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Abstract

In recent years, the rapid progress in the functionality, performance, and cost of
VLSI technology has made multiprocessor computer platforms feasible and cost-effec-
tive. The key benefit of these platforms is their ability to offer true concurrency at the
physical layer, through the replication of processor, memory and I/O facilities, and at
the logical layer, through the support for multi-tasking and multi-threading. For many
applications, such as those found in the real-time problem domain, the concurrent na-
ture of these platforms bring numerous advantages. To this date however, because of
the lack of real-time concurrent programming tools, delivering the potential benefits
of multiprocessing directly to these applications has proven elusive. This thesis
proposes the Multi-Activity Programming Environment (MAPE) which aliows
developers to exploit t\he concurrent capabilities of multiprocessor platforms while
remaining consistent with the requirements of the real-time problem domain. MAPE
provides a programming model and a set of supporting tools which facilitate the decom-
position of an application into cooperating entities and allow for the specification of
deadline-based time constraints. The MAPE components also support the allocation
of the platform’s resources and the modification of the application’s functionality based
on run-time urgency considerations,
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Chapter 1

Introduction

The purpose of this chapter is to establish the scope of the thesis, present its motiva-
tions, and outline its goals. The first section reviews the relevant characteristics of mul-
tiprocessor platforms and describes the general properties of real-time systems. It also
introduces the concepts that underlie the programming environment proposed in this
thesis. The second section describes the main contribution of the research and the or-
ganization of the thesis.

1.1 Thesis Sc;ipe

In recent years, the rapid progress of VLSI technologies has led to a number of in-
novations which capitalize on the increasing capabilities and the decreasing costs of the
resulting devices, The impact of these technological advances has been far-reaching,
with the systems constructed from these components penetrating virtually every facet

of society; from the medical, telecommunications, ang transportation sectors to the re-
search, finance, and consumer electronics sectors. One of the innovations which has
became attractive, feasible and cost-effective as a resuit of VLSI technological advan-
cement is the multiprocessor platform architecture. _

Multiprocessor platforms consist of multipEe microprocessors that are intercon-
nected to share memory and J/O facilities. They are often characterized by the inter-
connection, interaction, and management of the constituent resources, and the degree
to which they provide balanced operation [Tab90}. This thesis considers tightly-coupled,
symmetric multiprocessors where the platform’s resources are assembled around a
shared bus infrastructure. In these platforms, resources share a unique image of
memory, are managed by a single copy of the operating system, and communicate al-

1 .



most exclusively by reference. Data to be exchanged is written at and read from memory
locations that are equally accessible by the interacting parties. Furthermore, the resour-
ces are relatively homogeneous, equidistant from one another in terms of communica-
tions delay, and suffer from no inherent bias for bus access.

The physical parallelism provided by multiprocessor architectures requires exten-
sive support from the operating system software [Mar93]. Firstly, the operating system
must coordinate the operation of the multiple resources in an orderly and efficient man-
ner. In this respect, its goals are to maximize the utilization of the resources and to min-
imize the delays in accessing them. Secondly, the operating system must provide the
means by which applications can access the parallel hardware. In this respect, its goal
is to provide a set of abstractions that are adequate representations of the capabilities
and attributes of the underlying hardware.

The operating sysiem’s traditional means of supporting application concurrency
consists of the task abstraction [Tan92]. The task provides application dévelt:)pers with
a single flow of control that operates out of a unique, protected address space. It is self-
contained and independently schedulable on any of the processors. Tasks are in-
dividually protected by memory management hardware and as such their code and data
cannot be manipulated by other tasks. Cooperating tasks must therefore communicate
through the explicit movement of data from one address space to another and
synchronize using the facilities of the operating system kernel. Also, the accumulated
run-time state of a task must be fully removed before another task may be switched
onto an available processor.

In many of today’s multi-tasking operating systems, the overheads involved in per-
forming these operations are relatively high, and in extreme cases, can reduce or nul-
lify the performance benefits accrued by partitioning and executing the application
concurrently. Consequently, although its effectiveness at supporting coarse-grain con-
currency has been demonstrated, the task abstraction is considered inadequate to sup-
port the decomposition of an application into fine-grain streams of parallelism.

~ To provide finer-grain concurrency, present-day multiprocessor operating systems
~ provide application developers with the thread abstraction [Tan92). The thread also
"i')rovides a single flow of control but operates' out of an address space it shares with
other threads. It is contained within a task and depending on the implementation, may -
be independently scheduled on the processors. The threads of an address space have
no hardware protection from one another and in many instances, can communicate
without explicit data movement, synchronize withont kernel intervention, and be
‘switched without removal of the task’s run-time statz information. Because of these

i N
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properties, the overheads incurred while coordinating threads are generally lower than
those of coordinating tasks,

Multiprocessors provide application developers with an underlying hardware ar-
chitecture that offers true resource concurrency, and a means to access the parallelism
with minimal overheads. These characteristics, when properly exploited, can lead to
heightened application performance and decreased system costs. As a consequence,
the type and scope of the problems that are being addressed with these platforms is
widening, and their use is becoming increasingly pervasive.

Multiprocessors are being used as replacement platforms in legacy applications for
example. In this capacity, they inject a relatively inexpensive performance boost into
an older system and extend the useful life of the legacy application. Usually, the trans-
formation of these applications into concurrent entities is performed using automated
tools such as parallelizing compilers and front-end source code pre-processors.

They are also being used to underlie applications addressing inherently concurrent
problem domains. In these circumstances, their use is justified by the close coupling
that they offer between the problem and solution spaces. A concurrent solution to a
concurrent problem is more representative, and thus more easily understood by a
project’s design, development, and maintenance specialists. 5

Multiprocessors are also likely platform candidates when concurrency is imposed
by the nature of the problem domain. Real-time, constraint-based systems for example,
must be able to service the multiple, possibly simultaneous events generated from their
immediate environment within pre-determined time constraints. In these applications,
multiprocessor platforms may be necessary to meet both the physical concurrency re-
quirements and the stringent timing requirements of the environment [Sta88}. Further,
because of the potentially wide variety of operating conditions that may be faced, these
systems are required to have the ability to recognize and adapt to dynamic conditions,
and to ensure minimal delay in provisioning the required resources.

The real-time problem space is vast, and mulfiprocessors are not suitable, nor are
they required in all circumstances. A general classification of real-time systems has
been prdposed by the Intel Corporation [Wil90]. Event controllers are the lowest level
of the hierarchy and are responsible for controlling dedicated processes. They are typi-
cally based on microcontrollers and embedded within the environment they serve.
Since it does not usually contain network, disk, or man-machine interfaces, an event
controller’s system software requirements are limited and often implemented by a
simple ROM-based executive. This class of real-time system is found primarily in data
acquisition, instrument monitoring, and componént control gpplications.

3



Data controllers form the middle level and are responsible for controlling multiple
processes and for providing some limited processing of the data stream. The systems
are typically constructed from embedded uniprocessors that provide a higher-perfor-
mance computing base. They are equipped with a restricted-functionality operating sys-
tem which supports basic physical memory management, disk support, task
management and networking. The use of data controllers spans a host of applications,
from assembly-line control, to signal processing and data communications.

System controllers are the highest level of the hierarchy and are used to control and
oversee the execution of event and data controllers. Their primary role is to process,
display, store, and act on the information collected. System controllers are often
equipped with sophisticated computing platforms and are usually not embedded within
the immediate environment. The operating systems provide support for virtual memory
and inter-task communication, multi-tasking, multi-threading, and flexible I/O
facilities that provide network, disk, and man/machine interfaces to the system. This
class of system is found in aerospace and avionics simulation, factory automation, power
plant control, and telecommunications applications.

System controllers are the focus of this thesis. The thesis proposes the Multi-Ac-
tivity Programming Environment (MAPE) for real-time, multi-threaded applications
and develops the fundamental components required to support it. The goals of the en-
vironment are the followirig.

e to provide a programming model which addresses the execution and
coordination concerns of concurrent applications

e to provide a programming model which makes provisions for the defining
characteristics of the real-time problem domain

e to provide consistency with an effective approach to the development of
concurrent real-time systems

e to provide the support facilities required to merge the programming model
with a multiprocessor threads implementation

The programming environment developed in this thesis relies on principles that are
largely analogous to those of the multi-activity embedded system development environ-
ment [Kri94]. The multi-activity approach supports the notion that proper development
of embedded real-time systems requires alternative design practices. It describes a
comprehensive methodology for defining the architecture of embedded systems and
for designing their application and system software components.



In the multi-activity development environment, the embedded system’s require-
ments, design, and implementation specifications are consistent and rely on the same
set of common principles. The approach’s guiding principles are the following:

o the system’s reactions to events are formulated as responses, or groups of
executable activities which are either statically or dynamically instantiated and
destroyed, and allowed to synchronize and communicate.

e the system’s execution and coordination concerns are separated and treated
independently to permit the issues relating to the usage of the system
resources to be considered in isolation from those relating to the organization
of the usage of the resources.

The multi-activity approach aims to simplify embedded systems development to a
level where they can be designed and implemented largely by application specialists,
thus limiting the requirement for costly cross-functional teams of application and com-
puter specialists. The design environment is prototype-based and provides abstractions
which are more natural, and more representative of the entities manipulated by ap-
plication specialists. .

In this thesis, the basic principles of the multi-activity approach have been applied
to the design and development of real-time multi-threaded applications. The hardware
and system software components of a general-purpose multiprocessor platform are not
modified. Instead, a multi-activity layer has been developed between the real-time ap-
plication and the system software to permit an application to be constructed in com-
pliance with multi-activity principles. The multi-activity layer is provided by the MAPE
programming environment components which consist of the MAPE programming
model, the C and CSL programming languages, and the MAPE runtime system..

1.2 Contributions and Outline

The research described in this thesis demonstrates the feasibility of developing a
programming environment that simplifies real-time multi-threaded application
development. It provides an analysis of the key requirements of such an environment
and develops the high-level models, languages and run-time support facilities needed .
to realize it. The resulting programming environment facilitates the decompasition of
time-sensitive applications by allowing the execution and coordination requirements
of the cooperating entities to be specified independently, using dedicated high-level
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abstractions. It also simplifies the treatment o. ihe real-time considerations of these
applications by allocating the underlying systems resources based on the passage of
time and by permitting the functionality of the application to be modified dynamically
during execution.

Such an environment has the potential of simplifying the tasks of computer
specialists involved in real-time multiprocessor application development. With addi-
tional support tools, a similar environment could be constructed to permit computer-
literate application specialists to not only specify the requirements of real-time
applications, but to participate in their design and development.

The thesis is organized into three parts. Part I encompasses chapters 2 and 3 and
aims to derive the key requirements of a real-time, multi-threaded programming en-
vironment. Part IT encompasses chapters 4 and 5, and appendices A and B. Its objec-
tive is to describe the MAPE programming environment and to present the sample
programs used to demonstrate its functionality. Finally, Part III encompasses chapter
6 and offers some concluding remarks on the contents of the thesis and on possible fu-
ture directions. '

Chapter 2 focuses on exploiting, programming, and supporting concurrency in the
context of generalized applications. The chapter discusses the process of partitioning
an application into cooperating work units, and the factors that influence the decom-
position decisions. It also describes three approaches to programming the execution
and coordination requirements of the resulting work units. The chapter also offers a
discussion of the three established approaches to the implementation of threads on
multiprocessor platforms. It concludes with a brief summary and the basic set of re-
quirements for the programming environment.

Chapter 3 describes real-time systems, presenting their operational characteristics
and classifying them based on the nature of their operating conditions. It discusses the
various contraints that govern the development and execution of a real-time system
and reviews the impacts these have on its ability to remain consistent with both the
functional requirements of the application and the timing constraints of the environ-
ment. It also describes tl'.ree approaches to the development of real-time systems and
applications, The chapter concludes with a brief summary and lists an additional set of
requirements for the programming environment. |

Chapter 4 describes the Multi-Activity Programming Environment (MAPE). The

chapter presents the main components of the environment and the role they play in the

realization of a real-time, multi-threaded application. It discusses the programming

model and its associated notation for coordination, and outlines the execution and coor-
6



dination languages used to specify the application’s requirements. The chapter also
describes the MAPE runtime system and the facilities which allow dynamic modifica-
tion of the application’s functionality and run-time adaptation to time constraints. The
chapter concludes with a brief summary and an outline of MAPE’s support for the re-
quirements identified in Part L

Chapter 5 presents sample programs which demonstrate the functionality of
MAPE. The demonstration programs attempt to validate the concepts and principles
by exercising the MAPE components with a number of response scenarios. For each
example, the chapter describes the goal of the demonstration, the response or set of
responses that implement it, and the results obtained during execution on a Sun
Microsystems Inc. SPARCcenter 2000 Symmetric Multiprocessor System. The chap-
ter concludes with a brief summary and a list of the MAPE capabilities that were
demonstrated.

Chapter 6 concludes the thesis by offering a summary of its contents, a review of its
contributions, and some potential directions for future research.

Appendix A describes the MAPE runtime system’s Application Programming In-
terface (API). It presents both the call syntax and the semantics of the primitives that
are visible to the MAPE programmer.

Appendix B includes the source code and raw resuilts for the sample programs
described in Chapter 5.



Chapter 2

Concurrent Applications

The purpose of this chapter is to investigate how to exploit, program, and support
application concurrency. The first section reviews the main factors that infiuence the
process of partitioning an apnlication’s functionality. The second section explores three
broad approaches to formally describing the execution and coordination concerns of
the application’s cooperating entities. The third section describes three approaches to
the implementatioﬁ of threads as the underlying vehicle for supporting concurrency.
Finally, the fourth section summarizes the chapter and lists the basic requirements of
the programming environment.

2.1 Exploiting Concurrency

\

To exploit the multiprocessor’s concurrency capabilities, an application must be or-
ganized along parallel lines and its functionality partitioned into cooperating work units.
The goals of the partitioning process are to specify the work that comprise the individual
units and to define the interactions that occur between them. The two aims are close-
ly related, with changes in the amount and nature of the work assigned to units having
an influence on the number and content of their interactions. The process is largely in-
formal and subjective, and yiélds a set of work units and an interaction profile that.is
not unique. An opiimal partitioning usually requires a detailed understanding of the
application and results from an iterative approach [Blu92]. |
. The process by which the application is partitioned into cooperaﬁng work units im-
poses numerous constraints on the resulting entities. Fifstly, selection of the
- functionality encapsulated in individual work units gives rise to precedence constraints
between those that execute in sequence. Precedence constraints determine the order

8



of execution and the relative time at which the functionality is performed. Secondly,
the functions assigned to work units gives rise to exclusion constraints between those
that execute in parallel. Exclusion constraints are found between urits which may
potentially manipulate shared data elements simultaneously, and are meant to enforce
mutually exclusive access and to guard against the presence of race conditions.

Ideally, these application-level constraints should be the only ones which influence
the partitioning process. In practice however, the characteristics of the programming
abstractions made available through the programming model also act as constraints.
The abstractions allow developers to formally describe the execution and coordination
requirements of the application’s work units, and depending on the programming
model, exhibit characteristics that may or may not reflect the properties of the under-
lying vehicle of concurrency. A mode! offering programming abstractions that are
closely coupled to the underlying execution environment for example, can force
knowledge of the thread implementation’s properties into the application partitioning
process.

2.2 Programming Concurrency

The concurrent programming model supplies the abstractions that permit formal
specification of work units and their interactions. It is the vehicle through which the ap-
plication s realized and transformed into a set of entities that can be executed and coor-

_dinated. The programmmg model, along with the formal requirements analysis aids, -
'programmmg languages, and software configuration tools, provides the foundation for

the application development environment.

The execution and coordination of the application’s work units are the fundamen-

tal concerns which must be represented in the programming model. These two con-

cerns are orthogonal and distinct from one another, with each having a well-defined,.

non-overlapping sphere of influence [Gel92]. Because of this property, the program-

ming model can conceptually be defined in terms of an execution model and a coordina-

tion model. The models are complimentary to one another and when jointly considered,
provide the complete programming model necessary to specify concurrent applica-
tions. o _ o '
The execution model aliows the developér to express the computations that.an in-
dividual work unit must perform on behalf of the application. Flrstly, the model
prowdes the developer with the ability to specify the structure of the dita elements that

9



are manipulated by a work unit. It defines the set of simple data types that are allowed
and the rules for creating compound structures from the basic types. Secondly, the
model provides the means to specify the operations that a work unit will sequentially
execute. It formalizes the syntax and semantics of the data operators and outlines the
conditional and repetitive path selection mechanisms at the developer’s disposal.

By contrast, the coordination model allows the developer to express the interac-
tions that occur at various points during the execution of the work units. Firstly, the
model supports the mechanics of interaction by providing means *» specify the points
within the work unit’s processing flow at which it may initiate or receive requests for
interaction. Secondly, the model provides the developer with the ability to specify the
nature of the interactions, once the interruption points have been identified. It defines
the mechanisms for managing the existence of work units, for synchronizing their ex-
ecution, and for communicating data elements between them. .

. Concurrent programming models can be classified as either integrated or non-in-
tegrated [Bal90]. Although both models fully address the execution and coordination
concerns of applications, they do so using different vehicles. The following sections will
describe the main characteristics of the integrated and non-integrated models and con-
trast their differences. The integrated model will be presented first, followed by two
variants of the non—ihtegrated model; one which relies on operating system and library
abstractions for coordinating work units and another which relies on a distinct language.

2.2.1 Integrated Model

In the integrated model, the execution and coordination models are embodied in 2
‘single programming language [Bal90]. The iniegrated language includes constructs for
creating and destroying work units, for describing the computations that each must per-
form, for communicating information between them, and for synchronizing their ex-
ecution. Some intégrated languages have been developed from first principles while
others such as Concurrent-C [Geh86), are variants of popular sequential execution lan-
guages. The variants usually support the execution model of the base language from
which they are derived and add the formal syntactic and semantic support for the coor-
dination model.

A favorable characteristic of the integrated model is the levelxof abstraction that
can be offered to the application specialist. The language supportmg the model can
‘provide a rich set of abstractions that hide many of the low-level details related to the
mechanics of managing an appllcatlon s concurrent work units. In effect, by abstract-
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ing the execution and coordination concerns, the language isolates the developer’s view
of concurrency from the underlying platform’s implementation of concurrency.

The responsibility for reconciling the differences between the developer’s views
and the underlying platform’s capabilities rest with the language’s runtime system. Its
main roles are to translate the language’s abstraction of a work unit into the platform’s
vehicle for concurrency, and the language’s abstraction of an interaction into the
platform’s mechanisms for interactions. The language abstraction for a work unit for
example, may map to a task or to a thread, depending on the architecture of the under-
lying platform. Similarly, interactions between work units may be implemented by mes-
sages or shared memory, depending on the available facilities and their characteristics.

The relatively high-level of abstraction that is possible with the integrated model
provides further advantages with respect to the portability of applications. The use of
high-level abstractions and a runtime system not only permits the language to be easi-
ly ported across platforms but also frees developers from the dependencies of particular
systems.

An important drawback of the integrated model however, is its inflexibility relative
to the requii'ements of special-purpose application domains. The model is inherently
static and cannot be easily extended to address the specific properties of non-
mainstream application domains. Heterogeneous distributed systems for example, re-
quire special provisions from the programming model for reliability and transparency.
Similarly, real-time constraint-based systems require support for monitoring and
managing the passage of time. The developers of these systems not only require an ef-
fective concurrent programming model, but one which addresses the attributes of their
problem space. _

{The rigidity of the model stems largely from the close coupling it supports between
execution and coordination. By fusing the two concerns into a comprehensive in-
divisible model, the approach forces developers to rely on other means, which may be
inconsistent with the model, in order to address the non-mainstream provisions of their
application domains. The inability of the model to adequately address the special
provisions that are native to individual application domains can restrict the utility of
the.language. In the limiting case, the model may be complimentary to a small set of
concurrent programming problems.

Hi
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2.2.2 Non-Integrated Model: OS and Library-based Coordination

In the non-integrated programming model, the execution and coordination models
are supported by separate vehicles [Bal90). The first is a portable high-level language
which embodies the execution model. This execution language provides the constructs
which allow compute, conditional, and loop operations to be specified over a set of
data. The second vehicle, which in this variant consists of a collection of OS and library
services, embodies the coordination model and permits formal specification of the in-
teractions that occur between work units. Calls to the services are inserted at key points
in the sequential source code to invoke the OS and library mechanism that bring work
units into existence, and allow them to communicate and to synchronize.

An advantage of this approach is its flexibility with respect to the needs of a variety
of application domains. In essence, by not forcibly merging the execution and coordina-
tion models into one unifying language, the approach allows an application developer
to build a customized programming model from the facilities provided by the platform.
The execution model for example, can be chosen based on the language (C, Fortran)
and tools (compilers, debuggers) that are either most effectively supported by the plat-
form and its vendor, or most applicable to the execution requirements of the applica-
tion, Similarly, the coordination model can be chosen based on the mechanisms that
are available and their characteristics, or by the degree to which they address the needs
of the application. _ .
~ The flexibility inherent in this model however, presents some drawbacks when ap-
~ plication portability is taken into consideration. By relying on a combination of the OS
and libraries to embody the abstractions of the coordination model, the application be-
comes inextricably tied to the underlying platform. For example, although C is a high-
ly portable language, an application written in C using the syntax and semantics of the
UNIX system and library calls is not directly portable to other platforms. Since the C
programming language supports an execution model and makes no attempts to support
a particular coordination model, only the execution component of the application is
portable, the coordination component remains platform-specific. -

Recent efforts by the IEEE POSIX standards committee however, have made ad-
vances in minimizing the differences between operating system platforms. By attempt-
ing tostandardize the programming interface, the committee has alleviated or removed
many of the poria pona‘nllty difficulties that arise from the use of system and library services
on various platform ..t.e POSIX 1003.1, 1003.4 and 1003.4a specifications for ex-

\\
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ample, have formalized many of the abstractions that form a coordination model’s foun-
dations.

The flexibility of the mode! stems largely from the low level of abstraction it offers
to developers. Unlike the integrated model which supports language abstractions that
are mapped to operating system abstractions using a runtime system, there is effective-
ly no distinction between the abstractions manipulated by the programmer and those
offered by the operating system. In essence, the programmer’s view of concurrency is
identical to the underlying platform’s implementation of concurrency. This characteris-
tic is unfavorable because it requires developers not only to identify and select the
abstractions that best meet the application’s needs, but also to make correct use of the
mechanisms that manipulate those abstractions. When threads are used as the undes-
lying operating system abstractions for example, interactions that involve synchroniza-
tion and communication can be implemented using any of the following mechanisms,

® messages

e shared variables

& mutexes

o reader/writer locks
e condition variables
e semaphores

® pipes

e files

e signals

As a result of this array of mechanisms, depending on the expertise of the
developers, the opportunity for introducing errors in the deSign and development
phases may be considerable. Most application specialists are trained to address applica-
tion issues and can be expected to derive a workable partitioning of the-application and
a corresponding profile of its coordination. Using this variant however, they must also

‘implement the concurrent application in a platform-specific manner, requiring them
to become intimately familiar with the details of the underlying system platform.

Further, the knowledge acquired by the developers must also be sufficient to debug
the application. The difficulties that are inherent to concurrent programming are.not
masked at.this low level of abstraction, they are fully exposed and must be dealt with-
by the application developer. The coordination profile for example,'is critical to the ap-
plication and is one of the main source of avoidable errors that are introduced in the
development ﬁrocess. An improper implementation can lead to race conditions, dead- -
locks and other errors that can be difficult to trace.
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2.2.3 Non-Integrated Model: Language-based Coordination

In this second variant of the non-integrated programming model, the coordination
model is embodied in a dedicated coordination language [Gel92]. The sequential com-
putations are expressed similarly to the first non-integrated approach, using a separate
high-level execution language. By using two languages, each orthogonal to the other,
the major concerns of the concurrent programming model can be dealt with individual-
ly. The constructs which specify the sequential computations of work units can be
separated from those that specify their organization. Once the separation of concerns
is established, any execution language may be coupled to any coordination language to
form a comprehensive programming model.

An advantage of the approach is its flexibility relative to the requirements of various
application domains. The ability to select from a variety of complimentary language
pairs allows the developers to construct the programming model that is most ap-
propriate to the needs of their application. The execution language can be chosen based
on its ability to model the computational properties of the application’s functionality
while the coordination model can be chosen based on its ability to model the charac-
teristics of the interactions that occur between the work units, _

Special-purpose application domains are particularly well positioned to take ad-
vantage of the approach’s flexibility since it permits their unique, non-mainstream
characteristics to be integrated into the programming model. The PAL coordination
language for example, is aimed at meeting the requirements of real-time applications
and offers support for organizing their functionality into responses to the environment’s
events [KriSS]. Similarly, the Linda coordination language addresses the needs of large-
scale, distrib\‘ﬁ\t‘é‘d:«processing applications by offering abstractions that facilitate the re-
bai}lising of an application’s computational load based on the availability of network
links and the congestion of host systems {[Ahu86][Car89).

Another favorable benefit of this approach is the high ievel of abstractlon that can
be offered to the application developer. In a manner that is similar to the integrated
model, the coordination language employs a runtime system which provides platform-
independent abstractions for the interactions between work units. Unlike the previous
approach, which forces developers to extend their knowledge down to low-level

.abstractions, this approach raises the level of abstraction up to the level at which they
are familiar. They are not required to become intimately acqﬁainted with the details of
the platform that will support their application, only with the abstractions supplied by
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the programming languages. The developers can thus more readily concentrate on
achieving the optimal partitioning and the optimal coordination profile for the applica-
tion.

The high level of abstraction also has benefits with respect to the portability of the
resulting concurrent application. Since the develper’s view of concurrency is con-
tained within the runtime system, a port of the runtime system makes the coordination
model embodied by the language available in identical syntax and semantics across
various platforms. Therefore, by describing the application in a manner that is inde-
pendent of the underlying operating system abstractions, this approach isolates the
developers from the dependencies of particular platforms and reduces their efforts
when a port of the application is required. '

2.3 Supporting Concurrency

In uniprocessor systems, cooperating tasks have predominantly been the vehicle for
expressing application concurrency. These tasks contain a single thread of control and
are associated with individual, protected address spaces. Under the guise of the operat-
ing system kernel, they are brought into existence, switched and allowed to communi-
cate and synchronize. Because of performance considerations however, multi-tasking
in multiprocessor environments is not the most effective means of supporting concur-
rency. In these environments, multiple threads which share an address space are more
representative of the underlying platform architecture and more effective in their use
of the underlying resources [Tan92].

Based on a survey of the related literature, approaches to the implementation of
threads on multiprocessor computing platforms can be categorized into the library, ker-
nel, and balanced implementation approaches. The following sections present the main
characteristics of these approaches and investigate the execution properties of their
threads, the nature of the work that they can be assigned, and the coordination over-
heads that they incur.

2.3.1 Library Implementation

Library implemented threads were originaily developed to provide muitiple threads
of control for single-threaded operating system platforms [Kep85]. A single-threaded
kernel architecture allows only one active thread of control to execute the kernel

15



Task A Task B

O0od U

~

i single-threaded

£

[} uscr-level context (function call stack, register state)
O kernel-level context (system call stack)
[\ system processor

Figure 2.1: Library Implementation

routines at any one time. To counter this limitation, a runtime library linked into the
virtual address space of the task was used to mimic the execution of multiple threads
within the confines of the task. The mechanisms by which threads are created,
destroyed, switched, and synchronized are fully implemented by library routines.

Figure 2.1 illustrates the relationship between tasks, threads and the operating sys-
tem kernel. Task A is multi-threaded with three threads of control. Task B is a conven-
tional, single-threaded task with one thread of control. Task A contains three user
contexts (one for each thread) and shares the single kernel context with task B and its |
thread. As represented in the diagram, the threads of a library implementation exist
only within a task and are unknown to the kernel.

Confinement of the existence of threads to the address space of a task is the distin-
guishing characteristic of library-implemented threads. The operating system kernel
cannot differentiate between a multi-threaded task and its single-threaded counter-
part; it provides system services to the task and not to individual threads within the task.
Consequently, the threads must share the use of these services and assume the identity
of the task whenever requests are made of the kernel. Since the kernel considers the
task to be single-threaded, it has provided a single kernel context and reserved access
to processor and I/O resources for only one thread. To provide access to all the threads
of the task, the library must multiplex them onto the one thread supported by the ker-
- nel. The kernel then schedules the task containing the thread made current by the
library.
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This property has important ramifications for the execution characteristics of the
thread and the nature of the work that it can be assigned. Firstly, the priority of the task
within the system is shared by all of its threads. The lack of a local priority mechanism
translates into homogeneous threads that cannot be differentiated and cannot pre-empt
one another. In the library model, the current thread remains current until it expires
or voluntarily suspends itself. This is due largely to the absence of clock interrupt han-
dling routines in the library that could serve as the basis for higher-order scheduling
functions. Secondly, the application is incapable of specifying the extent of the concur-
rency that it requires from the underlying platform. It may specify its logical concur-
rency requirements by creating multiple threads, but it is restricted in the degree of
physical concurrency to the one kernel context offered to the task.

Thirdly, by forcing multiple threads to share the single kernel context, the library
implementation causes the threads to be dependent on one another for progress. A
kernel context acts as an entry point into the kernel for system-level service (i.e. file ac-
cess, etc.). A thread that performs a system call or incurs a page fault during execution,
is treated by the kernei as a task that performs a similar operation. Such an occurence
causes the task to be suspended until resolution of the condition, irrespective of the
availability of a runnable thread within the task.

Confinement to the address space can be a favorable quality however, since it al-
lows thread coordination to be performed with minimal overheads. The mechanisms
that bring threads into existence, switch between them and allow them to synchronise
are provided by the library and are executed without any kernel interaction. Creating
or destroying a thread for example, involves a call to a library routine which allocates
or deallocates a new user context in the address space of the task. Local placement of
the threads information and the manipulating routines also permits switching opera-
tions to be performed quickly. A context switch for example, consists of saving only the
current thread’s volatile register state. The state that is shared with the next thread in
the library’s dispatch queue can remain, lessening the processor loading and unload-
-ing requirements during context switches.

Thread synchronization is performed similarly, without kernel knbwledge or inter-
vention. In most library implementations, the library supplies routines which execute
atomic operations on local synchronization objects such as mutex locks, condition vari-
ables, semaphores, and reader-writer locks. Routines that result in blocking a running
thread are responsible for suspending the thread until the condition is resolved. An at-
tempt to lock a mutex that is already locked for example, causes the offending thread
to be suspended and placed on a sleep queue until the lock is released. Similarly, .
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routines that result in unblocking suspended threads are responsible for returning the
blocked thread to the dispatch queue.

2.3.2 Kernel Implementation

The development of kernel-implemented threads originated with the increasing
prevalence of multiprocessor architectures and multi-threaded kernels
[Tev87][Co090). Unlike their single-threaded counterparts, multi-threaded kernels are
capable of executing multiple system-level functions simultaneously and on different
processors. The strategy underlying the implementation of kernel threads is to extend
this kernel functionality and make it available to the applications using a simplistic
library. The role of the library is essentially to extend the kernel thread facilities and
provide a programming interface to the application developers.

As figure 2.2 suggests, the threads of a task are associated on a one-to-one basis
with the threads of the kernel. The diagram represents the relationship between a task
and its threads, the kernel and its threads, and system processors. Task A is multi-
threaded with three threads of control while Task B is a traditional process with a single
thread of control. '

The distinguishing characteristic of kernel-implemented threads is that they are en-
tities managed by the kernel on behalf of tasks. The kernel is aware of the existence of
the multiple threads within a task and knows their state at all times. Through dedicated
kernel contexts, it provides system services directly to individual threads and ensures

-
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access to resources for each of them. The kernel maintains both the data structures
which identify and describe the threads of a task and the routines which operate on
them. Operations that manipulate the state of individual threads (create, destroy,
suspend, resume, query, etc.) are accessed using the system call interface. The role of
the library in kernel implementations is to provide higher-level operations and to map
those operations onto the correct system calls.

The placement of responsibility for threads in the kernel is a favorable property
when the execution characteristics of the resulting threads are considered. Since they
are identified system-wide, kernel-implemented threads are assigned individual
priorities which allows them to be differentiated from their peers. They can pre-empt
and be pre-empted by the threads of the same task and by the threads of other tasks.
They can aiso be assigned a time quantum. Also, the one-to-one relationship estab-
lished between user threads and kernel threads results in complete independence from
influencing the progress of other threads. A thread that blocks as the result of a system
call or a page fault for example, is switched with another thread, making full use of the
platform resources.

A disadvantage however, is that the apphcatlon is incapable of specifying the extent
of the concurrency that it requires from the underlying platform. Unlike library-imple-
mented threads which are unable to control the degree of physical concurrency because
they share a single kernel context, kerne'-lmplemented threads cannot influence the
degree of physical concurrency because they receive a dedicated kernel context. Much
as it cannot increase its share of kernel resources in library implementations, the ap-
plication cannot decrease its share in kernel implementations. Consequently, a poten-
tial drawback arises for inefficient use of kernel resources in conditions where large
numbers of threads exist within the system. |

Moreover, because the kernel is responsible for thread management, operations
that coordinate threads suffer from high overheads. The mechanisms that create and
synchronize threads are located in the kernel and require the ]lbrary to generate time-
consuming system calls to effect state changes. A task that creates or destroys a thread
for example, invokes library routines to allocate or deallocate the user context. These
routines subsequently invoke the corresponding thread_create() or thread_destroy()
system call to allocate or deallocate the kernel context. ' :

The library performs a similar function with respect to synchronizing the multiple
threads of a task, Using a set of basic system calls as building blocks, the library imple-
ments atomic operations that permit synchronization and gqaranteemutually;e\.;gf:lusive
~access. An attempt to lock a mutex held by another thread for example, causes the
19



library to suspend the thread by generating a thread_suspend() call to the kernel while
an attempt to release the mutex results in the blocked thread being returned to the dis-
patch queue by a thread_resume() system call.

High coordination overheads also stem from surrendering the responsibility for
switching threads to the kernel. Because of shared memory serialization, pre-emption,
and time quantum expiration, switching is a frequently occuring operation in kernel

- implementations, and time spent unnecessarily in executing the switch may have anega-
tive effect on application performance. Unlike library implementations which perform
partial context switches because of shared state between threads, kernel implementa-
tions must perform full context switches because the next thread on the kernel’s dis-
patch queue may not be from the same task. Generally, optimizing assumptions cannot
be made and the cost of saving and restoring full state must be absorbed by the applica-
tion.

2.3.3 Balanced Implementation

The balanced thread implementation originated largely from the observations and
the experiences of developing applications using the library and kernel implementa-
tions [Gol90][Pow91]. Firstly, the balanced approach attempts to retain the low coor-
dination overheads found in library implementations by placing the core routines
related to thread coordination in a library where they can be accessed very rapidly. This
design characteristic results directly from an observation that the threads of a task tend
to interact primarily with others within the task and therefore should not require the
kernel’s intervention for most of their coordination functions.

Secondly, the balanced implementation attempts to limit the restrictions it places
on the nature of the work that can be assigned to threads because of their execution
characteristics by ensuring kernel support for threads. This property results from ex-
periences which show that the inability to make concurrent system calls and handle
simuitaneous page faults eliminates the advantages of multi-threading and decreases

4 its utility in executing large, I/O intensive applications.

: \ Figure 2.3 is a representation of the possible relationships that may exist between
?\:‘Lf.ks, the threads of a task, and the threads of the kernel. Tasks A and C are multi-
threaded with three threads of control while task B is a conventional task with a single
thread of control. In task A, each thread is associated with a user context and can be

| multiplexed onto one of three kernel contexts. In task C, two of the threads are similar-
ly unbound and may be multiplexed onto one kernel context. The third thread is bound
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Figure 2.3: Balanced Implementation

and its relationship with the underlying kernel context is fixed. Task B contains a single
thread, a corresponding user context, and is bound to a dedicated kernel context.

The defining characteristic of balanced implementations is that the association be-
tween the threads of a task and the threads of the kernel is configurable. By support-
ing both bound and unbound threads, the balanced implementation permits a high
degree of flexibility in matching the type of thread to the needs of the application. Con-
figurability stems from the collaborative management of threads at both the task and
kernel levels. At the task level, the library is responsible for managing the user con-
texts, for multiplexing unbound threads onto the pool of kernel threads, and for
synchronizing both types of threads. The kernel is responsible for managing the kernel
contexts, for scheduling the kernel threads on the underlying system’s processors, and

for manipulating the state of kernel threads on behalf of the task.

The execution characteristics of balanced threads depend on the associations es-
tablished between the task and kernel threads. Bound threads for example, exhibit
characteristics that are analogous to kernel-implemented threads. Unbound threads
however, have execution characteristics that are largely distinctive. Firstly, they are as-
signed local, configurable priorities that permit differentiation from their peers within
the task. The priorities are used to guide the library in its multiplexing function, and to
determine the task thread to be dispatched when a kernel thread becomes available.
O'ther, global and system-wide priorities are assigried to the kernel thread and are used
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by the kernel to determine the kernel thread to be dispatched when a processor be-
comes available.

Secondly, unlike both library- and kernel-implemented threads, unbound-type
balanced threads permit control over the extent of the physical concurrency that is of-
fered to the application. The size of the underlying pool of kernel threads can be either
configured by the application or regulated automatically by the library, as dynamic con-
ditions warrant. In the first case, the kernel is informed of the number of kernel con-
texts required to support the set of unbound threads. An attempt to set the number of
kernel threads for example, causes the library to verify the present allocation and to
generate a thread_create() system call for each missing thread and a thread_destroy()

~stem call for each excess thread. In the second case, kernel contexts are created and

removed as the execution of the task dictates.

Thirdly, unbound threads may or may not be dependent on their peers for progress.
In circumstances where the degree of piysical concurrency is automatically managed,
unbound threads are guaranteed independent progress because the availability of ker-
nel contexts is ensured by the implementation. However, if the application controls the
extent of physical concurrency and forces a relationship where the pool of kernel
threads is insufficient to service the number of unbound threads, a dependent progress
condition may arise. In this case, a number of threads awaiting resolution of system calls
or page faults equal to the number of kerne! threads would halt all progress within the
task, irrespective of the availability of ready threads.

The ability to configure the associations between task and kernel threads also has
important influences on the overheads incurred to coordinate bound and unbound
threads. The overheads involved in creating, destroying, switching and synchronizing
bound threads for example, are high and largely equivalent to those absorbed for ker-
nel-implemented threads. Conversely, since most of the management functions can be
performed without kernel intervention, the overheads involved in coordinating un-
bound threads are minimal and comparable to those of library implementations.

2.4 Relevance -

The purpose of this chapter was to investigate how to exploit, program, and support
concurrency in generalized applications. The chapter reviewed the application decom-
position process and the key factors which affect the partitioning decisions. It also

reviewed the role of the programming model and the importance of its fundamental
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characteristics. Lastly, the chapter discussed the accepted approaches to the implemen-
tation of threads and the impact these have on the properties of the abstractions sup-
ported by the programming model.

- From the discussions of this chapter, some basic requirements can be derived rela-
tive to the capabilities of a concurrent programming environment. To be effective in
its support of concurrent applications, the programming environment should address
the following requirements.

- provide a programming model which allows an application to be decomposed
into cooperating work units

e provide a programming model which allows the execution and coordination
concerns of the application to be treated separately

° prowde a programming model with a set of high-level abstractions for work
units and their interactions

e provide development-time support facilities to formally specify the execution
and coordination requirements of the application

e provide run-time support facilities which allow priorities to e assigned to
individual threads, the degree of physical concurrency assigned to the
application to be controlled, and the nature of the work assigned to the
underlying threads to be unrestricted

¢ provide run-time support facilities which minimize the coordination overheads

_ e
. %
The first three requirements are judged to be necessary if the programming model
is to effectively address the execution and coordination concerns of concurrent applica-
tions. The last three requirements are necessary to provide the support for effectively

merging the programming model with the underlying threads implementation.



Chapter 3

Real-Time Systems

The purpose of this chapter is to investigate the key characteristics of real-time sys-
tems and to describe approaches to their development. The first section explores the
relevant properties of real-time systems, and the general attributes of the operating
conditions in which they execute. The second section outlines the structure of real-time
applications. The third section reviews the constraints that may be imposed on applica-
tions, and the effects these have on the ability of the application’s intended functionality

. to be performed. The fourth section describes three approaches for developing real-

time systems and applications. Finally, the fifth section briefly surnmarizes the chapter
and lists additional requirements of the programming environment.

3.1' General Characteristics \

Real-time systems are becoming increasingly commonplace in today’s technology-
driven society. Our reliance on these systems is evidenced hy the vital role they play in
modern avionic, manufacturing, process control, and telecommunications applications.
Real-time systems are generally characterized by the ability to interact with their im-
mediate environment [SR93]. They monitor changes in their surroundings, react, and
exert a controlling influence on them. The reactions must be predictable, reliable and
completed within constraints that are imposed by the application’s functional require-
ments, the environment, and the underiying computing platform.

Changes of interest that occur in the environment propagate through the system by

.means of events. As figure 3.1 suggests, when communicated to the application, these

events cause pre-determined actions, or responses to be performed. The events serve

to inform the application about the state of the environment. They have individual
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characteristics, exhibit different occurence profiles, and place different demands on the
system. To successfully address the requirements of the application, all generated
events, including simultaneous ones, should be recognized and serviced by the system.

Based on the nature of the operating conditions, real-time systems can be charac-
terized as either static or dynamic [NZ92). In static systems, the operating conditions
are either non-changing or slow to change. They can be weIl-understdod by the desig-
ners during development and anticipated during execution. The predictable nature of
the conditions permits the application’s requirements to be fully determined, simplify-
ing its construction, and minimizing the likelihood of violating the imposed constraints.
In dynamic systems however, the conditions are either fast-changing or cannot be fully
determined a priori. They are usually not as well-understood by the designers and can-
not always bé foreseen during execution. The unpredictable nature of the conditions
complicates the development of the application, and compromizes its ability to meet
the imposed constraints.

The work described in this thesis is aimed at dynamic systems. It investigates the
ability of dynamic systems to perform their intended functionality in the presence of
disturbances in their operaﬁng conditions. Some of the disturbances emanate from ex-
ternal sources and have global influence on the overall system while others emanate
from within the system and have local impact on particular components. The potential-
ly varied nature of the conditions that dynamic systems face within their sphere of
operation can be traced to two primary sources; the unpredictability that is present in
“the environment and the non-determinism that is exhibited by.the underlying comput-
ing platform. '



Unpredictability in the environment, as perceived by the application, can result
from a variety of factors. Firstly, the environment itself may be unpredictable. Second-
ly, the accuracy and finite number of sensors that monitor the environment and cap-
ture the events may limit the application’s view of its surroundings. The sampling
frequency of platform sensors for example, may not track the environment often
enough to provide an unambiguous, consistent view of its state. Since exhaustive in-
strumentation with sensors of infinite precision is largely infeasible in practice, a finite
probability remains that the application’s view of its surroundings diverges from their
true properties.

Thirdly, the perceived behawor of the environment may violate the design limits of
the application. In essence, an application design that does not offer consideration to
a particular condition may nnt be capable of reacting properly when faced with that
condition. The condition may be unrecogrized by the system logic and an indeter-
minate, possibly incorrect response may be performed. Many real-time systems for ex-
ample, operate in volatile environments where many unforeseen conditions exist.
Depending on the thoroughness of the analysis and design, the system may operate un-
predictably in unfamiliar situations.

The sources of the non-deterministic properties in the underlying computing plat-
form are equally varied. At the hardware layer, the organization of physical resources
and their particular attributes may generate unpredictable, arid in the limiting case, un-
bounded delays. The multiplicity of resources and the use of multiple-access netwnrk
technologies for example, exposes some elements of the applications to the content'on
for shared facilities. Similarly, at the operating system layer, the availability of opera-
tions that do not execute in constant time and the use of nested interrupt schemes con-
tributes to non-deterministic platform behavior. Operations that manipulate I/O
devices for example, are dependent on the quantity of information transferred, and may
suspend the calling work unit for unpredlctable periods of time.

ll:
)

3.2 Application Structure

Ina mannersimilar to general-purpose concurrent programmmg, to exploit the con-
currency of the underlymg multiprocessor platform, real time applications are. partl--
tioned into cooperating entities. The process of decomposmon is guided by layers of
abstraction which provide structure and allow the application’s functionality to be
described at various levels of detail [KJ86]. The layers aim to manage the potential
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complexity of the application by successively refining the description of its functionality.
Figure 3.2 outlines such a structure, It is based on a response-oriented view of real-time
software design [KI86].

At the first level, the functionality is organized into self-contained responses that
address the requirements of each event generated by the environment. Responses may
be either independent or dependent. An independent response requires no direct in-
teraction with the other responses in the application while a dependent one requires
one or more interactions to complete its assigned functionality.

At the second level of abstraction, the functionality of the response is grouped into
sub-responses. The sub-response abstraction allows the developer to organize the in-
ternal functions of the response based on the characteristics they exhibit. The
response’s functionality can be organized based on its functional characteristics for ex-
ample. In this circumstance, a sub-response may be created to initialize the response
and wait for the external event, while another may be built to process tlie event once it
is captured.

The response’s functionality can also be decomposed according to its temporal
- characteristics. In some applications, parallel paths may exist where one path is subject
to a time constraint for example, and another is not. In this case, a sub-response may
be constructed to contain the response’s time-sensitive functionality while one or more.
others contams the remaining functions.

Also, the sub-response abstraction level allows the response to be orgamzed based
on its operational characteristics. Decomposition of the response according to this
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property allows the functionality of individual sub-responses to be determined based
on which processor they execute, or on which I/O channel they access.

At the third level of abstraction, the functionality of individual sub-responses is
grouped into work units. The work unit collects a portion of the functions that must be
performed in service of an event. Since it can execute in parallel with other work units
in the sub-response and with those in other sub-responses, the work unit is subject to
precedence and exclusion constraints. The order in which the work units are executed
is determined by both the control dependencies inherentin the sub-response’s assigned
functionality and the data dependencies that exist between them.

Lastly, at the fourth level the functionality assigned to the work units is organized
into computations. A computation is the lowest level of abstraction that is of interest
~ to the developer. It is a meaningful grouping of operations that are sequentially per-
formed over a prescribed set of data elements. |

3.3 Application Constraints

Concurrent real-time applications are generally governed by constraints that are
more stringent than those of general-purpose applications. The nature of the system
and the role it is intended to fulfill determines the stringency of the individual con-
straints and the degree to which the application is sensitive to them. As illustrated in
figure 3.3, the application is constrained primarily by its internal structure, the environ-
ment with which it interacts, and the computing platform on which it executes.

The first type of constraint is imposed by the environment and requires the system
to respond to €vent occurences within pre-determined time periods [Sta88]. Time con-
straints specify a window of opportunity or a deadline within which the response to an
event is valid and useful to the environment, A hard constraint on a response should
b satisfied by the system under all operating conditions. Failure to meet such a con-
stramt adversely affects the integrity of the system and may result inirreparable damage
o life or: ‘property. By contrast, asoft constraint on a response should be satisfied by the
system under most operatng conditions. Failure to meet such a constraint is tolerate
and may result in a notice; ‘able but acceptable reduction in system performance.

The second type of constramt is imposed by the underlying computmg platform and
requires the system 0 aelwer the intended functionality using resources of finite
availability and of limited uiility. The number of physical resources such as processors,
memory, and I/O devices in the platform for example, is fixed and their performance
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is bounded. Similarly, logical resources such as threads, buffers, and communrication
channels, are limited in quantity and in utility relative to the requirements of the ap-
plication. Failure to meet these constraints can adversely affect system operation, caus-
ing events to be unrecognized, preventing urgent responses from completion and
causing time constraints to be missed.

Lastly, the third type of constraint resuits from the internal characteristics of the
application. Firstly, the application constraint requires the system to perform
functionality that is consistent with the requirements established by the system’s func-
tional specification. Secondly, it requires the system to adhere to the precedence and
exclusion relationships established during the partitioning process. These constraints
guide the execution of the application by imposing sequential or concurrent ordering
between the responses and their constituent work units. The system must respect the
relationships that exist and reflect them in the application’s processing flow. Failure to
meet these constraints compromizes the integrity of the application’s intended
functionality, and may bring abou\_t\indeterminate system behavior. ‘

i

o

3.4 System DeveIOpmeht

— The primary goal of real-time system development is to engineer a solution to the

- appllcanon s functional requirements. The solution must be resilient to the dynamic

conditions in which the system will operate, ensure conformance to the environment’s
constraints, and offer a level of functionality that is consistent with the goals of the ap-
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plication. To achieve this aim, the relationships that exist between the three types of
constraints restricting the application should be considered. Asa consequence, the rela-
tive influence of the constraints on the overall system should be determined, and the
tradeoffs should be evaluated.

The first tradeoff balances the internal constraints of the application against the
constraints of the environment. The relationship between these constraints restricts the
application from performing the functionality it desires at the time it wants to. The al-
ternatives for resolving the tradeoff are to maintain the intended functionality, there-
by jeopardizing the time constraint, or to modify its functionality, thereby jeopardizing
the internal constraint. The purpose of the tradeoff is to establish the application’s
demand for resources as a function of time.

The second tradeoff which guides the development of the real-time system balan-
ces the constraints of the platform against the constraints of the environment. The
relationship between these constraints restricts the application from receiving resour-

~ces at the time they are required. The possibilities for resolving the tradeoff are to force

the application to accept the level of resource availability, thereby jeopardizing the time
constraint, or to increase the availability of resources, thereby violating the platform
constraint. In effect, the choices made as a consequence of the tradeoff establish the
supply of resources as a function of time.

The basis for considering the tradeoffs lies in the importance attributed to the
application’s functional and temporal correctness. As a result of the constraints that
govern their execution, real-time applications are not only concerned with achieving
correct functional results as dictated by the requirements, but also correct temporal
results as dictated by the environment. The functional correctness of a computation is
proportional to the amount of functionality performed in order to achieve a result and
is an indication of the quality of the result. The temporal correctness of a computation
is proportional to the amount of time taken to achieve a result and is an indication of
the timeliness of the result. An application is functionally correct if all of its assigned
functionality is completed and temporally correct if the completion occurs within the
time constraint. ‘

The relationship between an application’s temporal and functional correctness is
treated differently depending on the problem being addressed [Wil90]. In general-pur-

‘pose applications for example, the emphasis tends to be placed on functional correct-

ness at the expense of temporal correctness. The temporal correctness is usually not
enforced providing the delay in Gbtaining a result is within reason. The functional re-
quirements of an application are sacrificed only when performance gains can be made
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to justify the loss in functionality. In effect, the goal of general-purpose applications is
to produce correct results in time, and not necessarily correct results on time.

In real-time applications however, the relationship is dependent on the stringency
of the constraints. For responses that are governed by hard real-time constraints, the
emphasis is placed on temporal correctness at the expense of functional correctness.
Since the primary objective of hard-constrained responses is to meet the time con-
straints under all operating conditions, functional correctness is relegated to a secon-
dary objective. A result obtained wi*‘i partial functionality is satisfactory providing it
was obtained within the specified time constraint. In essence, a certain amount of func-
tional incorrectness may be tolerated to ensure timely procurement of a result. The
goal of these responses is to produce results on time, and not necessarily the correct
results on time.

For responses that are governed by soft real-time constraints, the relationship is
biased towards either temporal or functional correctness, depending on the extent to
which the time constraint can be violated. A response with a time constraint that is
desirable but not necessary for example, has characteristics similar to general-purpose
applications, with functional correctaess being the primary consideration. Conversely,
one that has an inviolable time constraint has characteristics more closely associated
with hard real-time responses, where temporal correctness is emphasized.

From a survey of the relevant literature, three broad approaches to developing
‘dynamic, concurrent real-time systems can be identified. Firstly, the platform-centric
approach attempts to modify the capabilities of the underlying platform to ensure that
the supply of resources is not unduly constraining the application. Secondly, the ap-
plication-centric approach attempts to modify the functionality of the application to
guarantee that the demand for resources can be met by the platform’s capabilities.
Thirdly, the constraint-centric approach attempts to dynamically manage both the supp-
ly and the demand for resources to maximize the functionality that is performed by the
application, to minimize the number of resources required to adequately service the
functionality, and to ensure conformance to the time constraint.

341 Platfdrm-Centric Approach

The traditional, and most pervasive approach to developing real-time systems
focuses on selecting a computing platform that exhibits a level of functionality and per-
formance consistent with meeting the constraints [Sta88). As depicted in figure 3.4, the
emphasis during development is placed on the application’s platform constraints. The -
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Figure 3.4: Platform-Centric Approach

approach aims to minimize the effects of platform constraints by matching the
availability and utility of resources to the requirements of the application. In the
tradeoff between internal and environment constraints for example, the approach
favors maintaining the intended functionality while in the tradeoff between platform
* and environment constraints, it favors modifying the availability of resources.
Allowing the environment and internal application constraints to dictate the com-
position of the underlying platform permits a margin of safety to be introduced in the
system. This over-capacity allows delay-causing conditions to be tolerated without im-
pacting the ability to meet constraints and allows applications to be developed with
greater confidence that their execution will conform to the imposed time constraints.
The performance and functionality of the platform can be augmented in a variety
of ways. At the IC level for example, the continuous advances made in semiconductor
technology and VLSI design have enabled higher clock rates and greater on-chip
functionality, resulting in faster devices that are specialized to particular application
domains. Similarly, at the hardware level, the proliferation of these devices has
precipitated a decrease in their costs, making high-performance multiprocessor ar-
- chitectures feasible and attractive. Finally, at the system software level, the availability
of real-time operating systems for example, has permitted optimized management of
physical and logical resources without sacrificing mainstream OS features, allowing key
system operations to be performed at speeds approaching the limits of the hardware.
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A disadvantage of this approach is that the system developer has no means of direct-
ly specifving an application’s time constraints to the underlying platform. The platform
is thus unaware of the time-dependent requirements of the responses it executes.
Without the explicit incorporation of time into the development process of an applica-
tion, the urgency of constituent computations cannot be determined and acted upon.
The application has no means by which it can re-balance its functionality based on the
passage of time and ensure that its time constraints are met. The computations that
result from the approach contain largely static functionality that is rigidly defined and
executed.

As a consequence of not integrating the temporal requirements of the application,
the approach’s ability to consistently meet constraints is compromized. This un-
favorable characteristic manifests itself in the inability of the system to offer guaran-
tees that the application’s constraints will be met under all operating conditions. In fact,
it does not guarantee that they will be met under any conditions. Conditions of tran-
sient overload for example, can adversely affect the application’s ability to meet con-
straints. A sudden burst of events can cause many of them to be unrecognized by the
systemn. By extension, those events that are recognized may not meet their time con-
straints because of the system’s attempts to process the flood of incoming events. In ef-
fect, over-capacity is relied upon to handle unusual operating conditions.

Similarly, the computing platform’s extra capacity is relied upon to support the
evolution of the application. The inevitable modifications that the system will be sub-
jected to may cause constraints that were met before the modifications, to be missed
after the changes are made. The margin of safety provided by over-specification of the
computing platform may be reduced considerably by the addition of functionality and
the resolution of bugs. In the limiting case, an existing application which has evolved
and no longer meets constraints because it has outgrown the underlying platform must -
be ported to a faster, more powerful computing platform.

3.4.2 Application-Centric Approach

The application-centric approach to developing concurrent real-time systems
focuses on the internals of the application and the interface it shares with the underly-
ing computing platform. As illustrated in figure 3.5, the emphasis during development
is placed on the application’s internal constraints, The approach aims to minimize the -
effects of the application’s internal constraints by manipulating its resource demands
to fit within the platform’s resource availability. In the tradeoff between internal and
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Figure 3.5: Application-Centric Approach

environment constraints for example, the approach favors modifying the intended
functionality while in the tradeoff between platform and environment constraints, it
favors maintaining the level of resource availability.

To optimize the application’s responses and their constituent work units such that
they consistently and reliably execute within their time constraints, the approach makes
use of a modelling process which investigates the behavior of the system under different
operating conditions. The basis for this process is a functional representation, or model
of the system, and its environment. The model is used to obtain statistical measures of
the execution behavior of responses and to verify the effects of alternative design
strategies on this behavior. It is essentially a skeleton of the critical features of the ap-
plication, the environment, and the computing platform. It gf'éflects the functionality of
these interacting components in general, and contains the'characteristics that affect
constraints in particular, | .

The modelling process can be classified as either analytical or experimental. Analyti-
cal modelling constructs models from a set of mathematical equations that relate the
behavior of functional entities to a set of input parameters {Sta91]. The models are par-
ticularly well-suited to analyzing systems in which customers enter a service area,
receive service for some period of time and then depart the service area. In a real-time
system for example, customers can be used to represent events that are generated by
the environment, while services can represent responses to those events. By extension,

34



input parameters such as customer arrival rates correspond to the frequency of event
generation and mean service periods correspond to average response execution times.

By contrast, experimental modelling techniques such as simulation and prototyp-
ing construct models that can be executed. Simulation relates artificial input
parameters to the performance metrics by executing the model on an abstract repre-
sentation of the target computing platform [AP77]. Prototyping achieves a similar ob-
jective by executing the model on a concrete representation of the target platform
[LB88]. Simulation is used primarily to investigate design alternatives when the target
computing platform is non-existent or has little or no statistics reporting facility.
Prototyping is usually considered an integral part of the development process and used
both for proof-of-concept and what-if type of analysis. Prototype models are imple-
mented on either the actual target computing plaiform if it is complete or on one that
reflects its key characteristics.

The analytical modelling strategy essentially provides asnapshot view of the system.
The behavior that is manifested as a result of the input parameters is largely lost in the
resulting static mathematical reiationships. By contrast, the experimental modelling
strategy provides an evolutionary view of the system. It allows the designer to gauge the
run-time behavior and determine the cause of fluctuations in performance metrics. It
also allows the designer to detect transient characteristics in the system and monitor
their mi'gration to either steady-state or bottleneck conditions. During the development
process, both strategies may be utilized depending on the coarseness of the data that
is required for decision-making, the error that can be tolerated in the results, and the
effort which must be expended in constructing and maintaining the model.

A favorable property of the modelling approach is that it integrates the application’s
time constraint during analysis and design. With the aid of modelling methods and tools,
the behavior that is manifested by the model as a result of controlled stimuli can be ob-
served for anomalies, measured to yield statistical profiles for metrics, and altered rela-
tive to the constraints. Computational algorithms that introduce unbounded and
unnecessary delays for example, can be identified and modified for time-boundedness
and reduced execution times. However, the functionality of each response remains,
static once the process is complete. The response functionality is determmed through
iterative techniques that aim to ldentxfy the maximum functionality that will’&nable the
application to consistently meet its constraint. It thus cannot v.ary based on the
application’s run-time urgency considerations.
~ An unfavorable characteristic of the appllcatlon-centrlc approach is that it causes
de51gners to rely on the integrity of the model to ensure conformance to constraints.
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Consequently, the modelling approach guarantees that an application’s constraints will
be met under some, but not all operating conditions. Guarantees are extended primari-
ly for operating conditions that were identified during the modelling activity and
evaluated for possible negative effects on response timeliness. The occurence of an un-
foreseen condition for example, causes indeterminate behavior in an implementation
based on the model and allows for events to be missed and time constraints to be vio-
lated.

Furthermore, reliance on a representative model of the system has some drawbacks
with respect to the maintenance and evolution of the application. Since the design
produced by the modelling activity is effectively tuned to a particular workload and
configuration, the integration of voluntary or involuntary modifications to the
application’s functionality may have effects on the model’s manifested behavior. In this
circumstance, previous modelling efforts are obsolete, and the modelling process must
be re-visited to observe the effects of the changes on the model’s behavior. The itera-
tions may add considerable cost and delay to the deployment of the system.

3.4.3 Constraint-Centric Approach

The constraint-centric approach focuses on matching the resource requirements of
the application with the availability of the underlying platform’s resources as they vary
in time. As depicted in figure 3.6, the emphasis during execution is placed on both the
application’s internal and platform constraints. The approach aims to minimize the ef-
fects of these constraints by managing the allocation of existing platform resources
dynamically. It controls the application’s demand for resources and regulates their
availability based on its urgency requirements. During development, the approach does
not favor particular alternatives in either the internal/environment constraint or plat-
form/environment constraint tradeoffs, preferring instead to resolve these at run-time.

The basis for determining the allocation of resources according to urgency lies in
the value each computation imparts to the response that produces the result
[Wil90){SR93]. The value informally represents the importance of a computation rela-
tive to the others in the application. It is initially assigned according to application

‘semantics, and depending on the urgency precipitated by the time constraint, may fluc-

tuate during the execution of the response. As a result, the goal of the constraint-centric

‘approachisto maxlmlze the value imparted by each computat:on to the overall applica-

tion. By doing so, the system is guaranteed to deliver the maximum amount of
functionality within the pre-deterrmncd tlmc constraints.

.....
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Figure 3.6: Constraint-Centric Approach

A hard constrained response which has insufficient time to complete its assigned
functionality for example, will forego computations that contribute small or negligible
value to the application and will concentrate on performing those that impart a high or
infinite value. Similarly, a soft constrained response with urgency concerns may elect
to either forego some computations in favor of others in order to meet the time con-
straint or may pursue ail computations irrespective of the time constraint.

To resolve the time-dependent conflicts between the application’s demands for
resources and the platform’s availability of resources, the approach makes use of on-
line scheduling facilities. The facilities may consist of multipie layers of scheduling with
the lowest layer being contained within the platform’s opeglating system. The facilities
collect requests for the resources, arbitrate their use based on the origins of the out-
standing requests and the state of the requested resource, and maintain notion of the
passage of time. Their role is to mediate and control the demand for resources and to
regulate the availability of resources. _

Figure 3.7 illustrates two possibilities for controlling the demand for resources
[NZ92]. In the scheduler-controlled variant, the responsibility for determining the
application’s resource demand as a function of time rests with the scheduling facilities.
The variant effectively requires the application to surrender contro} of its functionality
to the facilities. The application supplies the facilities with: its time constraints and with
allowable options to varying its functionality. Based on the passage of time and the
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Figure 3.7: Variants for Controlling Demand

availability of resources, the scheduling facilities select alternative resource demand
profiles based on the options that were supplied by the application.

The application specifies the functionality options through either the multiple ver-
~ sion or imprecise computation techniques [Liu91]j. The multiple version technique for
example, allows a developer to specify multiple copies of the same response. Each ver-
sion prepared has a particular level of functionality and a different execution time. To
select a copy at run-time, the scheduler focuses on the estimated execution time of the
versions relative to the time left before the time constraint expires. This method is ap-
plicable to responses with execution times that are bounded and can be specified from
the outset. :

Alternately, the imprecise computation technique allows a developer to partition
each response into its mandatory and optional components. The mandatory component
embodies an algorithm that produces an intermediate, approximate result which the
optional component extends and refines into a complete result. At run-time, the
scheduler executes the mandatory component in its entirety and the optional com-
ponent if sufficient time remains. The optional component may be preenipted by the
mandatory component of another computation or suspended by the expiration of the
time constraints. .

In the application-controlled variant, the responsibility for determining resource
demand as a function of time lies with the application. The variant requires the
developer to imbed specific logic in the application’s logic flows to deal with the time
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constraint and the scheduler’s status information. At initialization, the application in-
forms the scheduling facilities of its time constraints. During execution however, based
on the time lapse and resource availability information supplied by the scheduling
facilities, the application modifies its functionality, and makes new demands on the
platform. In effect, through the exchange of status information, the platform and the
application negotiate the demand for resources on the basis of urgency.

Once it has interpreted the status information, the application modifies its
functionality using either the milestone or sieve techniques [Liu91]. The milestone tech-
nique allows adeveloper to record aresponse’s intermediate results at specified instan-
ces during its execution. As time progresses, the algorithm embodied in the response
refines the result and periodically updates the recorded copy. The response either ter-
minates with a correct resuit or is aborted at the expiration of the time constraint with
the last update serving as the final result. Because of its reliance on incremental refine-
ment, the milestone technique is particularly well-suited to monotone computations,
where the quality of intermediate results increases as the algorithm progresses in its
execution.

For computations which are not strictly monotone, the sieve technique allows for
variable functionality by skipping some elements of the response’s algorithm. Based on
this run-time status information, alternate paths through the algorithm can be selected,
and the functionality optimized with respect to the time remaining and the resources
available. Through its ability to adjust its functionality on a fine-grain basis, the techni-
que allows the application to adapt to potentially rapid changes in the operating con-
ditions. This ability translates to greater maximization of the value of individual
computations, a closer coupling with the environment and more efficient use of the un-
derlying platform’s finite resources. ‘ ‘

- The mechanism used by the scheduling facilities to regulate the availability of
resources consists of manipulating the priorities of the responses and of their con-
stituent work units. Under this policy, each work unit is associated with a priority that
distinguishes its importance relative to its peers [SR93]. To arbitrate access to the
resource, the scheduling facilities compare the priorities of the work units that have
outstanding requests with the priority of that which is currently making use of the:
resource. The work unit with the highest priority is allowed to access the resource.
Depending on the fixed or. variable nature of the criteria that is used, priorities can be
either static or dynamic. Static priorities remain fixed during the lifecycle (invocation
to completion) of the work unit while dynamic priorities may fluctuate.
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Static priority-based algorithms such as those employed in rate-monotonic schedul-
ing use the repetition rate of periodic events = the defining criteria for determining
the priority of response computations [KLR94]. The period between triggering events
is fixed over the life of the response and thus gives a fair indication of its impor* ince.
n rate-monotonic scheduling, priorities are assigned in inverse relation to the inter-
arrival period. In effect, the response which must be invoked with the highest frequen-
cy (or smailest period between event occurences) receives the highest priority.
Similarly, in deadline-me: :otonic scheduling, the response’s deadline is used as the
defining criteria. Priorities are assigned in inverse relation to the deadline, with the
highest priority being assigned to the response with the strictest time constraint.

Conversely, dynamic priority-based algorithms use determining criteria that varies
over the lifecycle of the response [RSS90]. In earliest-deadline scheduling, priorities are
re-balanced dynamically by the scheduling facilities to reflect impending deadlines. In
effect, the response which has the greatest urgency requirement (nearest deadline) is
assigned the highest priority and given immediate access to its requested resources.
Similarly, in least-slack-time scheduling (also known as least-laxity scheduling), the dif-
ference between the projected response execution time and the deadline is used as the
defining criteria for priority assignment. In this scheme, priorities are varied ininverse
relation with the difference, associating the highest priority with the most time-con-
strained response (smallest difference).

A favorable property of this approach is that it offers support for the application’s
time constraints during execution. The developer has direct means of both specifying
the time constraints and the options to be considered when they cannot otherwise be
met. It permits the functionality of the application to be controlled by its urgency con-
siderations as they vary in time. This property is particularly advantageous in systems
where the outcome of previous computations causes the resource requirements of cur-
rent ones to vary and where dynamic operating conditions cause the availability of
resources to fluctuate.

As a consequence, the constraint-centric approach allows applications to adapt to
changing operating conditions and to selectively guarantee conformance to time con-

straints. The approach effectively grants an option to the application for either meet-
ing the constraint by varying its functionality or violating it. It has the singular ability to
ensure that the application’s time constraints will be met under all operating condi-
tions. Conditions of overload for example, which could adversely affect the system’s
ability to meet time constraints can be alleviated by compromizing the executed
" functionality, in order to remain conformant to the time constraint.
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The approach’s flexibility and adaptability characteristics are also beneficial with
respect to the maintenance of the systemssince it permits its main components to evolve
independently of each other. Unlike the platform-centric approach, the application
does not rely on a margin of safety to meet constraints and does not necessarily require
changes to the application when the platform is modified. Further, unlike the applica-
tion-centric approach, the application is not tuned to a particular workload and con-
figuration, and dces not necessarily require changes to the platform when the
application is augmented with greater functionality and bugs are resolved.

3.5 Relevance

The purpose of this chapter was to investigate the characteristics of real-time sys-
tems and the accepted approaches to their development. The chapter described the
general properties of time-sensitive systems, the nature of the conditions in which they
operate, the basicstructure of the application software they contain, and the constraints
that they face. The chapter also discussed the main approaches to the development of
these systems and the effects these have on the characteristics of the fesulting systems.
Finally, the chapter described the ramifications of the tradeoffs which are favored by
each approach and the basis on which they are made.

The discussions of this chapter derived additional requirements relative to the
- capabilities of a real-time programming environment. To be effective in its support of
real-time systems, the programming environment should address the following require-
ments.

e provide a programming model which aiiows the application to be structured
as responses to the environment’s events

e provide a programming model which allows the comp ‘exlty within a response

to be managed through layers of abstraction o
e provide a programming model which allows applicable time constraints to be
specified.

e provide a programming model which allows the application to dynamically
control the functionality it performs '

e provide the run-time support facilities which inform the application of its
consumption of time and negotiate the demand for platform resources

e provide the run-time support facilities which manage the availability of
platform resources based on the application’s urgency considerations
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The first four requirements are judged to be necessary if the programming model
is to make adequate provisions for the particular characterist:~s of the real-time
problem domain. The last two requirements are necessary to provide consistency with
the constraint-centric approach to the development of real-time systems.



Chapter 4

The Multi-Activity Programming
Environment

The purpose of this chapter is to present the characteristics of the Multi-Activity
Programming Environment (MAPE). The first section describes the three main com-
ponents of MAPE and the role they play in the realization of an application. The second
and third sections outline how the MAPE programming model addresses the execu-
tion and coordination concerns of real-time applications. The second section describes
the execution model and the language that was selected for this thesis. The third sec-
tion outlines the coordination model, the specification notation used to support it, and
- the language developed to formalize it. The fourth section describes the MAPE run-
time system. Finally, the fifth section briefly summarizes the chapter and outlines
MAPE’s support for the requirements identified in Part L.

- 4.1 MAPE Components

MAPE aims to provide a simplified, flexible programming environment customized
for the real-time application dcmam The three main components include:

r‘ \".
W -
e 2an execution model and supportmg language for translating the application’s
execution requirements into machine form .
¢ a coordination model, formal notation, and supportmg language for
translaung the application’s coordination requirements into machine form
e aruntime system for controllmg the application’s execution

These components are used at vanous stages in the development of an application.
The generahzed process for reallzmg an appllcatlon is depicted in fi igure 4.1. The ini-
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Figure 4.1: Application Realization

tial step in the process is an analysis of the application’s functional and temporal re-
quirements. The analysis serves to outline the external events to be serviced, to evaluate
the nature of the work to be performed in response to the events, and to identify the

.. applicable time constraints. The requirements information is then used to partition the

overall functionality into event responses, sub-responses, and work units.

In MAPE, the response’s cooperating work units are abstracted using activities. An
activity is a meaningful sequence of computations that implements a portion of the
response’s functionality. It is defined by the relationships it shares with others in the
application, the functionality it implements, and its maximal execution time. The max-
imal execution time is the estimated time to complete all the functionality that it is as-
signed and is referred to as the Activity Estimate (AE).

‘Once the specification of functionality is complete, the execution and coordination
requirements of the activities are extracted and dealt with separately. The execution
requirements can be specified in a variety of methods, using either free-form text or a
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formal notation for expressing sequential operations. The next step in the process is to
translate the requirements for each activity into the formal constructs of the execution
language. For this thesis, the C programming language was chosen as the target execu-
tion language. The result of this step is a collection of C source files that unambiguous-
ly specify the computations that are to be performed by each activity.

Similar steps are performed with the activities’ coordination requirements. Firstly,
the requirements are specified using the graphical Process Activity Diagram (PAD)
notation. PAD is a formal notation for expressing the precedence relationships in a
natural, control flow format and the timing constraints in an unambiguous manner
[KJ86]. Secondly, the requirements are translated into machine-manipulable form
using the Coordination Specification Language (CSL). The result of this step is a set of
CSL source files that specify the extent and nature of the interactions that are to occur
between the activities. The CSL files also specify the timing constraints that apply to
the time-constrained sub-responses.

The final step integrates the application-specific C and CSL source files with the
application-generic runtime system. The runtime system supports the MAPE program-
ming model by providing an additional layer of abstraction between the application and

-the underlying computer platform. Its primary role is to implement the high-level
abstractions offered in the programming model and to make the platform-specific con-
currency details transparent to the developer. The result of the integratioii_-:_j‘l ex-
ecutable program containing the code that implements the functionalitykbf the

application, the rules that guide the coordination of its activities, and the code that per-
forms the sequencing. ‘

4.2 Execution Model P

R

The MAPE execution model provides the constructs that enable the activities’ com-
putations to be specified in an unambiguous manner. It supplies the developer with a
set of operators with which to manipulate data elements, evaluate and act on condi-
tions, and control repeatable operations. The execution model also supplies the
developer with a set of basic data types that can be used to create compound types and
satisfy the application’s data requirements. o

l‘h ' . » 1]
The MAPE execution model has two important/characteristics. Firstly, the model .

makes use of consistent shared memory as its underlying memory paradigm. InMAPE,
the data elements that can be manipulated by an activity’s computations are categorized
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BEGIN ActivityName (StatusCode, InputArguments)
IF (StatusCode = NotLate)
perform compatations that implement full
functionality since sufficient time remains

ELSE . X
perform computations that implcment partial

functionality since insufficicnt time remains
ENDIF
END

Figure 4.2: Generalized Activity Structure

as either unrestricted or restricted. Unrestricted data elements are shared at all times
“with the other activities in the application and any changes made to them are im-
“mediately recognized by the others. Their scope is global to the application. Restricted
data elements however, are not shared by the application’s activities and changes made
to them are seen only by the activity performing the changes. Their scope is local to the
activity that has defined them. For the change to be recognized by the others, the up-
dated data element must be communicated to the other activities.

Consistency issues can arise in models that rely on the shared memory paradigm.
However, in the MAPE execution model, these issues are limited largely to the
manipulation of unrestricted data elements by concurrent activities. Since a
computations’ operationson anunrestricted dataelement are made in full view of other
activities, multiple activities may operate on the same data element simuitaneously.
For this reason, any provisions for dealing with this possibility must be handled by the
application using a mutual exclusion:guarantee mechanism.

Another important characteristic of the MAPE execution model is its support for
variable functionality within an activity. Upon invocation, the first input argument to
the activity is a status code that indicates its lateness relative to its run-time estimate.
Based on this status code, the activity determines the urgency of its constituent com-

+ putations and selects the extent to which they will be performed. Figure 4.2 shows the
structure of a generalized activity. The variable functionality method supportzd by the
execution model is based largely on the sieve method, where alternate functionality
paths are determined by the activity during execution (see section 3.4.3). In conditions
of urgency for example, the method supported in MAPE allows an activity to skip or

sieve computations that impart low value in an attempt to gain time and meet the time
constraint, |
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4.2.1 The C Execution Language

In MAPE, the C programming language embodies the execution model and
facilitates a formal implementation of the application’s execution requirements
specification. It serves primarily to provide the developer with a rich set of compute,
condition, and loop operators that can be used to specify the sequence of operations
that individual computations must perform.

The intrinsic properties of the C programming language lend themselves well to the
requirements of the MAPE execution model. The language’s modular code structure
for example, supports the assembly of computations into functions which can be
mapped directly to the activities. Similarly, its interface specification mechanism allows
‘the transfer of status codes and the communication of arguments to be performed in a
ferinal, typed manner. Furthermore, the language’s scope rules enforce the separation
defined between restricted and unrestricted data elements and protect activities from
adversely affecting others,

Figure 4.3 shows the Clanguage code for an activity that processes 256x256 uncom-
pressed digital images at a prescribed 1:1 resolution. During conditions of urgency, the
activity processes the image at half the prescribed resolution by skipping every second
pixel. This produces a lower quality image but requires half the processing time. The
example assumes that a previous activity has placed"the image’s digitized information
in the shared memory area before the activity is invoked.

The ProcessImage activity is coded as a conventional C function, with both an argu-
ment vector and argument count parameter. The argument vector’s only element con-
tains the status code. 1dennfymg the urgency condition (early, on time or late). Its data
requirements are satlsfie d by two unrestricted <Jata elements which are in the shared
memory area and three restrlcted data elements which are not. The unrestricted cur-
rent_image array holds the 64K pixels to be processed while the enhanced_image array
holds the 64K pixeis.of the modified image. The restricted i and j data elements hold
the indexes used to cycle through the current_image array for the enhance algorithm
while the status code holds the urgency condition.
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{* Unrestricted Data Element Definition */
char current_image[65536];
char enhanced_image[65536];

I* Activity Definition */
int ProcessImage (argy, arge)

char *argvl];

int arge;

/* Restricted Data Element Definition */
int status_code, i, j;

status_code = argv|0];

if (status_code == 0)
/* early or on time condition */
for (j=0; j<256; ) {
for (i=0;1<256;) {
cnhance (&current_image[i j], &enhanced_image[i,j]);
i=i+1;

/* latc condition */
for (j=0;)<256;) {
for (i=0;i<256;) {
enhance (&current_image[ij], &enhanced_imagel[ij};
i=i+2
b
j=)+1

} /* end ProcessImage *f

Figure 4.3: ProcessImage Activity C Code

4.3 Coordination Model

The MAPE coordination model allows the developer to unambiguously specify the
interactions that arise as a result of partitioning the real-time application into concur-
rent activities. Using a coordination notation and formal language, the developer can
specify both the points within the application at which interactions are initiated and
received, and the nature of the interaction that 1s to be performed at that point. The
model also allows specni" ication of the time constraints that govern the execution of an

application’s time-dependent sub-responses.

Depending on the application’s semantics, the interactions that arise between ac-
tivities may span structure boundaries. Interactions may occur for example, between
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activities that belong to the same sub-response, between those that belong to the same
response, and between those that belong to different responses. As a cotsequence, the
model supplies a set of high-level abstractions that mask the details of each type of in-
teraction and allow the developer to describe the interactions in a uniform manner.

The main abstractions supported by the model consist of the #ode and the edge. The
nodes abstract the activities of the application. They also abstract the munagement of
the control flows within the application. The edges abstract the interactions between
activities and act as triggers which must be activated to effect a transfer of control.

The MAPE coordination model supports three forms of interactions. The first form
involves the communication of data elements between activities. Because of the under-
lying shared memory paradigm however, not all data elements are subject to being com-
municated. Unrestricted data elements for example, are shared by all activities at all
times, and need not be communicated. Restricted data elements however, are subject
to being communicated. They are owned by one manipulating activity at a time and
must be transferred to others before they may be operated upon.

The second form of activity interaction involves the synchronization of cooperating
activities. The MAPE coordination model supports synchrorization at the boundaries
of activities, and not within actwntles An implicit assumption is made that the computa-
tions within an activity do not fequnre ﬂynchronlzanon with the other activities in order
to perform their functionality. The primary role of synchronization is to preserve the
order of execution by enforcing the prekf.':edence relationships. Insequential precedence
profiles, synchronization interactions regulate the flow of control between the activities
and indirectly arbitrate the manipulai%h of unrestricted data elements. In paralle'l.‘ :
precedence profiles, they create and collect multiple flows of control, but do not ar-
bitrate the manipulation of unrestricted data elements.

The third form of interaction involves the management of the state of the
application’s activities. The MAPE coordination model supports the dynamic creation
and destruction of the activities as well as their conditional suspension and resumption.
Activities may be suspended based on conditions for example, and resumed when those
conditions are satisfied. Furthermore, the model isolates the developer from the details
of claiming and returning the underlying computer platform resources that are required
by the activities. | .

Lastly, the MAPE coordmatlon model allows the developer to specify the time con-
straint for sub-responses in the form of a deadline. The deadline corresponds to the
time alotted to the sub-response, relative to its start, for performing the assigned
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functionality. The deadline serves as the basis for determining the urgency of the ac-
tivities of a sub-response.

4.3.1 The PAD Graphical Notation

The PAD graphical notation is a MAPE tool for specifying the coordination re-
quirements of concurrent, real-time applications [KJ86]. The constructs it supports
facilitate application construction by permitting the developer to specify interactions
within and across responses in a natural, graphical format. Using a series of nodes that
are interconnected by directed edges, the notation represents the precedence, time and
state management requirements of cooperating activities.

Figure 4.4 illustrates the nine types of nodes. An Activity node is used to represent
the execution of an activity. It contains a variable number of input and output ports.
The edges converging onto the node represent the conditions which must be satisﬁed
before the aétivity can be executed. These conditions may relate to the availability of
data needed by the activity, or may represent the precedence constraints that must be
maintained. Once all input triggers are activated, the node executes the associated ac-
tivity, Upon completion, the node activates all output triggers and transfers control to
its downstream peers. .

A Gate node implements a state-based mechanism for blocking the propagation of
triggers. It contains a variable number of input and output ports as well as one enable

. port and one disable port. Initially, the node is in a disabled state, unable to activate its
output triggers irrespective of the activation state of the input triggers. Once the enable
input is activated, the node enters the enable state and waits until all of its input trig-
gers are activated. When the condition is met, the input triggers are cleared, the out-
put triggers are activated, control is transferred to its downstream peers and the node
reverts to the disabled state. In the disabled state, the node ignores all inputs except
for the enable input.

A Counter node implements a state-based mechanism for counting the occurence
of activated input triggers. It has a single input port, a variable number of output ports,
one enable port, one disable port and an associated count value. Initially, the node is
in a disabled state, oblivious to the activation state of its input triggér. Once the enable
input is activated, the node enters the enabled state and the counter is loaded with the
count value. Any subsequent activation of the input trigger decrements the counter
value. When the counter value reaches zero, all output triggers are activated, control
is passed to the downstream peers and the node reverts to the disabled state. The Gate
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Figure 4.4: PAD Node Types

and Counter nodes can be combined to provide control structures for cycles. However,
the resulting cycles are necessarily static.

A Branch node is used to select alternate execution paths depending on the out-
comre of an explicit condition. It contains a variable number of input and output ports.
The output edges are labeled with either X or !X and an associated qualifier (WAIT,
NOWAIT). Once all input triggers are activated, the node evaluates the condition. If
the condition is non-zero, ali output triggers labeled X are activated irrespective of
their qualifief. If the condition is zero, output triggers labeled X and qualified as WAIT
are suspended while those qualified as NOWAIT are ignored. A similar analysis is per-
formed with edges that are constructed from negative logic !X conditions. A Branch
node transfers control only along activated triggers and not along suspended triggers
Control is transferred along suspended triggers only when the condmon that causes
their suspension is overturned.

The Cycle-Tail node is both a generalization of the function prowded by Gate and
Counter nodes for controlling cycle iterations and an extension to these functions to
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support dynamic cycles. The first type of Cycl:-Tail node (tvpe I) contains a variable
number of input ports, and two output ports. It is used to control dynamic cycles, where
the number of iterations of the cycle is dependent on the execution of activities and is
not knownr at the outset. The first output edge is labeled X and serves as the feedback
path while the second is labeled !X and serves as the path out of the cycle. Once all
input triggers are activated, the loop condition is evaluated. If the condition evaluates
to non-zero, the output trigger labeled X is activated, and control is transferred to the
head of the cycle. If the condition evaluates to zero, the output trigger labelcd IXisac-
tivated, and control is transferred to the subsequent node.

The second type of Cycle-Tail node (type II} similarly contains a variable number
of input ports, and only two output ports. It is used to control static cycles, where the
number of cycle iterations is non-changing and known a priori. The first output edge is
labeled X =y to indicate y iterations of the cycle. The second output edge is labeled !X.
Once all input triggers are activated, the node decrements an associated iteration
counter. If the count is greater than zero, the output trigger labeled X is activated, and
control is transferred to the head of the cycle. If the count is equal to zero, the output
trigger labeled !X is activated, the cycle is exited and control is transferred to the
downstream node. ' 7

A Merge node reconciles OR-type paths in the execution flow of the application. It
contains a variable number of input and output ports. OR-type paths occur primarily
as a resu't of branching, where a choice is made and some execution paths are not pur-
sued. Once any one of its input triggers is activated, the node activates all of its output’
triggers, surrendering control to its downstream peers.

A Wait node regmciles AND-type paths in the application’s processing flow. Itcon-
tains a variable number of input and output ports. The node performe a joining func-
tion for multiple Lxecutlon paths. Once all input triggers are activated, the node
activates all of its output triggers, transferring control to subsequent nodes.

An end node is the PAD termination construct. It contains a variable number of
input ports and no output ports. The node performs a join function similar to the Wait
node and terminates the response when all of its input triggers are activated.

Based on the coordination requirements of the application, a logical grouping of
these nodes are assembled into an Actmty Sequence Network (ASN) The ASN ser-
ves to integrate the control flow reqmrements of aset of activities. It apemfies the crea-
tion and destruction of constituent activities, their ordering (concunient or sequential),
aswell as the conditional selection of their execution paths. Figure 4. Sr.\ shows the ASN
for response 1. The response is comprised of a sub-response which waifts for an exter-
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Figure 4.5: ASN and Annotated ASN for Response 1

nal event (sub-response 1.1) and another which processes the event (sub-response 1.2).
In activity organizations that are not governed by time constraints, the ASN may span
sub-response and response boundaries. In those that are restricted by time, the ASN
can only represent one time-constrained sub-response.

The application’s data flow and time constraint requirements are integrated into
the specification by annotating the ASN with the relevant information. Figure 4.5b
depicts this type of information for response 1. An explicit flow of data is defined be-
tween activities 4b and Ac (Dbc) and between Ak and Ae (Dbe): The data need not
necessarily be the same in both instances. In addition, the annotated ASN specifies a

deadline of 15.25 seconds imposed on sub-response 1.2, from the start of activity Ab
through the £ end node.
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asn_graph : = functional_scction temporal_section

functional_section : = FUNCTIONAL cdge [edge ...)

cdge 1 = source_pame destination_name destination_port edge_qualificr
edge_qualifier : = counter_node | condition_edge | cycle_node | NONE
counter_node : = COUNT count

condition_cdge : = condition_name condition_type

cycle_node : = condition_name cycle_qualificr

cycle_qualifier : = STATIC iteration_count | DYNAMIC

temporal_section : = TEMPORAL deadline estimate [estimate ...]
estimate : = source_name activily_estimate

source_name := ascii_string

destination_name : = ascii_string

destination_port := INPUT | ENABLE | DISABLE
count : = intcger_value

condition_name := ascii_string

condition_type : = WAIT | NOWAIT
iteration_count : = intcger_value

deadlinc : = real_valuc

activity estimate := real_valuc

Figure 4.6: CSL Backus-Naur Form Grammar

4.3.2 The CSL Coordination Language

The Coordination Specification Language (CSL) is a special-purpose coordination
language for the real-time application domain. The 'lénguage embodies the MAPE
coordination model and is used to produce a formal implementation of the
application’s coordination requirements. Its role is to supply the cor _iructs required to
translate the synchronization, communication and lifecycle management requirements
formalized by ASN graphs into a form that can be interpreted by the MAPE runtime
system,

The Backus-Naur Form (BNF) grammar of the CSL language is shown in figure
4.6. A formal ASN specification of a PAD-specified graph consists of two main sec-
tions. The functional section specifies the dependency and precedence relationships
identified by the PAD nodes and their connecting edges. For every edge in the ASN,
an entiy is generated to specify its source node, its destination node, its destination p;;rt,
and any outstanding qualifiers. Qualifiers are required to define the initial count for
counter nodes, the name and nature of the condition for conditional edges, and the
cycle type for cycle-tail nodes. The temporal section specifies the temporal require-
ments of one time-constrained sub-responses. The section defines the deadline for the
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- Figure 4.7: Annotated ASN for Response 2

‘ sub-response in units of seconds and the activity execution time estimate in units of

seconds, for every constituent activity.

Figure 4.7 shows the annotated ASN graph for response 2 while figure 4.8 shows its
corresponding CSL language code. The first sub-response waits for an external event
and is not constrained by time. The second processes the event and is constrained bya
15.67 seconds deadline. In service of the event, sub-response 2.2 performs either the
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FUNCTIONAL

Aa M1 INPUT NONE

M1 Cl ENABLE NONE

M1 Bl INPUT NONE

Ml Gl ENABLE NONE

Ax C1 INPUT COUNT 1

1 M3 INPUT NONE

C1 G1 DISABLE NONE

B1 Ab INPUT X NOWAIT
Bl Ac INPUT X NOWAIT
Gl M3 INFUT NONE

Ab M2 INPUT NONE

Ac M2 INPUT NONE

MZ (1 DISABLE NONE

M2 Gl INPUT NONE

M3 Ad INPUT NONE

Ad CT1 INPUT NONE

CTt M3 INPUT Y STATIC2
CTL, E INPUT Y

TEMPORAL 15.67

Ab 530

Ac 712

Ad 23

Figure 4.8: CSL Language Code for Response 2

Ab or Ac activities, based on condition X, The sub-response also monitors for an inter-
nal event from the Ax activity, The Ax aétivity belongs to another response and the ex-
ample assumes that its input triggers and possibly other output triggers are specified
using another ASN. The ASN of figure 4.7 only specifies the edge that serves as input
to the CI counter node. The transfer of control into the static cycle is done when either
the Ab or Ac activity completes or when the internal event is triggered, The response
terminates after two iterations of the cycle.

4.4 Runtime System

The Runtime System (RS) acts as the intermediary between the real-time applica-

. tion and the underlyiiig computer platform. Its primary function is to interpret the CSL
source files that describe the application’s coordination requirements. In this capacity,
the RS offers an Application Programming Interface (API) through which the
developer defines and starts the application, specifies the location of the activities code,
retrieves the activity input arguments, and sets conditions for the selection of alterna-
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tive execution paths. Appendix A outlines the RS APl in detail, including the call syn-
tax and parafneter lists for the RS primitives.

Its primary role however, is to implement a translation of the high-leve! abstrac-
tions offered by the programming model into the low-level abstractions offered by the
computer platform. Firstly, it maps the execution model’s unit of concurrency (activity)
into the operating system’s vehicle of concurrency (thread). Secondly, it translates the
coordination model’s high-level abstraction for an interaction into the operating
system’s mechanisms for interaction. Depending on the characteristics of the edge foi
example, the interaction is transformed into calls to the thread management subsys-
tem, to the thread synchronization subsystem, or to local shared memory operations.

The RS also fulfills the role of managing the allocation of resources as a function
of time. In a manner analogous to that of the scheduling facilities described in section
3.4.3, the RS atterhpts to dynamically match the application’s resource demands with
the platform’s resource availability. Firstly, it supplies the application with status infor-
mation concerning its consumption of time (early, on time, or late) and negotiates its
demand for resources on the basis of urgency. Secondly, it regulates the availability of
resources by manipulating the priorities of the application’s activities based on the time
constraint information.

The runtime system’s ability to dynamically allocate resources is predicated on
monitoring the progression of the sub-response’s functionality with respect to the pas-
sage of time. To facilitate the analysis, the RS makes use of the time lines illustrated in
figure 4.9. The estimated time line represents the anticipated time recjuirements of the
sub-response’s functionality and is used to measure the progression of work. The line
begins at the start of the sub-response and ends at its estimated completion time. The
real time line represents the actual execution of the functionality and is used to gauge
the progression of time. It begins at the start of the sub-response and ends at its im-
posed deadline. . .. .

Figure 4.9 also shows a set of common reference points that are shared between the
two time lines. The points correspond to the actual and expected start and end times
of the constituent activities and aict as signposts for monitoring the sub-response’s ex-
ecution. At various times during the execution, the RS analyses the current position
on the real time line relative to the expected position on the estimated time line to’
determine the extent of the progress that has been made. In early or on time condi-
tions, the reference points on the real time line occupy positions that are either behind
or in alignment with their counterparts on the estimated time line. In late conditions
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Figure 4.9: Sub-response Time Lines

however, the reference points on the real time line occupy positions that are ahead of
the corresponding points on the estimated time line. _

The following sections outline the main responsibilities of the RS. The first section
investigates the method used for determining the reference points on the estimated
time line. The second section presents the logic embedded within the RS that derives
the status codes that are transferred to the application. Lastly, the third section outlines
the priority manipulation mechanisms used by the RS to influence resource availability.

4.4.1 Cumulative Run Time Estimates

The role of the Cumulative Run Time Estimate (CRTE) is to guide the runtime
system in the assignment of priorities and status codes for the activities of time-con-
strained sub-responses. The CRTE provides a measure of the progression of work
within the sub-response and forms the basis for determining the lateness of constituent
activities. In essence, it gives an indication of where the sub-response should be rela-
tive to the passage of time by establishing the signposts on the estimated time line that
are used to validate its progress. ‘”

The CRTE is based on the Activity Estimates (AEs) provided by the developer and
is computed for every invocation of an activity. An AE represents the full functionality
version of the activity and the maximum time it can consume. The CRTE is derived
automatically by the runtime system during the ASN definition phase, when the ASN
is initially loaded and processed. The computation is a cumulative sum representing

58



SR3.1

SR32

Aa

Ab

/

.

external

cvent

Ac

Ac

Ad
\ / ‘ Aclivity AE  CRTE
Ab
Ac
Ad
Ac
Af Af
: Ag 1
w2

Ag

®

[P S I R PR S
— w] 00 LA WD

Deadline =
12.31 scconds [_

Figure 4.10: Annotated ASN, AE, and CRTE for Response 3

the maximum time that could be taken to traverse the sub-response assuming that
necessary resources are available. The CRTE for a particular activity represents the es-

timated time of its completion, relative to the start of the sub-response.

Figure 4.10 illustrates the ASN for a response that contains two sub-responses; one
which is not governed by a deadline (sub-response 3.1) and one which is (sub-response
3.2). The pre-determined AEs and the CRTE computations for the time-constrained
sub-response are also shown. The general algorithm for computing the CRTE is the

following:

CRTE = gréatest _predecessor_ CRTE + AE

[

59



SR4.1 cxternal
Aa —
cvent
SR4.2 e
Ab
M1 \
\ Activity AE  CRTE
. Ab 2 2
Ac [ Ad Ac Ac 1 3
Ac 1 6
Ac 1 9
{ CT1) Ad 3 5
Y=3 Ad 3 8
Y Ad 3 11
‘ Af Ae 6 8
Af 2 13
Ag 3 16
w1
Ag
l : Deadline =
@ 19.51 seconds

Figure 4.11: Annotated ASN, AE, and CRTE for Response 4

Since activity 4b is the first in the sub-responS‘E for example, and no preceding
CRTE exists, its CRTE is equal to its AE. The remaining activities however accumu-
late the time spent in the preceding activities in their CRTE. The CRTE for activity Af
for example, is computed by first determining the greater of the Ac and 4d CRTEs and
adding the AE. |

Cycle constructs are considered in a similar manner, with the CRTE computations
following the general flow of control established by the sub-response’s precedence
relationships. The ASN of figure 4.11 is an example of a sub-response which includes
a three-iteration cycle construct. During the first iteration, the CRTE for activities 4c

60



and Ad are computed relative to the CRTE of Activity .4b, by adding the preceding
node’s CRTE to their individual AEs. For the second and third iterations however, the
CRTE for activities Ac and Ad are computed relative to the CRTEs obtained for the
previous iteration of the cycle. Activity 4f, the first activity encountered at the exit of
the cycle is treated similarly. Its CRTE is derived by determining the greater of the Ac
and Ad CRTE:s in the last iteration of the cycle and adding the AE.

44.2 Sta_tus Codes

Status codes are the means by which the runtime system communicates lateness in-
formation to time-constrained sub-responses and their constituent activities. Lateness
conditions manifest themselves primarily as a result of misalignment in the positions
of the reference points on the estimated and real time lines. The RS identifies these
conditions at both the sub-response and activity levels and generates one of three status
codes:

Code Meaning

0 sub-response or activity is early or on time
1 sub-response is iate
2 activity is late

The role of the status code is to inform the application of lateness. Once the infor-
matlon is communicated, the application may either act on it by varying its operdlmns
or it may disregard it completely. In the case of a status code ¢qual to 0 for example,
the functionality implemented by the sub-response or the individual activity need not
be altered while in the cases of a status code equal to 1 or 2, it may need to be if the im-
posed constraint is to be met.

At the start of every time-constrained sub-response and before the first activity is
launched, the RS evaluates the alignment of the final reference points. For the es-
timated time line, this point corresponds to the sub-response’s estimated completion
time while for the real time line, it corresponds to its pre-defined deadline. Figure 4.12
depicts the possible conditions faced by the RS. .

-Case a) presents the condition where the estimated completion time (CRTE of the
final activity) is less than or equal to its imposed deadline. In this scenario, The RS
would launch the first activity with a status code equal to 0, indicating a normal condi-
tion which does not require the sub-response to alter its functionality. By contrast, case
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I b) presents the condition where the estimated completion time is greater than the pre-
defined deadline. In this scenario, the status code for the first activity would be set equal
to 1, indicating that the deadline cannot be met with full sub-response functionality and
that the internal operations must be modified if the sub-response is to conform to its
time constraint, L

The sub-response level status codes are not automatically propagated by the RS
within the sub-response. A status code equal to 1 for example, is delivered only to the
first activity. The responsibility for communicating sub-response level lateness infor-
mation to the other constituent activities lies with the first activity.

For subsequent activities, a similar analysis is performed by the RS before each ac-
tivity is launched. The analysis consists of evaluating the alignment of current reference
points along the sub-response’s time lines. For the estimated time line, the current
reference point corresponds to the previously completed activity’s estimated complé-
tion time, which gives a measure of the work done at this stage in the progress of the
sub-response. For the real time line, the reference point corresponds to the current
real time relative to the start of the sub-response. It gives a measure of the time used
to complete the previous activity and all of its preceding activities. Figure 4.13 illustrates

 the possible conditions that can be encountered by the RS.
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Figure 4.13: Activity-Level Status Codes

Case a) presents the condition where the estimated completion time of the previous
activity (its CRTE) is greater than or equal to the current real time. Since this scenario
indicates a condition which does not require the activity to alter its functionality, the
RS would launch the current activity with a status code equal to 0. At this stage in the
progress of the sub-response, it is proceeding as anticipated (or better than anticipated)
and no adjustments are necessary. Alternately, case b) presents the condition where
the estimated completion time of the previous activity is less than the current real time.
In this scenario, the status code for the current activity would be set equal to 2, indicat-
ing that the previous activities have consumed more time than estimated and that the
current activity must alter its functionality if it is to help the sub-response to meet its
deadline.

4.4.3 Priority Manipulation

Priorities form the basis of the MAPE resource allocation policy. They are the
meazs by which the RS dynamically constructs allocation schedules that enable con-

== formance to time constraints. The RS is governed by a design assumption that considers

all sub-response deadlines as hard time constraints which should be met under all
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operating conditions. This assumption is consistent with the principle that final respon-
sibility for maintaining conformance to the time constraint lies with the application.

The MAPE strategy for manipulating priorities consists of active control at both the
sub-response and activity levels. The strategy is implemented using the prionity assign-
ment and priority refinement algorithms. The priority assignment algorithm is respon-
sible for assigning unique base priorities to each of the application’s time-constrained
sub-responses before execution while the priority refinement algorithm is responsible
for tuning the priorities during execution. The criteria for determining and altering
priorities is necessarily different in the two algorithms, as is the frequency and time at
which they execute.

At the sub-response level, the priority assignment algorithm executes once during
application initialization. Its aim is to assign a unique base priority to each time-con-
strained sub-response. The base priority serves to categorize the sub-responses with
respect to importance and reflects their rank within the application. To fulfill its priority
assignment objectives, the algorithm implements earliest deadline and least slack time
scheduling, using the sub-response’s deadline and slack time as the defining criteria.
Slack time is defined by the following:

Slack Time = Deadline - Estimated Completion Time

The importance, or weight attributed to each of the criteria in the priority assign-
ment process is configurable by the developer and identical for each sub-response
(PA_Weight). It is possible for example, to assign base priorities based entirely on ear-
liest deadline, entirely on least slack time, or using a mixture of the two. The weighted
value is defined by the following:

Weighted = PA_Weight * Deadline + (1 - PA_Weight) * Slack Time
Value

The base priorities for individual sub-responses are assigned in inverse relation to
their weighted values; the sub-response with the lowest value receives the highest base
priority. To preserve the relative positibning of the sub-responses with respect to the
available priority levels, base priorities are assigned in increments. These increments
are configurable and under developer control. They serve to establish stratas within the
range of available priorities and to isolate highly time-critical sub-responses from their
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less critical counterparts. The increments also isolate the group of time-constrained
sub-responses from those that are not governed by time.

At the activity level, the priority refinement algorithm executes before each activity
is launched. Its objective is to refine the priorities of the individual activities as war-
ranted by the changing operating conditions, and as lateness considerations dictate. The
adjustments are made at discrete points during the execution of the sub-response and
are inherited by the activities that follow the changes. They cause the importance of ac-
tivities to be altered relative to the others in the sub-response and in the rest of the ap-
plication. The algorithm implements least registered progress and least anticipated
progress scheduling, using the registered progress and anticipated progress as the defin-
ing criteria. Registered progress is defined by the following:

Registered = Time Alotted - Time Con.umed
Progress

The registered progress criteria gives a measure of current lateness by quantifying
the progress accumulated before the point of evaluation. A positive result identifies an
early condition (sufficient time alotted) while a negative result reflects an existing late
condition. Anticipated progress is defined by the following:

Anticipated = Time Remaining - Time Needed
Progress

The anticipated progress criteria gives a measure of future lateness by quantifying
the progress expected after the point of evaluation. A positive result identifies an early
condition (sufficient time remains) while a negative result reflects a projected late con-
dition.

In a manner that is similar to the priority assignment algorithm, the refinement al-
gorithm makes use of a configurable weight to control the importance attributed to the
two defining criteria. The weight is identical for every activity in the application
(PR_Weight). The weighted value is defined by the following:

Weighted = PR_Weight * Registered + (1- PR_Weight) * Anticipated
Value Progress Progress

The weighted value determines if an increase in the priority of the current activity
is necessary. A priority increase for the current activity is granted in inverse relation to
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the sign of the weighted value; a negative result receives an increase in priority. The
amount by which the priority is increased is controlled by a configurable increment.
Since the goal of priority manipulation at the activity level is to refine the base priority,
this increment is necessarily smaller than that used by the priority assignment algo-
rithm.

4.5 Relevance

The purpose of this chapter was to present the Multi-Activity Programming En-
vironment (MAPE). The chapter introduced the three main components of MAPE and
explained the role each plays in the development and execution of a concurrent real-
time application. It described the characteristics of the execution and coordination
models, and the activity, node and edge programming abstractions that are offered to
the application developer. It also described the notation and language facilities that
allow developers to specify both the computations that must be performed in order to
fulfill the application’s functionality and the interactions that arise as a result of par-
titioniing the functionality. Lastly, the chapter explained the design of the run-time sup-
port faciiities and described the methods used to facilitate dynamic adaptation of the
application’s functionality.

The discussions of this chapter attempted to outline MAPE'’s support for the re-
quirements identified in Part I (see sections 2.4 and 3.5). They have shown the follow-
ing areas of support. ‘

e support for the decomposition of functionality into cooperating entities

o support for separate treatment of the execution and coordination concerns

e support for structuring the functionality of a response into layers of abstraction

o support for specification of execution and coordination requirements

e support for specification of deadline-based time constraints

e support for linear (sequential and parallel) coordination control structures

¢ support for conditional (instantaneous and deferred) coordination control
structures

o support for cyclic (static and dynamic) coordination control structures

o support for dynamic modification of application functionality

e support for urgency-based allocation of platform resources
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Chapter 5

MAPE Functionality

The purpose of this chapter is to demonstrate the features of MAFPE using a collec-
tion of sample programs. The first section describes the multiprocessor system used to
perform the tests and the elements that are common to each demonstration program.
The following six sections each outline the goals of a demonstration, the functional
characteristics of the response(s) that constitute the program, and the resuits collected
during test runs. Lastly, the final section offers a brief summary and outlines the fea-
tures that were demonstrated.

5,1 Test Details

The example programs were executed on a high-end, general-purpose Sun
Microsystems Inc. SPARCcenter 2000 Symmetric Multiprocessor System. The
SPARCcenter is designed using the tightly-coupled shared-memory architecture where
the processors, memory and I/O system are connected to a high capacity system back-
plane. A single copy of the SunOS 5.2 muiti-threaded operating system coordinates the
system processor activities and allows prioritized access to the system’s I/O and memory

facilities. The system’s backplane is composed of two 250 MB/s packet-switched inter-
; connecting busses which operate in paralle! and carry the traffic between the proces-
sor subsystems, the memory banks and the I/O channels. The test éonfiguration
consisted of eight 50 MHz SuperSPARC processors and 512 MB of memory.

The examples presented in this chapter were constructed using the process
described in section 4.1, by specifying the execution requirements using the C language
and the coordination requirements using the PAD notation and the CSL language.'lhé
C and CSL source code for each example can be found in Appendix B, The results are
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derived from the raw statistics generated by the runtime system (see section A.1) and
have been abstracted for clarity and undersianding. For each example, a timing chart
outlining the start and end times for the individual activities is shown to illustrate the
run-time progress of the response(s) which comprise the example. The raw results are
also reproduced in Appendix B.

The sample programs were designed to exercise the MAPE components, and as
such are not necessarily representative of actual real-time application functionality.
The activities they contain simulate real functionality by executing a iime-bounded,
CPU-intensive C function. The function consumes processor time by repeating a series
of floating-point computations. Its call syntax is the following.

int asn _delay(seconds_to_delay)
int seconds_to_delay;

3.2 Example 1: Basic Functionality

The primary purpose of this example is to demonstrate the use of the various nodes
incorporated in the PAD notation and supported in the CSL language. Of the nine
nodes supported by the notation and language, six are represented in this example. They
include the activity, merge, counter, wait, gate, and end nodes. The remaining three
(branch, cycle tail types I and II) are demonstrated in examples 2 and 3. A secondary
purpose of this example is to demonstrate the runtime system’s ability to dynamically
interpret a response’s coordination requirements using multiple processors. The ASN
for the basic functionality example is shown in figure 5.1.

The response implements a three iteration static cycle that is controlled by gate and
counter nodes. Aa, the first activity in the response simulates a period of initialization
and a period of waiting for the starting event. Once this simulated function is complete,
the activity terminates and transfers control along its output edges. This enables the CI
counter node and activates the iriput trigger to the M1 merge node. The M1 merge node
disables the G! gate node to block trigger propagation out of the cycle and enables the
G2 gate node to allow propagatation along the cycle’s feedback path. M1 also activates
the input trigger of the counter node to decrement the counter value. Finally, the node
transfers control to the body of the cycle.
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Figure 5.1: ASN for Example 1

Each iteration of the cycle consists of the execution of four activities. Firstly, the Ab
activity is executed. Upon completion, the activity delegates contro! to the Ac, Ad, and
Ae activities, which can execute simultaneously. The multiple paths are joined using
the W1 wait node. At the bottom of the iteration, the WI wait node activates the input
triggers of the GI and G2 gate nodes. These nodes remain in their present state until
the counter value reaches zero, which causes their state to reverse. At that point, the
G1 gate node is enabled to allow the W1 wait node trigger to propagate to the Af ac-
tivity and the G2 gate node is disabled to block the trigger from propagating to the head
of the cycle. The Af activity then executes and the response terminates.
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5.2.1 Test Resuits

The basic functionality example was run in one, two, and three processor configura-
tions. The results obtained from the test runs are illustrated using the timing charts of
figure 5.2,

The timing charts of the three test cases depict similar coordination profiles; the
Aua activity is executed once, followed by three iterations of the Ab, Ac, Ad, and Ae ac-

tivities, and finally, the Af activity. The simulated delays times in seconds are the fol-
lowing.

Activity  Simulated Delay

Aa 2
Ab 3
Ac 3
Ad 8
Ae 5
Af 3

The charts illustrate.‘:'f';"' Operation of the runtime system in a multiprocessor con-
text and the effects of parallel hardware on a concurrent response. In the one proces-
sor configuration, the activities within the body of the cycle are interleaved onto the
processor and executed seriatly, thereby extending the response’s execution time by a
relatively wide margin. The activities of the response are assigned the same base priority
and compete amongst themselves and the runtime system for the lone processor. As a
result, the difference between the start and end times of concurrently executing ac-
tivities is greater than the simulated delay times. In the two and three processor cases,

this condition is alleviated by the other processors which permit the 4c, 44, and 4e ac-
tivities to execute simultaneously and reduce the overall time required to complete the
response.

Furthermore, the timing charts show the effects of executing the runtime system on
the same platform resources. During the execution of the response, the runtime sys-
tem is active, determining and performing the control transfers between the activities
and managing the map of activities to threads. The time spent in perfornijng these sup-
port function are reflected in the scattered start times of the individual activities. In the
two and three processor case, this overhead is relatively the same, but because the load
is distributed across more processors, its unpact is less apparent.
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Figure 5.2: Timing Chart for Example 1

7



53 Example 2: Conditional Path

The aim of this example is to demonstrate the use of the branch node with respect
to conditions and their qualifiers. The ASN for the conditional path response is shown
in figure 5.3.

The response implements a decision tree containing all combinations of condition
values and qualifiers. The example relies on a set of condition variables which are
defined as unrestricted data elements. These elements have global scope, are shared
by all activities in the response, and can be manipulated by any one of them at any time.
The condition variables are initialized in the following manner.

cl =-1
2=0
c3=0
d=1
S=0
c6=2

The ¢2 condition variable is the only one which changes as a result of executing the
response. In its initialized state, the value of 0 causes the input triggers to the Ae and
Ag activities to be suspended pending transition of c2 to a non-zero value. After com-
pleting half of its assigned workload, the Ad activity invokes the set_cond primitive (see
A.7) to set c2 equal to 1. This operation signals the change required of both input trig-
gers and releases them from their suspended state.

5.3.1 Test Results

The conditional path example was run in a four processor configuration. The results
obtained from the test runs are illustrated using a timing graph in figure 5.4.

The timing graph outlines the coordination profile of the executed activities. The
Aa and Ab activities are executed in sequence, followed by the Ac and 4d activities
which are executed in parallel. At the halfway point in the 4d activity’s execution, the
call to the set_cond primitive is made to release the input triggers for the Ae and Ag ac-
tivities. The three activities then execute concurrently and are merged at the 4k ac-
tivity. The A4h activity is followed by the simultaneous execution of the Ai, 4j, and Ak
activities which are in turn followed by the parallel execution of the 4/, 40 and Ap, and
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Figure 5.4: Timing Chart for Example 2

Agq activities, respectively. Finally, the As activity is executed and the response ter-
minates. The simulated delay times for the activities are the following.

Activity Simulated Delay

Aa 2
Ab 3
Ac 3 |
Ad 8
Ae 5
Ag 4
Ah 1
Al 4
Aj 6
Ak 1
Al 3
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Ao
Ap
Aq
As

-.-A copy of the output generated by the run is presented in figure 5.5. The first line
consists of the shell prompt and the command issued to the system to invoke the ex-
ample_2 sample program (see A.1). The s argument instructs the runtime system that
a summary report of the statistics is required (not shown) while the t argument instructs
it that level 1 tracing (activity control information) should be performed. Lastly, the
asn-cp argument corresponds to the CSL source file which contains the example’s coor-

2
10
7
S

%> example 2 -5 -1 1 asn-cp

0.003: Thread id =4 Started activity Aa at prio )
2.005: Thread id =4 Finished activity Aa

2.007: Thread id = 3 Started activity Ab at prio 0
5.007: Thread id =5 Finished activity Ab

3.015: Thread id = 10 Started activity Ad at priv 0
3.016: Thread id =11 Started activity Ac at prio 0
8.036: Thread id =11 Finished activity Ac

9.013: SET_COND(c2, 1) < = id=10

9.016: Thread id =9 Started activity Ac at prio
9.016: Thread id = 15 Started activity Ag at prio 0
13.010: Thread id = 10 Finished activity Ad

13.042: Thread id = 15 Finished activity Ag

14.011: Thread id =9 Finished activity Ac

14.014: Thread id = 18 Started activity Ah at prio 0
15.015: Thread id = 18 Finished activity Ah

15.018: Thread id = 19 Started activity Ai at prio 0
15.019: Thread id = 21 Started activity Ak at prio 0
15.018: Thread id = 20 Started activity Aj at prio U
16.019: Thread id =21 Finished activity Ak

16.022: Thread id =23 Started aclivity Aq at prio ()
19.014: Thread id =19 Finished activity Ai

19.018: Thread id =25 Started activity Al at prio 0
21.013: Thread id =20 Finished activity Aj

21.016: Thread id =27 Started activity Ap at prio 0
21.017: Thread id =28 Started activity Ao at prio 0
22.015: Thread id =25 Finished activity Al

23.015: Thread id =28 Finished activity Ao

23.075: Thread id =23 Finished activity Aq <
31.007: Thread id =27 Finished activity Ap v
31.015: Thread id =36 Started activity As at prio ()
36.012: Thread id =36 Finished activity As ~ v

Figure 5.5: Partial Output for Example 2
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Figure 5.6: ASN for Example 3

dination information. Of particular interest in this figure is the call made by the Ad ac-
tivity (underlying thread id equal to 10) to the set_cond primitive at time 9.013 seconds
into the response, and how it immediately (within 0.003 seconds) released the
suspended input triggers to the Ae and Ag activities.

5.4 Example 3: NeStéd Cycles

* The purpose of this example is to demonstrate MAPE’s support for static and
dynamic cycles. The ASN for the nested cycle response is shown in figure 5.6.
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int Af (argc, argv)
int argg;
char *argv([;

asn_delay{3);

loop_count--;
if (loopcount = = 0)

loop_count = 2,
set_cond(&cl, 0);
} else
set_cond(&cl, 1); _
fprintf(stdout, "c1 %d loop_count %d\n", c1, loop_count);

Figure 5.7: Activity Af for Example 3

The response implements two cycles within a main, two iteration static cycle. The
inner cycles consist of a two-iteration dynamic cycle and a two-iteration static cycle.
The three cycles are controlled by cycle-tail nodes. For the two static cycles, no addi-
tional control mechanism beyond specifying the number of iterations in the CSL source
code is required of the activities. For the dynamic cycle however, the Af activity within
the body of the cycle is required to interact with the runtime system to control the num-
ber of iterations.

The static outer cycle is activated by the completion of the Aa activity and control-
led by the C73 cycle-tail node. To ensure the required number of iterations, the CT3
node decrements the ¢3 condition variable (which was initialized to 2) every time its
input triggers are activated. It then evaluates the resulting value. If it is non-zero, the
node transfers control to the M1 merge node along the ¢3 feedback path. Alternately,
the node activates the trigger associated with the /c3 output edge and passes control to
the E node, which terminates the response. The static inner cycle, which is bounded by

! the M2 and CT2 nodes is controlled similarly.
| The dynamic inner cycle is activated by the completion of the Ac activity and con-
trolled by the CTI node. However, unlike the static cycles, the number of iterations in
i"';this cycle is maintained by the activity within its body. The Af activity manipulates the
" number of iterations using the loop_count global variable and the c condition variable.
The initial values for these variables are the following: ‘
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Figure 5.8: Timing Chart for Example 3

cl =1
loop_count = 2

Figure 5.7 shows the code within the Af activity for maintaining the cycle’s loop
count and for setting the condition variable. On every invocation, loop_count is decre-
mented and evaluated to see if it is zero. If it is, loop_count is reset and the cI condi-
tion variable is set to zero by a call to the set_cond primitive. This action indicates to
the runtime system that the cycle has completed its last iteration. Alternately, the ¢
condition is set to 1. In both instances, when the Af activity completes, the CTI node
evaluates the cI condition. If it is zero, the node transfers control along the /c output
edge. If the c] condition value is non-zero, the node transfers control along the c! feed-
back path, which transfers control back to the head of the cycle.
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Co> example_3 -s asn-fb
¢l 1 loop_count 1
c10loop_count 2
¢l 1loop_count 1
¢1 0 loop_count 2

Figure 5.9: Partial Output for Example 3

5.4.1 Test Results

The nested cycles example was run in a four processor configuration. The results
obtained from the test runs are illustrated using a timing chart in figure 5.8.

The timing chart shows the execution sequence of the response’s activities. The Aa
activity is executed once followed by two iterations of the outer cycle. The body of the
outer cycle consists of executing the Ab and Ac activities, two iterations of the static
inner cycle, and two iterations of the dynamic inner cycle. The static cycle is formed by
the simultaneous execution of the Ad and Ae activities while the dynamic cycle is com-
posed simply of the Af activity. The simulated delay times are the following.

Activity Simulated Delay

Aa 2
Ab 3
Ac 3
Ad 8
Ae 5
Af 3

The example was run without tracing, However, a printf statement was included in
the Af activity to monitor the changes in the loop_count and the cI cycle control con-
dition variable. A copy of the output generated by the run is presented in figure 5.9. A
line of output corresponds to an invocation of the Af activity. The activity is invoked
four times, twice in the first iteration of the outer cycle and twice in the second. The
first two lines result from the first two iterations of the inner cycle. In the first iteration,
loop_count hasbeen decremented by 1andc! hasbeenset to1 using theset_cond primi-
tive. In the second iteration, loop_count has been set to 2 (re-initialized for the next in-
vocation of the cycle) and the ¢! condition has been set to 0, indicating that the last
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Figure 5.10: Annotated ASN for Example 4

iteration has been completed. The last two lines occur under similar circumstances and
correspond to the second iteration of the outer cycle. '

‘5.5 Example 4: Déta Flow

The purpose of this example is to demonstrate the runtime system’s support for the
communication of restricted data elements between activities. The annotated ASNs for
the responses used in the example are shown in figure 5.10.

‘The example consists of two dependent responses which interact by transferring
data and control between their constituent activities. As discussed in section 4.2, data
flow in MAPE is limited to restricted data elements, These elements are declared by
individual activities and have local scope. As a result, these data elements must be
prepared by the sending activity, placed into sets, and explicitly transmitted to the des-

80



- Al
10s
Af Ag Ad
(AR Ac
Ac
Ab
Os Aa

Figure 5.11: Timing Chart for Example 4

tination by a call to the put_args primitive (see A.5). The data flows captured by the ex-
ample are the following.

Source  Destination Contents of Data Set

Ac Ag 1,7

Ac Ah Test_String

Ab Ad -5,0,5

Ag Ai Ag,-7,7

Ah Ai Ah, Test_String
Ad Al Ad,-5,0,5

Retrieval by the destination activity is automatic for the first set of data and manual
thereafter. The first set of data is communicated to the activity along with its status
code. Subsequent data sets are retrieved by a call to the get_args primitive (see A.6).
Since the order by which the runtime system delivers an activity’s outstanding data is
indeterminate, the receiving activity is responsible for processing each set of incoming
data to determine its source. To facilitate identification of the source, this example
makes use of a convention whereby the source activity identifier is included as the first
argument in the set. |

5.5.1 Test Results

The data flow example was run in a five processor configuration. The timing chart
in figure 5.11 illustrates the results gathered from the test run while figure 5.12 shows
the output generated by the executing activities.
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¢ > example_+4 -s asn-df-1 asn-df-2

Ab received 5 arg(s), status 0z example_4, s, asn-d[- 1, asn-d{-2,
Aa received 3 arg(s), status 0: example_4, -5, asn-df-1, asn-df-2,
Ac reeeived 1 arg(s), status 0

Ad received 4 arg(s), status 0: -3, 0, 5,

Ae received 1 arg(s), status 02

Al received 1 arg(s), status 02

Ag received 3 arg(s), status 0 -7, 7,

Ah reccived 2 arg(s), status 0 : Test_String,

Ai received 3 arg(s), status 0 from Ad : -5,0, 5,

Aireceived 3 arg(s) from Ag:-7,7,

At received 2 arg(s) from Ah : Test_String,

Figure 5.12: Partial Output for Example 4

The execution profile depicted in the timing chart shows the concurrent execution
of the two responses. Activities Aa and Ab for example, reflect the simultaneous in-
itialization of their responses and the wait for their respective starting events.
Moreover, the chart shows the arbitrary choice of the relative arrival times of the start-
ing event; the event for response 4 arrives before that of response 5. Also, the profile
illustrates the sequence of activities performed by each response. The simulated delay
times for the executed activities are the following.

Activity Simulated Delay

Aa
Ab
Ac
Ad
Ae
Af
Ag
Ah
Al

e pWNOWWN

The output displayed in figure 5.12 is the result of printf statements inserted in the
activities’ code to display the arguments they received. In the example, activities such
as Ac, Ae, and Af, are not destinations for data flows and therefore receive only the
status code from the runtime system (a status code of 0 indicates a normal invocation
condition). In addition to the status code, the remaining activities receive the data ele-
ments that were communicated to them. In the case of activities Aa and Ab, since they
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are the first ones launched as part of their respective responses, they receive the com-
mand line arguments used to invoke the sample program. In all other cases, the data
elements that were received originated from activities within the two responses. In the
case of the A! activity, the incoming data originated from three such sources. The first
data set, received as part of the input arguments originated from the Ad activity while
the others (from 4g and Ah) were received as a result of repeated calls to the get_args
primitive.

5.6 Example 5: Run-Time Control - Sub-Response Level

The purpose of this example is to demonstrate the runtime system’s priority and
status code assignment algorithms for time-constrained sub-responses. A discussion of
the control capabilities supported by the runtime system was presented in sections 4.4.2
and 4.4.3. Figure 5.13 depicts the ASNs for the example’s responses.

The example consists of two independent responses, which are each composed of
an initialization sub-response that is not constrained by time and an event processing
sub-response that is. Both responses make use of unrestricted condition variables to
guide their respective execution flows. The values for these conditions are not changed
during the course of execution and are initialized in the following manner.

cl=1
2 =-1

The deadline of sub-response 6.2 has been fixed at 18.10 seconds while that of sub-
response 7.2 has been fixed at 15.68 seconds. These figures are relative to the start of
their respective sub-responses. |

5.6.1 Tes_t Results

The example was run in a four processor configuration for two test cases. The test
cases differ in the criteria used by the runtime system’s priority assignment algorithm
to determine base priorities; the first one uses the slack time while the second uses the
deadline. The figures which support the discussion consist of figures 5.14 and 5.15 which
‘show the timing chart and partial run output for the first test case, and figures 5.16 and
5.17 which s/h_‘ow identical information for the second test case.

I's
.
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Figure 5.13: Annotated ASN for Example 5

e

The timing charts show the execution profiles for the two responses and the base
priority assigned to each sub-response. The simulated delay times in seconds for the
~ activities are the following. |

Activity AE Simulated Delay
Aa None 2
Ab 3.3 3
Ac 3.3 3
Ad 8.8 8
Ae 55 5
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Figure 5.14: Timing Chart for Example 5 (test case 1)
Af 33 3
Ag 44 4
Ah None 1
Ai 44 4
Aj 6.6 6
Ak 1.1 1
Al 33 3
An 33 3

The timing charts also show the time lines used to determine the status codes and
. priorities, indicating the estimated completion times for the sub-responses on the es-
timated time lines and their deadlines on the real time lines. The deadiines are posi-
tioned relative to the start of the respective sub-responses.

The partial output from the test runs shows the command line arguments that were
passed to the runtime system to control its operation and the status output it generated
as a result of level 4 tracing (deadlin]e evaluation information). As in the previous ex-
ample, each activity prints a line of output describing its identity, the number of argu-
ments it received, and its starting status code.
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So> cxample_5 -s -t 4 -d 1 0 asn-ddlerse asn-ddlerse-1 asn-ddl-crse -2
Aa received 11 arg(s), status Q

Ah received 11 argy(s), status 0

1047 Deadline_1 evaluated At - deadline 15.68, slack 1.38, watd 138
1.048: Deadline_1 evaluated Aj - deadline 15.68, slack 138, wetd 1.38
Aircceived 1 arg(s), status 0

Aj received 1 arg(s), status 0

2.001: Deadline_1 evaluated Ab - deadline 18.10, slack -1.70, wetd - 1.70
Ab reccived 1 arg(s), status 1

Acreceived 1 arg(s), status 0

Af received 1 arg(s), status 0

Ak received 1 arg(s), status 0

Al received 1 arg(s), status 0

Ad received 1 arg(s), status 0

Ac received 1 arg(s), status 0

An received 1 arg(s), status 0

Ag received 1 arg(s), status 0

Figure 5.15: Partiai Output for Example 5 (test case 1)

The starting status codes for the sub-responses are determined by the relative
positioning of their estimated completion times and their deadlines. The test cases il-
lustrate the two possibilities for positioning of the reference points. Firstly, sub-
response 6.2 represents a late condition where the estimated completion time is greater
than the deadline. As shown in figures 5.15 and 5.17, the runtime system launches the
first activity in the sub-response (Ab) with a status code of 1 to indicate that it may be
required to vary its funciionality during execution if it is to meet its deadline. Second-
ly, sub-response 7.2 represents an early or on time condition where the deadline is
greater than the estimated completion time. As a result, the runtime system launches
its first activities (A4i andAj) with a status code of 0 to indicate its assumption that suf-
ficient time is available to execute the full functionality.

The base priorities assigned to the sub-responses are obtained through similar
analysis of the reference point positioning. As shown in the invocation command of
figure 5.15, in the first test case, the priority assignment weight (PA_Weight) was set
to 0 to direct the runtime system to determine the relative importance of the sub-
responses based solely on the slack time criteria. Slack time is defined as the difference
between the deadline and the estimated completion time. For sub-response 6.2, this
value is -1.70 seconds while for sub-response 7.2, it is 1.38 seconds. Consequently, as
shown in figure 5.14, the sub-response with the least slack time receives the highest
priority (sub-response 6.2). In the second test case, the weight was set to 100 to direct
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Figure 5.16: Timing Chart for Example 5 (test case 2)

the runtime system to derive base priorities based solely on the deadline criteria. The
deadline for sub-response 6.2 is 18.10 seconds while for sub-response 7.2, it is 15.68
seconds. Hence, as shown in figure 5.16, the sub-‘responsé with the earliest deadline
receives the highest priority (sub-response 7.2). In both'test cases, since sub-responses
6.1 and 7.1 are not constrained by time, they are executed at the lowest priority.

A cbmparison of the results of figures 5.14 ahd 5.16 shows that the coarse-grain
mahagernent of the priorities of sub-response 6.2 does not in itself guarantee confor-
mance to the time constraint. In the first test case, a relative increase in priority allows
it to execute within the time alotted without modifying its functionality. Relative to the
start of the sub-response, its deadline is at time 20.10 seconds and it completes at time
20.00 seconds. In the second test < .se however, a relative decrease in priority causes it
to miss its time constraint, and terminate at time 20.84 seconds. If sub-response 6.2 im-
plemented functionality that was soft-constrained, this condition could have proven ac-
ceptable. However, if it was hard-constrained, the sub-response would have been

‘required to act on the late status code and reduce or sieve its functionality.
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%> example_5-s-t4-d 1 100 asn-ddlerse asn-ddlerse-1 asn-ddt-crse-2
Aareceived 11 arg(s), status 0

Abh reccived 11 arg(s), status 0

1.048: Deadline_1 evaluated Al - deadline 15.68, slack 138, wetd 15.68
1.048: Deadiine_1 evaluated Aj - deadline 15.68, slack 1.38, watd 15.68
Ai received 1 arg(s), status 0

Aj received | arg(s), status 0

2.003: Deadling_1 evaluated Ab - deadline 13.10, slack -1.70, watd 18.10
Ab received 1 arg(s}), status 1

Acreccived 1 arg(s), status D

Af received 1 arg(s), status 0

Ak received 1 arg(s), status 0

Al received 1 arg(s), status 0

Ad received 1 arg(s), status 0

Ae received 1 arg(s), status 0

An received 1 arg(s), status 0

Ag received 1 arg(s), status 0

Figure 5.17: Partial Qutput for Example 5 (test case 2)

5.7 Example 6: Run-Time Control - Activity Level

The purpose of this example is to demonstrate the runtime system’s priority refine-
ment and status code assignment algorithms for the activities of time-constrained sub-
responses. The annotated ASN for the response used in the example is shown in figure
5.18. B ‘

The example consists of a single response. The first sub-response is not time-con-
strained and simulates a sequence which initializes the response and waits for the start-
ing event. The second sub-response simulates processing of the event and is constrained
by a deadline of 30.00 seconds. It executes activities in both sequential and parallel
structures and contains a branch node with a condition variable. The condition value
is initialized according to the following.

Since the c1 condition variable is not changed during the execution of the response,
'~ the execution path through the ASN is static. -

88



SR 8.1. A external
a event

SR 82 -

Ah

' 'Deadlipc.. =
30.00 secs

Figure 5.18: Annotated ASN for Example 6

- 5.7.1 Test Results

The test runs were performed in a two processor configuration for two test cases.
- The difference between the test cases lies in the criteria used by the runtime system’s
priority refinement algorithm to determine priority increases for activities. In the first
test case, increases are determined based on anticipated progress while in the second,
~ they are determined based on registered progress. The discussion of this example is
supported by figures 5.19 and 5.20 which show the timing chart and the‘partial run out-
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Figure 5.19: Timing Chart for Example 6 (test case 1)

put for the first test case, and figures 5.21 and 5.22 which show similar information for
the second. . ‘

The timing charts show the activity execution sequences for the two responses and
the priorities at which they executed. The simulated delay times for the activities
depicted in the profiles are the following.

Activity AE \ Simulated Delay =

Az None 2
Ab 33 3
- Ac 33 3
Ad 88 8
Ae 55 5
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Af
Ag
Ah
Ai
Aj
Ak
Al

The charts also show the time lines used to determine the individaal activity status
codes and priorities. The estimated completion times for activities are indicated on the
estimated time lines and the sub-response deadlines are shown on the real time lines.

%% > cxample_6 -s -t 4 -d 2 0 asn-ddlfine asn-ddlfine-1

Aa received 10 arg(s), status 0

2.005: Deadline_2 cvaleated Ab - reg_prog 0.00, ant_prog 0.30, wgtd 0.30
Ab received 1 arg(s), status 0

5.023: Dcadline_2 evaluated Af - reg_prog 0.28, ant_prog 038, wgtd 0.58
Af received 1 arg(s), status 0

5.701: Deadline_2 evaluated Ac - reg_prog -0.40, ant_prog -0.10, wgtd -0.10
Ac received 1 arg(s), status 2

8.704: Deadline_2 cvaluated Ad - reg_prog -0.10, ant_prog 0.20, wgtd 0.20
8.705: Deadline_2 evaluated Ace - reg_prog -0.10, ant_prog 0.20, wgtd 0.20
Ad received 1 arg{s), status 2

Ac received 1 arg(s), status 2

16.759: Deadline_2 evaluated Ag - reg_prog 0.65, ant_prog 0.95, wgtd 0.95
Ag received 1 arg(s), status 0

20.760: Deadline_2 evaluated Ah - reg_prog 1.05, ant_prog 1.35, wgtd 1.35
20.762: Deadline_2 cvaluated Aj - reg_prog 1.04, ant_prog 1.34, wgtd 134
20.762: Deadline_2 evaluated Al - reg_prog 1.04, ant_prog 1.34, wetd 1.34
Ai received 1 arg(s), status 0

20.764: Deadline_2 evaluated Ak - reg_prog 1.04, ant_prog 1.34, wptd 1.34
Ak received 1 arg(s), status 0

A]j received 1 arg(s), status 0

Ah received 1 arg(s), status 0

28.779: Deadline_2 evaluated Al - reg_prog -0.37, ant_prog -0.07, wgtd -0.07
Al received 1 arg(s), status 2

Figure 5.20: Partiall Output for Example 6 (test case 1)

33
44
11
4.4
6.6
1.1
3.3

W= NP W

The positioning of the deadlines is relative to the start of the sub-responses.

The partial output from the test runs shows the command used to invoke the ex-
ample_6 sample program and the level 4 (deadliné evaluation information) tracing out-
put generated by the runtime system. As in the previous example, activities print their
identity, the number of arguments they received, and their starting status code.

As discussed in section 4.4.2, the status codes for individual activities are derived
before each is launched based on the estimated completion time for the previous ac-

91



Al __; ; N .' - Deadline
i Al l 308
Aj—T i
Ai -l ] _
L A) i
Ah, Ak—t+ Al |
Ag=T - Ak N
L N -
- (A 1 20s
€ Ag v
Ad—| 1
Ac—| is
4 Ad il
-1 Ac -t
1 : —l. 10
Ac, Af—TT T
T Adarp T
Ab—| -l
+ Ab T
(A9 Toos
Estimated ‘ Real
Time Line Time Line
1 Priority0 ] Priority +1

Figure 5.21: Timing Chart for Example 6 (test case 2) .

tivity and the current time. The current time is the time immediately preceding an
activity’s launch.
Figures 5.19 and 5.20 show the two possibilities for the relative positioning of the
reference points, The first possibility, as represented by the Ac activity, is a late condi-
" tion where the current time (5.701 seconds) is greater than the estimated completion
time of the previous activity (5.30 seconds). In such a situation, the runtime system
determines that the work performed before the Ac activity has consumed more time
than expected. As a result, Ac is launched with a status code of 2 to indicate that it is
currently late and may be required to alter its functionality. The second possibility, as
represented by the Ag activity, is an early or on time condition where the estimated
completion time of the previous activity (17.40seconds) is greater than the current time
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% > cxample_6 -s -t 4 -d 2 100 asn-ddlfine asn-ddlfine-1

Aa received 10 arg(s), status 0

2.005: Deadline_2 evaluated Ab - reg_prog 0.00, ant_prog 0.30, wgtd 0.00
Ab received 1 arg(s), status 0

5.009: Deadline_2 evaluated Af - reg_prog 030, ant_prog 0.60, wgtd 0.30
Al received 1 arg(s), status 0

5.007: Beadline_2 cvaluated A< - reg_prog 0.30, ant_prog 0.60, wgtd 0.30
Ac received 1 arg(s), status 0

8.624: Deadline_2 evaluated Ad - reg_prog -0.02, ant_prog 0.28, wgtd -0.02
Ad reccived 1 arg(s), status 2 .
8.625: Deadline_2 evalualed Ac - reg_prog -0.02, ant_prog 0.28, wgtd -0.02
Acg received 1 arg(s), status 2

16.658: Deadline_2 cvalvated Ag - reg_prog 0.75, ant_prog 1.05, wetd 0.75
Ag reccived 1 arg(s), status 0

20.679: Deadline_2 cvaluated Al - reg_prog 1.13, ant_prog 1.43, wetd 1.13
20.681: Deadline_2 cvaluated Ah - reg_prog 1.13, ant_prog 1.43, watd 1.13
Ah received 1 arg(s), status 0

20.680: Deadline_2 evaluated Aj - reg_prog 1.13, ant_prog 1.43, wgtd 1.13
Aj received 1 arg(s), status 0

20.682: Deadline_2 evaluated Ak - reg_prog 1.12, ant_prog 142, wgtd 1.12
Ak received 1 arg(s), status 0

At received 1 arg(s), status 0

23.269: Deadline_2 evaluated Al - reg_prog 0.14, ant_prog 0.44, wgld 0.14
Alreceived 1 arg(s) status 0

Figure 5.22: Partial Output for Example 6 (test case 2)

(16.759 seconds). Under these conditions, the runtime syster: determines that the work
~ performed since the start of the sub-response has consumed less time that expected
and the activity is launched with a status code of 0.

The priorities of individual activities are also derived based on the positioning of
the reference points and refined before each is launched. As outlined in section 4.4.3,
the priorities of activities are inherited from their predecessdr(s) and refined upwards
in configurable increments. In this example, the increment is 1.

In the first test case, the priority refinement weight (PR_Weight) was set to 0 to
direct the runtime system to determine priority increases based entirely on the an-
ticipated progress criteria. Anticipated progress is defined as the difference between
the time remaining before the deadline and the estimated time required to complete
the outstanding work. A negative anticipated progress, as shown in figure 5.20 for ac-
tivities Ac (-0.10 seconds) and 4! (-0.07 seconds), reflects a late condition where the
remaining time 15 judged insufficient to complete the sub-response. Figure 5.19 il-
lustrates the resulting manipulation by the runtime system; the priorities for these ac-
tivities are increased by the configured increment. '
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As shown in the invocation command of figure 5.22, in the second test case, the
weight was set to 100 to direct the runtime system to derive base priorities based en-
tirely on the registered progress criteria. Registered progress is defined as the dif-
ference between the time alotted to perform the completed work and the time
consumed to complete it. A negative registered progress, as shown for activities Ad (-
0.02 seconds) and Ae (-0.02 seconds), constitutes a late condition where the time con-
sumed in performing the previous activities was greater than the time alotted for their
completion. Hence, as depicted by figure 5.21, the priorities for these activities are in-
creased by the configured increment and inherited by their successors.

5.8 Relevance

The purpose of this chapter was to demonstrate the features of MAPE by exercis-
ing its components in an actual execution environment. The chapter reviewed the
details of the testing and described the functional characteristics and test results for six
sample programs. For purposes of clarity and to facilitate unde'rstanding, the sample
pregrams were designed to isolate and exercise a manageable subset of MAPE’s fea-
tures. As aresuit, they are largely synthetic and are not necessarily representative of an
actual multi-threaded, real-time application. Although not presented here, the Cand -
CSL code for each of the sample programs, as well as the corresponding raw results,
have also been provided (see Appendix B).

The sample programs have shown the following main features of the environment.

e ability to interpret and execute linear, conditional, and cyclic coordination
control structures

e ability to communicate data elements between activities

e ability to interpret CSL source files using multiple processors

¢ ability to dispatch individual activities onto muitiple processors

e ability to assign status codes for time-constrained sub-responses based on
early, on time, or late conditions

e ability to assign priorities for txme-constramed sub-responses based on slack
time and deadline

e ability to assign status codes for individual activities based on cn early, on
time, or late conditions

o ability to refine priorities of individual activities based on registered progress
and anticipated progress
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Chapter 6

Conclusion

The purpose of this chapter is to offer some concluding remarks on the thesis and
the research it describes. The first section reviews the goals of the thesis and provides
a brief summary of its contents. The second section discusses its contributions and iden-
tifies some potential areas for future study.

6.1 Thesis Summary

The goals of the thesis were to define an environment for programming real-time
multi-threaded applications, to develop the basic components required to support it,
and to demonstrate its operation. The focus of Part I (Chapters 2 and 3) was to inves-
tigate and derive the capabilities that were required of the programming environment
in order to adequately address the problem domain. The detailed fequirements of sec-
tions 2.4 and 3.5 can be aggregated into the following key capabilities.

¢ to provide a programming model which addresses the execution and
coordination concerns of concurrent applications

¢ to provide a programming model which makes provisions for the defining
characteristics of the real-time problem domain

e to provide consistency with an effective approach to the development of
concurrent real-time systems

‘e to provide the support facilities required to merge the programming model
with a multiprocessor threads implementation

The first capability required that the environme\nt support a programming model
that addressed the fundamental concerns of concurrent applications. The role of the
model is to provide a set of abstractions which allow developers to describe the execu-
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tion and coordination requirements of applications. In Chapter 2, various types of con-
current programming models were discussed using the following points of comparison,

e ability of the model to facilitate description of the functionality that is
contained within the work units and the interactions that occur between them

o ability of the model to support provisions for the characteristics of specialized
problem domains

e ability of the model to support application portability

Of the three types of concurrent programming models reviewed, the non-integrated
model with dedicated languages for execution and coordination seemed most capable
of providing the level of abstraction, flexibility, and portability that is required by spe-
cial-purpose concurrent applications.

The second capability required that the programming model address the particular
characteristics of the real-time problem domain. Chapter 3 discussed these characteris-
tics and identified four classes of provisions which required support in the model.

e provisions to allow an application to be specified as a set of responses to
events

e provisions to enable management of complexity within the application by
structuring responses using layers of abstraction.

e provisions for continued operation in the presence of dynamic operating
conditions

e provisions for accomodating the stringent environment, platform, and internal
application constraints that are representative of the problem domain

The third capability required that the environment be consistent with an effective
real-time system development approach. The development approach’s goal is to en-
gineer a solution that conforms to the application’s functional requirements and that
embodies the tradeoffs made between the various constraints. Also, by determining the
degree to which functionally correct resﬁlts?may be exchanged for temporally correct
results, the solution outlines the importa"tée placedon the functional and temporal cor-
rectness of the system. In Chapter 3, var}nus approaches to the development of real-
time systems were evaluated usmg three pomts of comparison.

e ability of the resultmg system to ensure conformance to time constraints
under various operating conditions ===
* @ ability of the approach to facilitate maintenance and evolution of the system
o ability of the approach to support the urgency-based modification of the
system’s responses -

. | 9%
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Of the three approaches considered, the constraint-centric development approach
seemed most capable of ensuring conformance to time constraints under unusual and
possibly unanticipated operating conditions, of effectively supporting the maintenance
and evolution of the system, and of controlling application functionality based on the
passage of time.

The fourth capability required that the environment provide the support facilities
necessary to integrate the programming model with existing thread implementations.
The thread implementation provides the multiprocessor platform’s logical view of con-
currency and contains a set of abstractions for representing threads and their interac-
tions. The characteristics of the thread implementation and the abstractions it supports
influence the degree of added functionality that must be implemented by the support
facilities to remain consistent with the abstractions offered in the programming model.
In Chapter 2, various strategies for the implementation of threads were considered
using two basic points of comparison.

o the execution properties of the supported threads and their influence on the
nature of the work which may be assigned

o the thread coordination overheads and their influence on the amount of work
that may be encapsulated ‘

Of the three thread implementation strategies reviewed, the balanced implemen-
tation appeared most capable of limiting restrictions on the nature and the amount of
work assigned to threads and of simplifying the responsabilities of the support facilities.

The focus of Part II (Chapters 4 and 5, Appendices A and B) was to describe and
demonstrate the capabilities of MAPE. The environment defines orthogonal execution
and coordination models which are independently tailored to the non-mainstream re-
quirements of the real-time problem domain. In both models, the abstractions are suf-
ficiently high-level as to isolate the application from the underlying view of concurrency
and to limit its dependency on the platform. In Chapter 4, the three main components
of MAPE were described.

The first component is the execution model and it provides the data definition and
manipulation constructs required to fully describe the application’s execution require-
ments. Its main abstraction is the activity, which encapsulates portions of the
application’s functionality and serves as the main response building block. Through the
starting status code, the model allows an activity to be made aware of conditions relat-
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ing to the passage of time, and to forego some computations based on its urgency con-
siderations. As aresult, the activity may adapt its functionality to offer continued opera-
tion in the presence of dynamic conditions and to ensure conformance to time
constraints. The execution model is supported by the C execution language.

The second component is the coordination model and it provides the constructs re-
quired to specify the coordination requirements of activities. Its main abstractions are
the node, which represent activities and control points, and the edge, which represents
the interactions between nodes in general and between activities in particular. These
abstractions permit activities to be assembled into event-driven response structures.
The model also makes provisions for the specification of deadline-based time con-
straints and for the organization of response complexity. The complexity is managed
by progressive levels of refinement which are based on the functional, temporal, or
operational attributes of the assigned functionality. The model is supported by the
graphical PAD notation and the specialized CSL language.

The third MAPE component is the runtime system and it provides the logic which
dynamically interprets the application’s coordination specification and translates the
abstractions offered by the programming model into those supplied by the thread im-
plementation. The MAPE runtime system also attempts to match the application’s
demand for resources with the platform’s availability of resources. It monitors the ap-
plication to derive its temporal status, communicates it by way of activity status codes,
and acts on it by manipulating the priorities of sub-responses and activities.

Lastly, in Chapter 5, some sample programs were used to demonstrate the key fea-
tures of the environment. Examples 1 through 3 showed the environment’s ability to
specify and execute the transfer of control between activities in linear, conditional, and
cyclic structures respectively. Example 4 showed its support for the specification and
the execution-time exchange of locally-defined restricted data elements. The chapter
also included examples 5 and 6 which showed the programming environment’s support
for the specification of estimated activity execution times and support for adaptability
to time constraints. These examples also demonstrated MAPEs ability to inform the
application (both at the sub-response and activity levels, respectively) of its consump-
tion of time during execution and to influence resource allocation based on urgency
conditions. '

98



6.2 Contributions and Future Research

In summary, the research described in this thesis demonstrated the feasibility of
developing a programming environment that simplifies the task of developing time-
sensitive multiprocessor applications. The research has contributed an analysis of the
requirements of such an environment, in terms of the capabilities that it requires to
satisfy the concerns of concurrent, real-time application development and executior.
It has also contributed the high-level models and languages necessary to partition an
application into cooperating entities, to structure these as responses to events, and to
specify the applicable time constraints. Furthermore, it has developed and
demonstrated the support facilities necessary to monitor the passage of time, to recog-
nize outstanding urgency conditions, to inform the application of its consumption of
time, and to manage the availability of platform resources.

In its current state, MAPE lacks some relatively important features and possible
improvements can be found in its three main components, as well as in its general
capabilities. If pursued, these improvemements would serve to complete the environ-
ment and effect a migration towards a more robust and comprehensive applicatién
development environment.

Firstly, the execution model could be extended to support the management of er-
rors during the execution of the application. As described. the model makes no reser-
vations for errors that occur during execution and prodiaies no means of recovering
from these failures. The model is optimistic as it assumes that errors will either not
occur, or that they will occur and be managed locally without impact to the other ac-
tivities. Hierarchical error management for example, could be implemented whereby
errors occuring at the activity level are propagated to the response level which are in
turn propagated to the application level as required. |

Secondly, the coordination model could be extended to include support for the
- specification and implementation of exclusion constraints between activities that ex-
ecute in parallel. In its present form, the environment places the responsibility for han-
dling mutual exclusion in parallel execution paths with the developer. Activities that
execute concurrently must declare thread synchronization objects and invoke the cor-
responding operations during activity execution. This requirement has the potential of
restricting the portability of MAPE-compliant applications.
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The coordination model could also be extended to support the specification of dif-
ferent forms of time constraints. The mode! embodied in the PAD notation and CSL
language described in this thesis accepts time constraints as deadlines relative to the
start of the sub-response. In future versions, the constraint could be specified as a dead-
line with a tolerance on the acceptable jitter, or as a time window with the minimum
and maximum completion times explicitly stated by the developer.

The runtime system could be improved by increasing the number of status codes
that are communicated to the activities of a time-constrained response. The current
runtime system support for two status codes may be restricting and may not convey suf-
ficient useful information to the application. The number of return codes for example,
could be augmented to better reflect the degree of lateness. In such a scheme, codes
could be defined to represent conditions where the activity is late by 10%, 20%, 30%,
etc. in addition to the early and on time conditions.

The runtime system could also be studied to gauge the nature of the overhead it
brings to an executing application. The assumptions made in the sample programs (rela-
tively coarse-grain activities and deterministic execution times) may mask the true im-
pact on application performance. In support of this for example, the asn_delay()
primitive could be modified to simulate delay periods of a finer granularity (less than
a second) and to include random delays.

Further study of the runtime system counld also investigate the relationship between
the layers of scheduling present in MAPE-compliant applications. These layers consist
of the runtime system layer, which dispatches activities onto user threads, the threads
package layer, which dispatches user threads onto kernel threads, and the kernel layer,
which dispatches kernel threads onto processors. .

In a broader scope, the programming environment could be equipped with a col-
lection of productivity tools that facilitate application development. A graphical user
interface (GUI) tool could be constructed for example, to support the PAD notation
and allow graphical input of the application’s coordination requirements. The tool
could include a PAD editor, verifier, activity execution time estimator, and automatic
CSL source file generator, |

Finally, a case study resulting from the development of a representative application .
using the programming environment could yield considerable insight into its utility and
completeness. The example responses described in the thesis were constructed to
demonstrate the main features of the PAD notation, the CSL language, and the MAPE
runtime system and as such may not necessarily reflect the characteristics of actual real-
time applications. '
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Appendix A

Runtime System API

The application programming interface (API) for the MAPE runtime system con-
sists of three types of primitives. The first type includes the primitives that are invoked
once during iritialization. They relate to the definition of the ASN graph for each
response and the invocation of the runtime system. The second type includes those that
are invoked on multiple occasions but only during initialization. These primitives
provide functionality for communicating the address for C functions and for condition
variables. Finally, the third type of primitive includes those that may be invoked on
many occasions during the execution of the application. They relate to the transfer of
restricted data elements between activities and the nianipulation of conditions.

Al define_asn

int define_asn(argument_count, argument_vector)
int argument count;
char *arqument_vector(];

The define_asn primitive is used to define an ASN to the RS and to specify the
parameters of opération. The argument_vector is a pointer to an argument set. The ar-
gument set, in turn is structured as an array of pointers to the actual arguments. The
argument_count specifies the total number of arguments contained in the set pointed
to by argument_vector (size of the array). The argument set may contain pointers to any
of the following arguments:

R



asn_file..

The asn_file value must correspond to an existing file that contains a valid CSL
definition for an ASN. Multiple files may be specif:ed.

-¢ trace_level

The trace_level value consists of a bitmap that is used to control the trace output’s
level of detail. Only the three least significant bits of the value are considered.

000 - no trace output {default)
_ xx1 - activity control information
x1x - thread control information
1xx - deadline evaluation information

The trace facility precedes all output information with a timestamp.
-0 optim_level

The optim_level value must be in the set (0, 1). It is used to specify the degree of op-
timization to be exercised over the ASN input graph. The goal of optimization is to
speed up run-time interpretation of the graph.

~ 0 - no optimization (default)
1- collapse branch, merge, and wait nodes

-d deadline_level deadline;weight "

The deadline_level must have a value in the set (0, 1, 2). Itis used to control the level
at which priority manipulation is performed.

0 - no manipulation (default)
- 1- sub-response level manipulation
2 - activity level manipulation

‘ At the sub-response level, the deadline and slack time are the supported criteria
while at the activity level, the registered progress and anticipated progress are sup-
ported. The sub-response and activity levels may be used simultaneously.
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The deadline_weight must have a value'in the set (0 .. 100). It is used to control the
relative importance of the individual criteria during priority assignment. In the case of
sub-response level manipulation, the weight (PA_Weight) reflects the importance of
the deadline criteria while in the case of activity level manipulation, the weight
(PR_Weight) reflects the importance of the registered progress criteria.

The argument controls the collection of statistics during the execution of the ap-
plication and the generation of a summary report upon termination. An activity execu-
tion report consists of the following statistics:

Node : the name of the activity.

Priority : the priority at which the activity executed (0 is the lowest priority level
supported).

Start-W : the wall clock time elapsed between the invocation of the application
and the start of the activity.

End-W : the wall clock time elapsed between the invocation of the application
and the end of the activity.

Elapsed-R : the virtnal clock time registered by the activity during execution. Un-
like Start-W and End-W, which are samples of a free running clock, Elapsd-R is the
sum of all time periods spent executing on the system processor(s).

AE (as % of Elapsd-R) : the relationship between the estimated activity run time
(AE) and the actual, recorded run time. A value greater than 1005 corresponds to
an overestimation of the actual run-time while a value less than 100% corresponds
to an underestimation.

CRTE : the cumulative run time estimate computed relative to the start of the

~ event. The value is based on both the ASN graph and the individual activity run time
. estimate (AE).

Elapsed-W (as % of CRTE) : the relationship between the elapsed wall clock
time and the CRTE. A value greater than 100% corresponds to a condition where
the activity completed after its alotted time. A value less than 100% correspondstoa |
condition where the activity completed before it was expected to.

Deadline : deadline specified in units of seconds relative to the starting event of
the sub-response to which this activity belongs.
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Slack - the time difference between the deadline and the estimated completion
time for the sub-response (CRTE of final activity) in units of seconds.

PA_Value : the weighted value computed by the priority assignment algorithm
and used to determine the base priority for the sub-response. The value integrates
the deadline and slack time criterias when a deadline_level equal to 1 is specified for
the -d argument.

Registered Progress : the difference in units of seconds between the time alotted
for completion of the activity’s predecessors and the time consumed for completion
of the activity’s predecessors.

Anticipated Progress : the difference in units of seconds between the time remain-
ing for completion of the activity and its successors and the time needed for comple-
tion of the activity and its successors.

PR Value : the weighted value computed by the priority refinement algorithm
and used to determine priority increases for the activity. The value integrates the
registered and anticipated progress criteria when a'deadline_level equal to 2 is
specified for the -d argument.

A.2 put_act ptr

int put_act_ptr(CSL_activity name, C act1v1ty pointer)
char *CSL_activity name;
char *C_actJV1ty_p01nter,

The put_act_ptr primitive is used to create a link between the CSL source file and
the C source file for the activities. The CSL_activity_name is the string representation
for the activity. The name must be identical to that used in the CSL source file, The
C_activity_pointer is the pointer representation (starting address) for the C function as-
sociated with the activity. The C_activity_pointer must point to a valid C function in the
C source file.

A3 put cmid'_ptr

int put_cond_ptr (CSL_: condltlon _name, C_: condltlon _p01nter)
char *CSL _condition_name;
int *C_cond:.tlon _pointer;
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The put_cond_ptr primitive is used to create a link between the CSL source file and
the Csource file for the condition variables. The CSL_condition_name is the string rep-
resentation for the condition. The name must be identical to that used in the CSLsource
file. The C_condition_pointer is the pointer representation (virtual address) for the con-
dition variable associated with the condition. The C_condition_pointer must point to
the variable name that is used and referenced in the C source file.

A.4 start_asn

int start asn(argument_count, argument vector)
int argument count;
char *argument_ vector[];

The start_asn primitive is used to delegate control to the RS upon completion of
the application’s initialization activity (in main). It is also used to communicate argu-
ments to the response’s initialization activities. The argument_vector is a pointer to an
argument set. The argument set, in turn is structured as an array of pointers to the ac-
tual arguments. The argument_count specifies the total number of arguments contained
- in the set pointed to by argument_vector.

A.S put_args

int put_args(C_activity pointer, argument_count,
argument_vector)

char *C_activity pointer;

int argument_count;

int *argument_ vector(};

The put_args primitive is used to communicate restricted data from storage that is
local to an activity to the shared memory space where it will be saved until it is required
by the destination activity. The C_activity_pointer is the pointer representation (start-
ing address) for the C function associated with the destination activity. The argu-
ment_vector is a pointer to an argument set which is in turn structured as an array of
pointers to the actual arguments. The argument_count corresponds to the number of
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arguments contained in the set. The put_args primitive uses the argument_vector 1o
copy the argument pointers contained in the set, not the data to which they point.

A.6 get args

argument_count get_args(C_activity pointer,
argument_vector)

int argument_count;

char *C_activity pointer;

int **argument_vector;

The get_args primitive is used to communicate restricted data from the shared
memory space to storage that is local to an activity. The C_activity_pointer is the pointer
representation (starting address) for the C function associated with the destination ac-
tivity. The argument_vector is a pointer to a local argument set structured as an array
of pointers. The get_args primitive copies the argument pointers contained in the set,
not the data to which fhey point. The argument_count corresponds to the number of ar-
guments copied into the set.

A.7 set_cond

int set_cond(C_condition_pointer, condition_value)
int *C_condition_pointer;
int condition_value;

The set_cohd primitive is used to update the value of a condition variable. The
C_condition_pointer is the pointer representation (virtual address) for the condition
variable associated with the condition. The C_condition_pointer must point to the vari-
able name that is used and referenced in the C source file. The condition_value is the
new value to be placed at the address of the condition variable. The set_cond primitive
also verifies if any activity triggers are suspended, waiting for the condition to be up-
dated. If one exists, and the new condition_value satisfies the condition for release, the
activity trigger will be activated and the activity will prdceed with its operation.
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Appendix B

Sample Source Code and Results
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int Aa (argc, argv)
int argc;
char *argv{];

asn_delay(2);

int Ab (argc, argv)
int argc;
char *argv{];

asn_delay(3);

int Ac (arge, argv)
int argc;
char *argv{];

asn_dclay(3);

int Ad (argc, argv)
int argc;
char *argv(];

asn_delay(8);

y

int Ac (arge, argv)
int argc;

char *argv{];
{
asn_delay(5);

int Af (argc, argv)
int argc;

char *argv{];
{

asn_delay(5);

main (arge, argv)

int arge;

char *argv(};

{
define_asn(argc, argv);
put_act_ptr("Aa", Aa);
put_act_pir("Ab", Ab);
put_act_ptr("Ac", Ac);
put_act_ptr("Ad", Ad);
put_act_ptr("Ae", Ae);
put_act_pte("Af", Af);

start_asn(argc, argv);

Figure B.1: C Source for Example 1

1m



FUNCTIONAL

Aa M1 INPUT NONE
Aa (it ENABLF  NONE
M1 Q1 INPUT COUNT 3
M1 Ab INPUT NONE
MiI G2 ENAGLE NONE
M1 Gl DISABLE NONE
Ab  Ac INPUT NONE
Ab Ad INPUT NONE
Ab  Ac INPUT NONE
Ac Wil INPUT NONE
Ad W1 INPUT NONE
Ac W1 INPUT . NONE -
w1l Gl INPUT NONE
W1 G2 INPUT NONE
Gl Af INPUT NONE
Gz Ml INPUT NONE
C1 G2 DISABLE NONE
C1 Gl ENABLE NONE
Af E INPUT NONE

Figure B.2: CSL Source for Example 1

Node Prio Start End Elapsed
Used (W) W) (R)
Aa 0 0.00 207 203
Ab 0 2,08 511 3.00
Ab 0 2124 2427 3.00
Ab 0 40.44 4347 3.00
Ac 0 511 17.01 - 3,00
Ac 0 24.27 3612 - 00
Ac 0 4348 5332 3.00
Ad ] 517 21.23 7.99
Ad 0 24.45 40.44 8.00
Ad 0 43.70 59.57 799
Ae 0 5.71 18.62 499
Ac 0 25.05 37.80 499
Ae 0 4430 56.93 499
Af 0 59.58 64.61 5.00

Figure B.3: Results for Example 1 (1 processor)
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Node Prio Start End Elapsed
Used (W) (W) (R)

Aa 0 0.01 201 2.00
Ab 0 202 5.05 3.02
Ab 0 13.17 16.19 3.0
Ab 0 26,01 29.03 3.02
Ac 0 5.06 8.09 3.02
Ac 0 16.20 2032 3.00
Ac 0 2912 34.89 3.02
Ad 0 505 13.08 8.03
Ad 0 1620 2601 302
Ad 0 25.04 38.97 3.01
Ac 0 5.05 13.16 5.00
Ac 0 16.79 2253 5.02
Ac 0 29,04 3560 5.03
Af 0 3898 44.00 5.02

Figure B.4: Results for Example 1 (2 processors)

Node Prio Start End Elapsed
Used (W) W) (R)
Aa 0 0.01 200 200
Ab 0 202 503 3.02
Ab 0 13.10 16.11 3.00
Ab 0 2515 2817 3.02
Ac 0 504 8.04 3.00
Ac 0 16.11 19.23 3.00
Ac 0 2817 3117 300
Ad 0 504 13.09 8.04
Ad 0 16.11 25.14 B.02
Ad 0 2817 - 3622 8.02
Ac 0 504 10.04 499
Ac 0 16.11 2111 499
Ac 0 2817 3317 500
Af 0 36.23 4126 5.02

Figure B.5: Results for Example 1 (3 processors)
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intcl = -1;
intc2 =0;
intc3 =0;
intcd = 1;
intcS = 0;
int o6 = 2;

int Aa (argc, argv)
int argc;

char *argv(];

{

aso_delay(2);

int Ab (argc, argv)
int argc;

char *argv(];

{

asn_delay(3);

int Ac (argc, argv)
int arge;
char *argy];

asn_delay(3);

int Ad (argc, argy)
int argc;

char *argv{];

{

asn_delay(4);
set_cond{&c2, 1);
asn_delay(4);

int Ac (argc, argv)
int argc;
char *argv{];

asn_delay(5);

~ int Af (arge, argy)
int argc;

char *argy(;
{ asn_delay(3);

int Ag {argc, argv)
int argc;

char *argv{};

{

asn_delay(4);

int Ah (arge, argy)
int argc;

char *argv[];

{

asn_delay(1);

int Ai {argc, argy)
int arge;
char *argv(};

asn_dclay(4);

int Aj (argc, argv)
int arge;

char *argv{];

{

asn_dclay(6);

int Ak (argc, argv)
int argc;

char *argv]];

{

asn_delay(1);

int Al (arge, argy)
int argc;
char *argv]];

asn_delay(3);

Figure B.6: C Source for Example 2



int Am (argc, argv)
int argc;
char *argv(];

asn_dclay(4);

int An (argc, argv)
int arge;

‘{:har *argv(];
asn_delay(3);

int Ao (argc, argv)
int argc;
char *argv]];

asn_delay(2);

int Ap (argc, argy)
int argc;

char *argv(];

asn_delay(10);

int Aq (argc, argv)
int arge;

char *argvi};

{

asn_delay(7);

int Ar (argc, argv)
int argc;
char *argv]];

asn_delay(1);

int As (argc, argv)
int argc;
char *argv{};

asn_delay(5);

main (argc, argv)
int argc;

char *argv{];
{

define_asn(arge, argv);

put_act_ptr("Aa", Aa);
put_act_ptr("Ab", Ab);
put_act_ptr("Ac", Ac);
put_act_ptr("Ad", Ad);
put_act_ptr("Ae", Ae);
put_act_ptr("Af", Af);
put_act_ptr("Ag’, Ag);
put_act_ptr("Ah", Ah);
put_act_ptr("Ai", Ai);
put_act_ptr("Aj", Aj);
put_act_ptr("AK", Ak);
put_act_ptr("Al", Al);
put_act_ptr("Am", Am);
put_act_ptr("An", An);
put_act_ptr("Ao", Ao);
put_act_ptr("Ap”, Ap);
put_act_pte("Aq", Aq);
put_act_pte("Ar", Ar);
put_act_ptr("As", As);

put_cond_ptr("cl", &cl);
put_cond_ptr("c2", &c2);
put_cond_ptr("c3", &c3);
put_cond_ptr("cd", &cd);
put_cond_ptr("c5", &c5);
put_cond_ptr("ct", &c6);

start_asn(argc, argv);

Figure B.7: C Source for Example 2 (continued)
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FUNCTIONAL

Aa
Ab
Ab
Ab
Ab
Bl
B2
B3
B3
Ac
Ad
Ac
Af
B4
M1
Ag
Ah
Ah

Al
A)
Ak
BS
BS
Al
Am
M2
B6
B6
B6
Ao
An
M3
Ap
W1
As
B7
B7
Aq
Ar
M4

Ab
Bl
B2
B3
Ac
Ad
Ae
Af
Mi
B4
Ah
Ah
M1
Ag
Ah
Ah
Al
Aj
Ak
BS
B6
B7
Al
Am
M2
M2
As
An
Ap
Ao
w1
M3
As
w1
M3
E
Aq
Ar
M4
M4
E

INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT

NONE
NONE
NONE
NONE
NONE
cl

I3

NONE
NONE
NONE
NONE

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
<4

cd
NONE
NONE
NONE

15

Ich

NONE
NONE
NONE
NONE
NONE
NONE

1c6

NONE
NONE
NONE

WAIT
WAIT
NOWAIT
NOWAIT

WAIT

WAIT
WAIT

NOWAIT
NOWAIT
WAIT

NOWAIT
NOWAIT

Figure B.8: CSL Source for Example 2
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Node Prio Start End Elapsed
Used (W) W) (R)

Aa 0 001 2.00 2.00
Ab 0 201 5.01 3.00
Ac 0 502 8.04 3.02
Ad 0 502 13.01 799
Ae 0 9.02 14.01 499
AL 0 1® 15.01 1.00
Ag 0 9202 . 1304 402
Al 0 15 19.01 400
Aj 0 15m 2101 599
Ak 0 150 16.02 1.00
Al 0 190 202 3.00
As 0 310 36.01 5.00
Ap 0 20 3101 9.99
Ao 0 2102 23.02 2.00
Aq 0 16 23,07 7.05

Figure B.9: Results for Example 2 (4 processors)
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intel = 1;
int loop_count = 2;

int Aa (arge, argv)
int arge;
char *argvi];

asn_delay(2);

int Ab (argc, argv)
int arge;

char *argy{];

{

asn_delay(3);

int Ac (argc, argv)
int argg;
char *argv];

asn_delay(3);

int Ad (argc, argy)
int argc;
char *argv{];

asn_delay(8);

int Ae (arge, argv)
int argc;
char *argv[};

asn_delay(5);

int Af (arge, argv)
int argc;

char *arpv{;

{

asn_dclay(3);
loop_count--;
if (loopcount = = ()

loop_count = 2;

set_cond{&cl, 0);
} clse

set_cond(&cl, 1);
fprintf(stdout, "c1 %d loop_count
%d\n", c1, loop_count);

}

main {argc, argv)
int argc;

char *argv[};

{

define_asn(argc, argv);

put_act_ptr("Aa", Aa);
put_act_ptr("Ab", Ab),
put_act_ptr("Ac”, Ac);
put_act_ptr("Ad", Ad);
put_act_ptr("Ac", Ac);
put_act_ptr("A", Af);

put_cond_ptr("cl", &cl);

start_asn{argc, argv);

Figure B.10: C Source for Example 3
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FUNCTIONAL
Aa Mi INPUT NONE

M1 Ab INPUT NONE

Ab M2 INPUT NONE

Ab  Ac INPUT NONE

M2 Ad INPUT NONE

M2 Ac INPUT NONE

Ad CT1 INPUT NONE

Ae CT1 INPUT NONE

cr1 M2 INPUT c2 STATIC2
CT1 CT3 INPUT Ic2 NOWAIT
Ac M3 INPUT NONE

M3 Af INPUT NONE

Af CT2  INPUT NONE

Crz2 M3 INPUT cl DYNAMIC
CT2 CT3 INPUT el NOWAIT
CT3 M1 INPUT c3 STATIC2
CT3 E INPUT 3 NOWAIT

Figure B.11: CSL Source for Example 3

Node Prio Start End Elapsed

11.01 1401 - 300
27.08 30,07 3.00
30,08 3309 3M

Used (W) W) (R)

Aa 0 0.00 2.00 2.00
Ab 0 201 5.00 3.00
Ab 0 21.08 2407 3.00
Ac 0 50 8.01 3.00
Ac 0 2408 2107 3.00
Ad 0 5.01 13.03 8.02
Ad 0 13.04 2107 - 8.03
Ad 0 2408 3207 799
Ad ¢ 3207 40.09 8.01
Ac 0 501 1002 - 5,01
Ae 0 1304 18.03 5.00
Ae 0 24.08 2911 503
Ac 0 3207 3107 _ 500
Af 0 8.01 11.01 3.00 -
Af 0

Af 0

Af 0

Figure B.12: Results for Example 3 (4 processors)
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#define ACT DO

#define ACT G 1

#delinc ACT_H?2

intinteger_1 = -7;

int integer 2 = 7;

char SIring_l[} = {T‘l ,e,D ,s,i ,t,D ,_,’ ,S‘i 'l,’ ’r’i ’i,’ .n" ’g” ’\0‘};

int Aa (argc, argy)
int argc;

char *argv{];

{

inti;

fprintf(stdout, "Aa reccived %d arg(s), status %d : ", arge, argvi0]);
for (i=1;i<argc; i+ +) [printf{stdout, "%s, ", argvii]);
fprintf(stdout, "\n");

asn_delay(2);
}

int Ab (argc, argv)
int arge;
char *argv{];
-
int i;
int int_args[3];
fprintf(stdout; "Ab received %d arg(s), status %d : ", argg, argv]0]);
for (i=1; i<arge; i+ +) fprintf(stdout, "%s, ", argvli]);
fprintf(stdout, "\n");
int_args[0] = -5;
int_args[1] = 0;
int_args[2] = 5;
put_args(Ad, 3, int_args};

asn_delay(3);

Figure B.13: C Source for Example 4
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int Ac (arge, argv)
int argc;
char *argv];

inti;
int int_args{2};

fprintf(stdout, "Ac received %d arg(s), status %d : ", arge, argv[0]);
for (i=1;i<argc; i+ + ) fprintf(stdout, "%es, ", argvli]);
fprintf(stdout, "\n");

int_args|0] = (int) &integer_1;
int_args[1] = (int) &intcger_2;
put_args(Ag, 2, int_args);

int_args[0} = (int) &string_1;
put_args(Ah, 1, int_args);

asn_delay{3);
}

int Ad (arge, argy)
int argc;

char *argvi];

{

int i;
int int_args{4];

fprintf(stdout, "Ad received %d arg(s), s*atus %d : ", arge, argv{0]);
for (i=1;i<arge; i+ +) fprintf(stdout, "%s, ", argv[i]);
fprintf{stdout, "\n");

int_argsi0] = ACT_D;
int_args[1] = {int) argv{1];
int_arps[2] = (int) argv{2];
int_args[3] = (int) argv{3];
put_args(Ai, 4, int_args);

| asn_delay(8);

int Ac (argc, argv)

int arge;

char *argv{];

LI
int i;
fprintf(stdout, "Ae reccived %d arg(s), status %d : ", arge, argv{0]);
for (i=1;i<argc; i+ +) fprintf(stdout, "%s, ", argvfi]);
fprintf(stdout, "\n");

* asn_delay(5);
Figure B.15: C Source for Example 4 (continued)
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int Af (arge, argv)
int argc;
char *argv[];

}

inti;

fprintf(stdout, "Af reccived %d arg(s), status %od : ", arge, arpv]0]);
for (i=1;i<arge; i+ +) fprintf(stdout, "%s, ", argv{i]);
fprintf{stdout, "\n");

asn_delay(3);

int Ag (argc, argv)
int argc;

char *argv(];

{

}

int i;
int int_args[3];

fprintf(stdout, "Ag reccived 5d arg(s), status %d : ", argc, argv[0]);
for (i=1; i<arge; i+ +) fprintf(stdout, "%s, ", argv{i]);
fprintf(stdout, "\n");

int_args[0] = ACT_G;
int_args[1] = (int) argv{1];
int_args{2] = (int) argvi2];
put_args{Al, 3, int_args);

asn_delay(4);

int Ah (argc, argv)
int argc;

cararpl

int i;

int int_arps[2];

fprintf(stdout, "Ah received %d arg(s), status %d : ", arge, argv[0]);
for (i=1; i<argc; i+ +) fprintf{stdout, "%s, ", argv[i]);
fprintf(stdout, "\n"); '

int_args{0] = ACT_H;

int_args{1] = (int) argv1];

put_args(Ai, 2, int_args);

asn_delay(1);

Figure B.16: C Source for Example 4 (continued)
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int Ai (arge, argy)
int argc;

char *argv];

{

inti, alt_argc, *alt_argy;

fprint{(stdout, "Ai received %d arg(s), status %d : 7, arge, argv[0]);
switch ((int) argv1]) {

case ACT_D:

fprintf{stdout, " from Ad : ");

for (i=2; i< argc; 1+ -+) fprinti{sidout, "%d, ", argv[i]);

break;

case ACT_G:

fprintf(stdout, " from Ag:");

for (i=2; i<argc; i+ +) fprintf(stdout, "%d, ", *((int *)argv{i])};

vreak;

casc ACT_H: B

: "pnntf(stdout from Ah:");

for(i=2;i< arge; i+ +) fprintf(stdout, "%s, ", argv{i]);

break;

defaullt:

fprintf(sidout, " from unknown source : );
break;

}.
fprintf(stdout, "\n");
~while ((alt_argc = get_args(Ai, &alt_argv)) != -1) {

fprintf(stdout, "Ai received %d arg(s)", alt_argc);
switch ((mt)"alt argy) { f

casc ACT_D

fpnntf(sldout " from Ad:"); v

for (i=1;i<alt_argc; i+ +) fprintf{stdout, "%d, ", *(alt_ arg\g+ i);
break;

case ACT Gz -

fprintf(stdout, " from Ag:')

for (i=1;i<alt_arge; i+ +) fprint{(stdout, "%d, ", *({int *}*(alt_argv+1)));

break;

case ACT_H:-

fpnnlf(sldout "from Ah:");

for (i=1; i<alt_argc; i+ +) fprinti(stdout, "%s, ", *(alt_ argv+1)),
break;

'.

default:

fprintf(stdout, " from unknown source : ");
break;

fprintf(stdout, "\n");
: asn__delay(4); - v

- Figure B.17: C Source for Example 4 (continued)
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main {arge, argv)
int argg;

char *argv{];
{
define_asn(argc, argv);

put_act_ptr("Aa", Aa);
put_act_pir("Ab", Ab);
put_act_pir("Ac’, Ac);
put_act_ptr("Ad", Ad);
put_act_ptr("Ac”, Ac);
put_act_ptr("Af", Af);

put_act_pur("Ag’, Ag);
put_act ptr("Ah", Ah);
put_act_ptr("Ai", Ai);

start_asn(argc, argv);’

Figure B.18: C Source for Example 4 (continued)
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FUNCTIONAL

Aa Ac INPUT
Ac  Af INPUT
Ac Ag INFUT
Ac  Ah INPUT
Af w1 INPUT
Ag Wl INPUT
Ah W1 INPUT
W1 Ai INPUT
Wl E INPUT
FUNCTIONAL

Ab Ad INPUT
Ab Ac INPUT
Ad Al INPUT
Ac Al INPUT
Al E INPUT

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

NONE
NONE
NONE
NONE
NONE

Figure B.19: CSL Source for Example 4

Node

Aa
Ac

Ag
Ah

Ab
Ad
Ac

Prio
Used

cococooooo

Start

W)

0.00
202
5.02
5.02
5.02
1101

3n
3.01

End Elapsed

W (R
201 200
502 3.00
8.02 3.00
903 401
6.03 1.00
1501 400
3.01 3.00
11.01 7.99
8.02 5.00

Figure B.20: Results for Example 4 (S processors)
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intcl = 1;
intc2 = -1;

int Aa (argg, argv)
int argg;
char *arpvi];
{
fprintf(stdout, "Aa received %2d arg(s), status %d : ", arge, arevi0]);

asn_delay(2);

int Ab (argc, argv)
int argc;
char *argv[];
{
fprintf(stdout, "Ab received %d arg(s), status %d : ", arge, argv{0]);

asn_dclay(3);

int Ac (argc, argy)
int argc;
char *argv{};
fprinti(stdout, "Ac reccived %d arg(s), status %d : ", arge, argv]Ol)ﬁ

asn_delay(3);

int Ad (argc, argv)

int argc;

char *argv(};

{ _
fprintf(stdout, "Ad reccived %d arg(s), status %d : ", arge, argv|0});

asn_delay(8);

int Ac (arge, argv)
int argc;

char *argv{];

{

fprintf(stdout, "Ae received %d arg(s), status %d : *, argc, argv{0]);

asn_delay(5);

Figure B.21: C Source for Example 5 |
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int Af (argc, argv)
int argc;
char *argv|];
fprintf(stdout, "Af received e arg(s), status %d : ", arge, argvi0]);

asn_dclay(3);

int Ag (argc, argv)
int argc;
char *argv||;
fprintf{stdowt, "Ag received %d arg(s), status %d : ", arge, argv{0]);

asn_dclay(4);

int Ah (argc, argv)

int argc;

char *argv|];
fprintf(stdout, "Ah reccived %d arg(s), status %2d : ", argc, argv[0]);
asn_dclay(1);

int Ai (arge, argv)

int argc;

char *argv{);

{ .
fprintf(stdout, "Ai reccived %d arg(s), status %d : ", argc, argv[0]);

asn_delay(4);

int Aj (argc, argv)
int argc;
char *argv(l;
fprintf(stdout, "Aj received %d arg(s), status %d : ", arge, argv{0]);

asn_dclay(6);

int Ak (argc, argv)
int argc;
char *argv(};
fprintf(stdout, "Ak received %d arg(s), status %d : ", argc, argv{0]);

asn_delay(1);

f‘ig_ure B.21: C Source for Example 5 (continued)
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int Al (argc, argv)
int arge;

char *argv{};

{

fprintf(stdout, "Al received $od arg(s), status Sed @ *, arge, argvi0]):

asn_delay(3);

int Am {argc, argv)
int arge;
char *ar. {];

fprintf(stdout, "Am received %d arg(s), status %ed : ", arge, argv|[0]);

asn_delay{4);

int An (argc, argv)
int argc;

char *argv{];
{
fprintf(stdout, "An received %d arg(s), status %d : ", argce, argv[0]);

asn_delay(3);

int main (argc, argv)
int arge;

char *argv{};
{ .
definc_asn(argc, argv);

put_act_ptr("Aa", Aa);
" put_act_ptr("Ab", Ab);
put_act_ptr("Ac”, Ac);
put_act_ptr("Ad", Ad);
put_act_ptr("Ae”", Ae);
put_act_ptr("Af", Af);
put_act_ptr("Ag", Ag);
put_act_ptr("Ah", Ah);
pué_act_ptr("Al", Ai);
put_act_ptr("Aj", Aj);
put_act_ptr("Ak", Ak);
put_act_ptr("Al", Al);
put_act_ptr("Am", Am);
put_act_ptr("An", An);

put_cond_ptr("cl", &cl);
put_cond_ptr("c2", &c2);

start_asn(argc, argv);
Figure B.21: C Source for Example 5 (continued)
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FUNCTIONAL

Aa Ab INPUT
Ah Al INPUT
Ah  Aj INPUT
Ah E INPUT
Ag E INPUT

a) asn-ddlcrse
FUNCTIONAL
Ab Ac INPUT
Ab B1 INPUT
Ac Ad INPUT
Ac Ac INPUT
Ad W INPUT
Ac w1 INPUT
w1l Ag INPUT
Bl Al INPUT
Bl Ml INPUT
Af Ml INPUT
Ml  Ag INPUT
TEMPORAL 18.10
Ab 33
Ac 33
Ad 88
Ac 55
Af 33
Ag 44

b) asn-ddlcrse-1
FUNCTIONAL
Ai w2 INPUT
Aj W2 . INPUT
W2 B2 INPUT
B2 Ak INPUT
B2 Al INPUT
B2 Am INPUT
Ak W3 INPUT
Al w3 INPUT
w3 M2 INPUT
Am M2  INPUT
M2 An. INPUT:
TEMPORAL 15.68

. Al 44 -

Aj 6.6
Ak 11
Al 33
Am 44
An 33

¢) asn-ddicrse-2

NONE
NONE
NONE
NONE
NONE

NONE
NONE
NONE
NONE
NONE

‘NONE

NONE
cl

'l
NONE
NONE

NONE
NONE
NONE

2
NONE
NONE

- NONE

NONE
NONE

WAIT
WAIT

NOWAIT
NOWAIT
NOWAIT

Figure B.22; CSL Source for Example 5
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Node Prio

Node

Used

L h h O =O

10

10
10
10

Start

W)

0.00
2.00
0.00
105
1.05
1071
16.01
5.00
8.00
8.00
5.00
7.1
170

End
(W)

2

5.00
1.05
505
7.10
13.71
20.00
8.00
16.00
13.00
3.00
3.11
10.70

Elapsed

(R)

203
3.00
1.04
4.00
6.03
3.00
4.00
3.00
3.00
4.99
3.00
1.00
3.00

CRTE

NONE

NONE
440
6.60
1430
19.80
6.60
15.40
12.10
6.60
7.10
9.90

Dead-
hine

NONE
18.10

NONE
15.68

15.68

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

Slack

NONE
-1.70
NONE
1338
133
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

PA_
Weight

NONE
-1.70
NONE
138
138
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

Figure B.23: Results for Example 5 (4 processors - test case 1)

Prio
Used

Start

End

CRTE

NONE
330
NONE
4.40
6.60
1430
19.80
6.60
15.40
12.10
6.60
770
9.90

Dcad-
line

NONE
18.10

NONE
15.68

15.68

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

Slack

NONE
-1.70
NONE
138
138
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

PA_
Weight

NONE
18.10

NONE
15.68

15.68

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

Figure B.24: Results for Example 5 (4 processors - test case 2)
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intcl = 1;
inl Aa {argc, argv)
int argc;
char *argv|];
{
fprintf(stdout, "Aa received %d arg(s), status %d : ", argc, argv]0]);

asn_delay(2);

int Ab (argc, argv)
int arge;
char *argv{;
{
fprintf(stdout, "Ab reccived %d arg(s), status %d : ", argc, argv[0});

asn_dcelay(3);

int Ac (argc, argv)
int argc;
char *argv{};
{
fprintf(stdout, "Ac received %d arg(s), status %d : ", argc, argv[0]);

asn_delay(3);

int Ad (argc, argy)
int arge;
char *argv[];
{
fprintf{stdout, "Ad reccived %d arg(s), status %d : ", arge, argv[0});
B

asn_dclay(8); i
AAS

int Ac (argc, argv) .
int argc;
char *argv(l;
{
fprintl(stdout, "Ac received %d arg(s), status %d : ", arge, argv[0]);

asn_dclay(5);

Figure B.25: C Source for Example 6
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int Af (arge, argy)

int argc;

char *argv];

{
fprintf(stdout, "Af received %d arg(s), status Sod : ", arge, argv{0]):
asn_delay(3);

int Ag (argc, argv)

int arge;

char *argv];

{
fprintf(stdout, "Ag reccived %d arg(s), status %%d : ", argc, argv[0]);
asn_dclay(4);

int Ah (argc, argv)

int argc;
char *argv[];

fprimtf(stdout, "Ah rcceived %d arg(s), status %d : ", arge, argv[0]);

asn_delay(1);

int Ai (arge, argv)
int argc;
char *arpv{];

fprintf(stdout, "Ai reccived %d arg(s), status %6d : ", argc, argv{0]);

asn_delay(4);

r

int Aj (argc, argy)

int arge; :

char *argv]];

{ .
fprintf(stdout, "Aj received %4 arg(s), status %d : °, argc,'argv[{]});

asn_delay(6);

int Ak (arge, argv) ,

int argc; ‘ .
char *ar gV[]; ‘ :

H " | i

fprintf(stdout, "Ak received %d arg(s), status %d : ", arge, argv[0]);

as'n_dcléy(l)';

Figure B.25: C Source for Example 6 (continued)
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by

int Al (argc, argv)
int argg;

char *argv|];

{

fprimtf(stdout, "Al reccived %d arg(s), status %d : ", argc, argvi0]};

asn_declay(3);

int main (argc, argv)
int argc;

char *argv|];

{

dcfinc_asn(arge, argv);

put_act_ptr("Aa", Aa);
put_act_ptr("Ab”, Ab);
put_act_ptr{"Ac", Ac);
put_act_pte("Ad", Ad);
put_act_ptr("Ac", Ac);
put_act_ptr("Afl", Af);
put_act_ptr("Ag", Ag);
put_act_ptr{"Ah", Ah);
put_act_ptr("Ai", Ai);
put_act_ptr("AJ", Aj);
put_act_ptr("Ak", Ak);
put_act_ptr("Al', Al);

put_cond_ptr("cl", &ci);
E ' B

start_asn(argc, argv);

gure B.25: C Source for Example 6 (continued)
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FUNCTIONAL

Aa Ab INPUT
Al E INPUT
a) asn-ddlfine
FUNCTIONAL
Ab Ac INPUT
Ab B1 INPUT
Ac Ad INPUT
Ac  Ac INPUT
Ad wi INPUT
Ac Wi INPUT
W1 Ag  INPUT
Bl Af INPUT
B1 M1 INPUT
Af Mi INPUT
Ml Ag  INPUT
Ag Ah  INPUT
Ag  Ai  INPUT
Ag Aj  INPUT
Ag Ak  INPUT
Ah Al INPUT
Al Al INPUT
Aj Al INPUT
Ak Al INPUT
TEMPORAL 30.00
Ab 33
Ac 33
Ad 838
Ar 55
Af 33
Ag 44
Ah 11
Ai 44
Aj 66
Ak 11
Al 33
b) asn-ddlifinc-1

NONE
NONE

NONE
NONE
NONE
NONE
NONE
NONE
NONE
cl

el
NONE
NONE
NONE
NONE
NONE
NONE

" NONE

NONE
NONE
NONE

WAIT
WAIT

Figure B.26: CSL Source for-Eﬁamp!e 6
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Nodc

Aa
Ab
Al

Ac
Ad
Ac

Af
Ai

Aj
Ak

Node

P et O ek b e (D e (D D

Prio Start
Used (W)

0.00
201
2878
5.70
87N
87
16.76
5.02
20.76
20.76
20.76
20.76

[y T R T A o [l T G e Ry N, B Y

End
(W)

200
502
31.80
8.70
16.76
13.73
20.76
8.04
24.39
24.82
28.78
24.76

Elapsed

(R)

2.00
3.0t
3.02
3.00
8.00
5.02
4.00
3.01
1.00
4.03
6.01
1.00

CRTE Rcg.
Progress
NONE NONE
330 0.00
29.70 -037
6.60 -0.40
15.40 -0.10
1210 -0.10
19.30 0.65
6.60 (.28
20,90 1.05
24.20 104
26.40 104
20.90 1.4

Anl.

PR

Progress Wc-i'ght

NONE
0.30
-0.07
-0.10
0.20
0.20
095
0.58
135
134

. 134

134

NONE
030
-0.07
-0.10
020
020
095
0.58
135
134
134
134

Figure B.27: Results for Example 6 (2 processors - test case 1)

Prio Start

Used (W)

0.00
201
2827
5.61
8.62
8.63
16.66

. 501
20.68
20.68
20.68
20,69

End
W)

200
501
3128
8.62
16.65
13.65
20.68
8.02
21.68
25.69

2827 -

269

Elapsed

R)
2.00

3 01
30

499
402
3.0t
1.00
4.00
6.02
1.00

CRTE Reg.

Progress

NONE NONE
330 0.00
29.70 0.14
6.60 6.30
1540 -0.02
12.10 0.02

19.80 075 .
6.60 030
2090 113
2420 113
2640 113
'20.90 112

135

Ant,
Progress

NONE
030
0.44
0.60
028
028
1.05
0.60
143
143
143
142

PR_
Weight

NONE
0.00
014
0.30
-0.02
-0.02
0.75
030
113
113
113
112

- Figure B.28: Results for Example 6 (2 processors - test case 2)





