ACT send_tone;
CALLP send, #/tones/, #/msg.out/;
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SETSTATE #/cd
XDIE] /clenr/}

IF (msgtype = #3);
DO_ACT send_dieg;
g;gg;‘;;nd, #/dinga/, #/meg_cut/;
ENDIF; #elens/y
ENDSTATE;
STATE hndl_msg;
IF (msg.in.type = #7);
DO_ACT clr_meg;
CALLP endresp, msg_in.elapse, #1i;
SETSTATE #/clenr/;
EED1F;
IF (msg.in.type = #8);
DO_ACT set_synch;
CALLP endresp, msg._in.elapss, #2;
SETSTATE  #/clenx/;

EADIF;
ENDSTATE;

ENDSELECT;
ENDLOOP
EADTASK;

i
3} DIAGS Task
3

STAT rdy_tm, integer;
STAT wt_tm, integer;
STAT run.tm, integer;

VAR m=g_out, t_msg._elt;
VAR msg_in, t_mag_elt;
VAR  dest, string;

VAR dg_num, integer;

VAR  tak_strt, integer;
VAR tzk_end, integer;
STAT cycle, integer;

STAT num_cycles, integer;
VAR tot_time, integer;

ACTIVITY init;
etime tak_mtrt;
ENDACT!

ACTIVITY upd_cycle;
eadd #1, nom_cycles, num_cycles;
time tak_strt;

ENDACT;

ACTIVITY time st}
time tsk_strt}
ENDACT;

ACTIVITY chnl_req;
time tsk_strt;
move %12, mug_out.typse;
move #/dings/, msg_out.src;
move mag_in.dve, meg out.due;
move mag_in.length, msg_ont.length;
time tsk_end;
sub  tek_end, tsk_strt, tek_end;
edd tsk_end, nsg_in.oiapsc, msg.cnt.slupse;
*add #6, sc_ovhd, sc_ovhd;

REDACT;

ACTIVITY choone_diag;

time tsk_strt;
rand #4, dg._num;
move #21, msg_out.type;
move #/diags/, msg_out.src;
if (dg_num = $0);

move #/tonediag/, dest;
elue;

if (dg_num = #1);

move #/chnldiag/, dest;
alse;

i (dg.num = #2);
move $/msgdisg/, dest)
else;
move #/tidiag/, dest;
endif;
endif}
endif;
move mag_in.due, msg _out.due;
move msg_in.length, msg_out.length)
time tsk_end;
sub  tek_end, tsk_strt, tsk_end;
sdd  tek_end, mug.in.elapse, mag_ount.slupse;
*add #8, sc_ovhd, sc_ovhd;
ENDACT;

BEGIN
Do_act  init;
cAlLp nilprim;
SETSTATE #/clenz/i

LOOP;
STATESELECT;
STATE clenrg

IF #true
DD_!C* upd_cycle;
CALLP newresp|
SETSTATE 8/sturt/;

ENDIF;
ENDSTATE;
STATE start;

IF #true;

CALLP recy, #3, 8/meg_in/;
SETSTATE  #/got_msg/;

ENDIF;
ENDSTATE;
STATE got.msg;
IF #true;
DD_!C* chnl_reqg;

CALLP send, #/chnls/, 8/mag out/;
SETSTATE #/ut_acki/;

ENDIF;
ENDSTATE;
STATE wt_ucki;

IF strue;

CALLP recv, %14, #/mag_in/;
SETSTATE #/got_chnl/;

ENDIF;
ENDSTATE;
STATE got_chnl;

IF #true;

DO_ACT chnl_reg;

CALLP send, #/chnls/, #/mag_ocut/;
ETSTATE #/wt_nck2/;

ERD. I
ERDSTATE;

STATE wt_nck2i
IF Strue;
CALLP recv, #14, #/mag_in/;
SETSTATE #/pick_ding/;
ENDIF;
ENDSTATE;

STATE pick_diag;
IF #true;
DU_!C* choose_ding;
CALLP send, dest, 8/msg_out/;
SETSTATE #/clenx/;
DIF;
ENDSTATE;

ERDSELECT}
ENDLOOP
ENDTASK;
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