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ABSTRACT

The developments in the area of microprocessors have
permitted the introduction of digi#al processing capabjilities to
virtually any system. This has Forced many sustaﬁiaesignars, who
are not computer spgcialists, to design microﬁrocessor—based
systems into their product. The tools available.for the design of
microprocessor-ﬁased systams havq evolved from classical computer
design methodologies anl are not well suited for ncn—cnmpﬁﬁer.
specizlists. In this tﬁesis. two design methodologies targeted
for product designers are proposed. The First design methodology
is based on finite state machines and is applicable to simple
saquential svent response systems. For more complex systems, that
havse ﬁcre stringent real-time requirsments, a new graph}cal tonl,
Process Activity Diagrams (PAl’'s) is proposed. For ﬁoth of these
methodclogies, programs are developed which simulate the bahaviar
of the system, and help the designer verify if 'his system can

meet real-time constraints before it is actually implemented.
—
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CHAPTER 1

INTRODUCTION

With the development of microprocessors it has been possible
to add digital processing capabilities to virtually any system.
One major application of these inexpensive devices is adding
automatic control to many systems which were previously
controlled manually or by analog devices. For instance, in
manufacturing plants, programmable caontrollers are wused to
replace the iﬁflexible relay circuits to cantrol various assembly
lines;-;hemical processes, etc... Other more complex applications
include wvarious special purpose simulators, telephony equipment
such as Private Branch Exchanges EFBX'SJ, etc... ARll these
special purpose systems have quite different requirements than
classical computer systems and are often designed by specialists
in the applicatiaon area of the system rather °than computer

specialists.

These developments in technology have nct been paralieled by
significant developments in the area of simple design
methcdologies for microprocessor-based systems, leaving the
system designer with ad hoc design methodoclogies. This lack of
simple design methodologies has lead to high design costs,
reliability problems, and often prevented projects from being
completed. In this thesis, current design methodologies for

microprocesscor-based systems are surveyed and new tools are



proposed which can simplify the task of the system designer.

To present these ideas, this thesis is divided intg Five

major chapters (numbered from 2 to 6) whose outline is as

fFollows:

Chapter &2 covers general design aspects of microprocessor-
based systems by 'Eirst introducing the hardware and softuars
compcnents of these systems. HMicroprocessor-based systems are
then classified, based on their application area, to properly
define the types of systems which are considered in this thesis.
These are event driven 5gstéﬁé‘which“include real-time special
purpose systems. Next, a design methodology based on finite state
machines is proposed for simple ssquential event response
systems. These are single microprocessor systems, or sven single
chip microcemputers or microcontrollers, which respond, cne at a
time, -to events occurring in their lenvironmsnt. A simulation
program was written for these systems to verify their behavior
and some results of the simulation are given to shdw their
limitations in terms of real-time résponse. UWhen reesl-time
constraints cannot be met with such systems, concurrent systems
must be wused. For this reason, some elements of real-time
multitasking operating systems are alsoc introduced in this
chapter. Finally, the cverall system design process and the need

for graphical design tools for concurrent systems is presented in

the last section of this chapter.

In chapter 3, some of the current graphical design tools for

concurrent sgstehs are briefly presented. These tools eare



analysed in terms of their usefulnaés fFor tha specification and
'dQsign of event driven systems by non-computer specialists. A
aystem can be Niewed at different levels of abstraction, but not
all toecls allow such a representation; many can only describe the
system at a particular level. To show this, the tools discussed
in thié chapter are divided into system level tools, softuware
structure diagrams and internal task str@cture diagrams. System
level tools can describe systems at various lavels of
abstractions and do not deal explicitly with lower level
multitasking concepts. Two such tools are presented: Petri nets
and data Fflow graphs. The emphasis of the chapter is on Petri
nets because of their wide acceptance iﬁ the description of
.concurrent systems. The other tools discussed in this chapter are
closely tied to multitasking systems as tﬁeg Bitﬁer describe the
software structure of the system by showing the intarrelations
betwean the tasks in a multitasking system, or, at. an sven lower
level of abstraction, they directly represent the 'inte}nal

structure of the tasks.

.In chapter %, a new tool for the specification and design of
concurrent systems, Process Activity Diagrams <(PAD’'s), is
presanted. After defining some basic terminology, the two
components of PAD’s, Activity Sequence Nets (ASN’s) and Activity
Timing Charts (ATC’s), are discussed separately. Under this
design methodology, & system would be partitioned in a top doén
format, stﬁrting from the various system processes until it is
broken doyn into activitiss. Conceptually, thease activities can

be considered as a piece of code that simply receives some input

3



data, manipulates 1t through various comﬁutations and returns a
result, Just 1like ‘a subroutine. The ASN's are then usad to
express the sequencing ralaticnéhiﬁs betuean theassa activitiés
while the ATC will show their timing requirements. To conclude
this chapter, PAD’'s are comﬁared to saome of the toecls presented
in the previous chapter, particﬁlarlg with Petri nets bsescause the

various ncdeé' of the ASN's can be directly mapped onto Petri

nets. )
5

Chapter S discusses the use of PARAD's in the design of event
driven systems. In the first part, the use of PAD's as a system
specification toocl is preseﬁted. Ta show sxactly how this is
done, an actual system, an automatic sorting conveyer, is
specified using PrO’'s, When the system specification is
campleted, PAD’s can bé"ﬁsedrto carry this specification into an
implementation. However, this cannot be done directly if the
system will be impleménted in a multitasking environment becauss
the building block in PAD’s is the activity, which is somewhat
different from a task. It is thus shown how PAD’'s can help the
system designer map the various activities of the system onto
tasks which will be run under a multitasking operating system. If
the system has already been specified with Pﬁn's,v the design
process could be greatly simplified if this translation of
‘activities into tasks could be eliminated. The last section of
this chapter discusses this prospect by introducing the idea of =

multi-activity executive which would be able to directly

coordinate the execution of the activities a=m specifisd by the
ASN’'s.



In chapter 6, an implemsntation scheme for the multi-activity
axecutive introduced in the previous chapter is proposed. First,
some ‘genural charactaristics of the hardwar; architecture which
will support the exscutive are given, Then the implementation
itself is discussed and Finally, a simulation of the executive is
described. This simulation was actually implemented on a personal

computer and the results it produces are presented in the last

saction of this chapter.

To conclude this introductory chapter, the major objectives

of this thesis will bs clearly stated:

- To show the need for system design tools for microprocessor-

-basad sgstahé which can be used by non-computer specialists.

- To introduce two sets of tools which can help the non-computer

specialist specify and design microprocessor-based systems:

- The first set of tools is based on finite state
machines and is ussed for the specification and design of

simple sequential event response systems.

~ The second set of tools is based on Process Rctivity
Diagrams, a new graphical notation, and is used for the

~ specification and design of concurrent systems.

- As part of each of these sets of tools, a simulation program is

included which can:



—_
- Show the bshavior of the system, in order that tha
system designer may verify the reaction of the systsm

under specific conditions; in other words, so that he

can chack the system spmcifications.

- Produce statistics on the simulations which can be
used to measurs the performance of the system, mainly in
terms DElrespcnse time. This enables the system designar
to verify if real-time constraints can be met bmfora the

system is implemented.



CHAPTER 2 -

DESIGN ASPECTS OF MICROPROCESSOR-BASED SYSTEMS

.The ‘design of a microprocessor-based system, like any other
system, requires taking a number of decisions aftsr carefully
considering all relevant dgsign issues. This chapter will
investigate some aspects of microprocessor-based sgstems which
mugt " be taksn into account during the design process. The main
purpose of this discussiﬁn is to provide an introduction to the
terminology used in microprocessor-based system design and to
hplacs in propsr perspectiva the main contribution of this thesis.
To accomplish this, .the chapter is divided into fivs sections.
The first ssction intrﬁduces the hardwars and software components
of microprocsssor-based systems. Thg second section classifles
micraprocessor—bassd systams according to their general
application area and shows how system requirements vary depending
on tha type of system. In section thres, a systematic
methodology for dasigninﬁ the software of a simple sgstem is
introduced. Section. four discusses the elements of real-time
multitasking operating systems uwhich are often required in
complex systems. ?inallg, saection five will put everything in
perspective by describing the various design steps and design

tocls required to Eac{litate the de=sign pracess.



2.1 INTRODUCTION TO MICRDPROCESSOR-BASED SYSTEMS

In this section, the harduare and software componant of
microprocessor-based system will bs vary briefly presanted with a

particular emphasis on the options available tc the system

dasigner.

2.1.1 Hardw&ra Component

A microprocesscor-based system consists of a single-chip

-
implementation of a central processing unit ¢CPU) called a
microprocessor, scme memory for program and data, and some

input/output (I1/0) ports to communicate with the outside world.

Depending an the application, the complexity of a
microprocessaor-bassed system can vary graatly. The simpler sgstéms
are bu;lt around a microcontroller or a single-chip micrbcoﬁputer
which are LSI or VULSI implementation of a complete processing
system (i.e. CPU, ROM, RAM and I/0 ports) on a single chip. These
very inexpensive devices are mainly used for simple control type
applications. The next level of complexity can be considered to
be the B bit microprocessor-based systems which raquire external
ROM, RAM and I/0 chips in addition to the microprocesscr. Then

comes the more advanced microprocessors: the 16 bits, 32 bits and

bit-sliced devices. More complex microprocessor-based systsms are

designed as multi-microprocessor systems.

An important problem for the system designer is to choose the

proper hardware for gf;\application in order toc meet procassing
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spead, memory size and reliability r;quircmants. When faster
cperation i3 requiraed, the designsr may choose to use a8 faster
ézcroprocassor. or a microprocesscr with an iQ§truction sat
better tailored -to the appl;catioﬁ. or even design Ehe system
using 8 number of microprocessors., When a larger memory is

needed, the designer may use a migroprocessor with larger word

3

size and/or largsr address space, or use virtual memory (i.e.
sdding sacondasy memory with memory management). Tc increase the
celisbility of a system, a multi-microprocessor design may be thg

cnly solution, as redundant processors may be added to take over

in case cof fFailura. 2

-

Another important hardware dasign issue is whether to use
off-the-ahelf or cﬁstom designed units. This decision must be
made st the chip, board and system levels. At the chip level,
this chlﬁ mean, for instance, chogosing betwsen using an
available analog to digital (A/D) port, designing a port custom
made to specification using a number of chips or doing a custom
ULST de=ign. At the board level, the choice would be betuween
.dsiianrnﬁ .a ~ processing sg;;em using a number | of chips
(microprocessor, ROM, RAM and I/0 chips) or using a single board
computer available off-the-shelf. The decision depends Son a
nuaggr bf éactors including the production run size, the
avallabsility of off-the shelf components that can meet
specifications, etc... _When the producticon run is large, the
customn design choice may be better as the design cost can be

* spread pver a large number of units. For a one of a kind system,

or a very small production Tun, then the objective is usually to

»



minimize the design cost. In such casas, this can be doné - by

using as much as possible off-the-shelf componants.

2.1.2 Software Component

The harQware component of' a microprocessof-bﬁsad system may
be the only thing visible when looking at the finished product,
but the scoftwars accaunts for more than 80 per cent of the total
system cost FJENS 791. 0Ong of the main characteristics aof
éoftmare, from an sconomic engineering point of view, is thet its
initial desigq cost is very high, but it can be duplicated for
virtually nothing. For this reason, it is importaht to introduce

design methodologies which will decrease software design cost.

The software ccmponent'of a microprocessor-based system can
be partitioned‘into a number of different classes. The mcst basic
classification divides the software into the Operating’sgstem and
applica;ign programs. The operating system usuallg'ccnsists of
all the fcutihss that interface directly with the hardware, and
in that sense provides them as a service to the application
‘programs which are respensible for carrying out the system’'s
acticns. In horé complex systems, the operat;ng system may also
be responsible for coordinating a number of application programs
which are running concurrently. This will be discussed in more

detail in section 2.4.

.The more complex the gperating system, the harder it is Ffor

the application programmner to write efficient code as he must

first learn all the Eeaﬁures of the operating system and then use

10



them preoperly. It is thus important to salect_an cperating sgsﬁem
which is well tailored éo tﬁe suséem being designed; i.e; one
that contains all the required features and no unnecessary cnés.
As in the case of hardware héwev;r, there is always. the ‘choice
betuwesn designiﬁg an operating system or to use one which is
readily available. The choice depends again‘on the production rcun
size and a number of other economic and engineering factors. An
additional -problem with most types of gperating system is that
'theg are very hard to design and tes;f This is why off-the-shelf
cparating 'sgstams are usually used even though they might not be
the best choice for the particular application. Prasent day
cperating systems have too many features for most applications
since they are designed to be adaptable to a8 large range of
systems. This increases the overhead associated with the
operating system in terms of respeonse time and memory

requirements.

2.2 TYPES OF MICROPROCESSOR-BASED SYSTEMS

Microprocessaor—-based 5gstemé can be classified undér a number
of different criteria. In this sé&ticn however, o©only their
application area will be of concern as this will enable us to
obtain general system specifications. “H first classification,

often used, divides the microprocesscor-hased systems in general

and special purpose systems.

Genaral purpose systems provide one or more users with their
\-

own interactive prodramming environment desigred to help write

11



and/or Tun programs fFor various applications: complex
computations, word processing,... HMicroprocessor-bassd systems,
héwavar, Find more applications in the area of épacial purpose
systems as turnkey and embedded systems. These could be
applicaticons where the low cost of the microprocesscor makes it
possible to add digital prccessing capability to the SQsﬁem ar
highly complex digital systems designed as multi—microprccessar
systems. The design of general purpose systems may use techniques
developed far classicali computer systems, however, Spec}al
purpese systems have very different requirements and may - thus
benefit more from innovative design technigques. This is why the

Focus of this thesis is on the design of special purpose systems.

Another possible classification is accordlﬁg to response time
requirements. Hicfoprocessor—based systems can be broadly divided
intc twe classes: man-criented systems with large data handling
requirements and man-machine interfaces, and systems that
interact’”™ mainly .with their environment under real time

. .
ccnstrai%ts. 0f course there is no real solid line between these
two categories, as some systems exhibit properties of both
classe; of system. Figure 2.1 shows some examples of
micrcprocesscr-bassd systems and their Elassification. The figure
also illustrates their relative complexity by indicating thag:\hﬁ\\\//
typical p;ocessing rEQUirEQents in terms of microprocessor word
size. At the lower end of the scale, the simpler systems could be

designed wusing programmable switching circuits, while at the

other end, the more complex systems may require mini or mainframe

computers.

iz
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£2.2.1 Man-Oriented Systems

nan—criented systems have two main characteristics. The First
one is that they have to respond to a user in human time scale,
which is very slow compared to the speed of oparation of the
microprocessor—bhased system components. Their sacond
characteristic is that they usually have large data handling
requirements (otherwise the human user would be better off to use

some other means...).

Because of these requirements, most man-oriented systems mill-
need secondary storage devices and, consequently, many of them
will also require memory management systems Lo handle informatien
transfers batween secondary and main memory. Since these systems
interact with & human user, they will also require complex
display systems to simplify this interaction: Thus complex
peripheral controller chips must be part of these systems., In
addition; arithmetic co-processors may also have to be included
for complex computations, ‘as well as other speciel purpose co-
processors. To fFacilitate handling of more complex data
structureé, such as arrays and files, 16 or 32 hit high
performance microprocessdrs:might have to be used. Finally, it
should be noted that these systems require user friendly

interfaces and must be designed in such a way that they can be

easily upgraded.

As can be seen from the above requirements, man-oriented
systems could turn cut to be quite costly. Most general purpose

microprocessor—based systems would fa2ll in this class of system,



including perscnal cohputars. However, thers are alsc special
purpose man-criented systems, such as dedicated word processor
machines, videc games,... There are also a number of systems
which are harder to cléssifg as either genaral or special purpose
man—-ocriented sysatems, such as engineering work stations, business
and office systems, etc... Thesas systems are initially semi
general purpose but they can be dedicated to some special
purpose, such as, an engineering workstation used to monitor and

control a manufacturing process.

2.2.2 Real-Time Systems

The great majority of microprocessor—-based systems, including
the var;ous_ industrial contrnllérs and communication systems,
have to interact directly with their environment. These systems
require the ability to respond to events that occur synchronously
and asgnchronousig in the environment, and.to initiate wvarious

control actions in real time; hance the nams real time systems.

The actual interaction with the environmment is done through a
number of sansors that can measure or detact the various systam
conditions, and through different activators that can carry. out .
the systems response. UOepending on the sgstem, the required
sensors and/or activators can be very simple (such as switches or’
relays), or quite complex subsystems that include microprocessors

themselves.

In the design of real-time systems, two major points must he

considered: SYSTEM RESPONSIUENESS and COMPLETENESS OF DE?INITIDN

-
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CALLW .803._ Responsiveness means that_the system must respond to
changes in the envicgnment within a spacified time. This might ba
because the system has to accept data within a given time
interval as in the case of volatile data, or thaﬁ it has teo

tranamit a command within a predetermined time after reéeiving an
‘ :

inpu or a

as in the case of most control applications

L

combingtion of the two. In general, the designer can distinguish

hetween har

soft real-time constraints. In the first case,
the system’s failure to respond within a certain time would cause

a critical sgstem‘e;%or (unacceptable performanca), while in the

second case, as the)respcnse time increases, the performance of
the system decresses gradually. This can be illustrated by a
'performan;e functicn which indicates the system pecformence in

relation with the response time. Figure 2.2 shows such a Function

in gualitative term For hard and soft real time constraints.

Thers are other points that must be considered whgn
discussing system responsiveness. The vérious possible
concurrencies must be taken into account because more than one
event may happen at the same time. Another characteristic of many
real-time systems that may affect their responsiveness is ths

need for pericdical activities which must be performed at regular

rates,

The cther aspect cf real-time system that must he cohsidered
is completeness of definition. In systems thet interact with _the
environment, all possible situations must be considered, that is,
the response of the system under all combinations of avants and

system conditions must meet system specification. In practics, it

16
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FIGURE 2-3 PROCESSING SYSTEM AND ITS ENVIRONMENT
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is wvery bhard to observe the response of the system -under all
conditions before implementation; this is why Eiaid trials

(analysis of the final product in its environmsnt) are held.

Not all microprocessor-based systems can be categorized as
being purely man-oriented or purely real-time. Thers =arm soma
man-ariented systems that also have to meet some responsivenasss
requirements; but in such cases, response timing is usually mors
a question of convenience and is not critical in terms of system
operation. Alsc many real-time sgsﬁems requirs relatiéelu‘cnmplax
man-machine interfaces to set up the system, and some may also
need relatively large databases. As a rule, the design of these
compound system can become quite exacting, requiring the uss of
complex real-time multitasking operating systems. An alturqate
implementation scheme is to design each of the system components

separately and use a specially designed coordinator to  integrate

their operation.

2.2.3 Event Oriven Systems

From the above discussion it can be seen that all special
purpose  systzms are really event drivep‘sustsms as they must
execute 3ome action in rasponse to an event in the system’'s
anvironment. These systems are thus driven by tha svents
ccourringy in their environment. A schematic representation of

such a system is shown in figure 2.3.

In this thesis, design methodologies for event driven systems

will be developed, with a particular emphasis on real-time

iB



systems bacause the measure of systam performance that will be of

most concern is rasponse time.

Like all processing systems, event driven systems can bhe
implemented in two lavels. The First level involvas carcying out
the various responses or activities, and the seccﬁd is concerned
with their coordination and proper timing. This latter level can
be done weither by using a real-time multitasking operating
system, or by designing a special purpose system executive which
ensures that all response timing and concurrency requirehents Bre

met, as will be discussed in later sections.

2.3 DESIGN OF SIMPLE SEQUENTIAL EVENT RESPONSE SYSTEM

In this section, the design of simple event driven systems
will be studied. The scope of this discussion will be limited to
sequential event response systems, whsre the event responses are

executed ong at a time in some sequence.

The logical bshavior of a sequential event response system
can be described by the following four phasss:
I System Initizlization
11 Evant Detsction
III Response Selection

1V Response Execution

The system initialization phase is highly specific to a
particular system. Typically, it involves such activities as

setting all variabhles to their initial state, initializing all

is



sensors and activators, doing self-diagnostic tests, mstc.. The
next phase is concerned with the detsction of events. Once an
event is detected, the proper respcnse must be salected and
executed. The execution of the ressponse or activity, in
practical ferms, simply means jumping to a certain portion of the
application code and executing it. This may require more or less
processing time depending on the écmplexitg of the action that
has to be done. Note that the initialization is performed only

once, and afterwards, the system must loop in phases II, III and

iy,

The response selection and event detection phases will now be
discussed in more detail in order to suggest a systematic design

methodology which is system independent.

£.3.1 Response Selsction

In the simplest case, a response can be associated toc each
gvent of the system in a look-up table format. Whensver an svent
is__detected, the system exescutive simply checks in the table
which activity it should execute. Note that it is possible to
execute the same activity in respcnse to different events, An

gxample of such a simple event / response table is shown in table

2.1,

In some systems, it might be reguired that the selection of
the response depends not only on the event that occurred, but
alsoc on some global system state [LAND 79]. To describe the event

/ response relationship of such 2 system, a Mealy type state

20



EUVENT RESPONSE

El fictivity 2
E2 _ Activity 3
E3 Activity 1 *

TABLE 2.1 SIMPLE EVENT-RESPONSE TRBLE.

diagram as shown in figure 2.4 can be used. The same information
isg conta;ned in the table shown with the figure. By locking at
the currsﬁt state and the event that just occurred in the tablse,
the system can find what will be the next state and the activity

that has to be executed.

These systems are also called finite state machines (FSM's)
bascausa they aré specified by a finite state diagram. A~ major
problem associatad with this type of system is that the number of
system states increases very rapidly with the system ccmplexitg.
This results in state diagrams which are very difficult to
understand. To reduce the number of states, conditions could be

added and associated with transitions, as shown in figure 2.5. In

this case, the proper response and next state are selected by a
combination of the event that occurred and which condition is

present as expressed by some conditjion variable. ~

pa e

\.
~Another method of reducing the complexity of the state

diagram is to have a number of modes of operation, with a
separate state diagram for each mode. The system could be allowed
tc change modes from every state, or only from prespecified
states. This method could be used in a system with a normal mode

of operation and 2 survival or emergency mode. Whsnever a majaor
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S3 S5/A4 Sa/- S1/A2
S2 S2/- S4/A3 S1/A2
S1 S2/A1 S4/a4 S3/A5
El E2 E3

FIGURE 2-4 STATE EVENT-RESPONSE DIAGRAM AND TABLE
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FIGURE 2-5 STATE TRANSITION WITH A CONDITION
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component of the system fails, the system would enter ths
survival mode where the responses are different from the nocmal
mode. Alternatively, 'ﬁha_ system may have a transient mode for

power up or reset, and a steady state mode for normal operation.

2.3.2 Event Detection

<

Event detection involves tuwc aspects: houw- to translate
changes in the environment into events understandable by the
microprocesscr based sgstém and when to check for the occurrence

of these events. The mechanisms by which events are detected will

fFirst be looked at.

In general, event detéction must be done using a combination
of hardware and _scftmare machanisms. A hﬁrdwaré scheme .ls
necessary to translate the information in tﬁs gnvironment inte a
digital form. In terms of softuware, event dstectiog can be as
simple as reading an input port and finding out if a particular
bit is set. In a slightly more complex sxtuaticn,' the
ﬁicroprccessor might have to read in a value and compare it with
some other value stared in memory, and cnly if thereris a change
will ‘it acknowledge this as‘an event. This mechaniém would be
used, ?or instance, to control temperature. Alternatively, the
comparisan could se dome in hardware, and the microprocessor
would then only be disturbed - when a change occurred. The
dgtecticn of more complex svents might requice reading a number
of .input ports, decing 2 number of complex computation%, table

-

look-ups, comparisons, etc... -

-



The next point to considar is when to detect evepts. Here, a
distinction can be made between tuo methods: event checking and
interrupt driven. In the first case, when the microprocessor is
not exscuting activities in response to evanﬁs, it will check for
cccurrence of events. In the second case, an event would genecate

an interrupt forcing the microprocessor to respond immediately to

this event or to queus it.

Tha Flowchart éf an esvent checking is shown in figure 2.6,
Note that the Four phases discussed in the begirning of this
secticon appear clearly in the flowchart. In event checking, it is
important to ccnsider the relative priority of the different
events. Obviously, the occurrence of events can only he verified
one at a8 time. Therefore, the order in which they are checked is
important. One method 1is to start checking from the highest
priority event to the lowest one, and as soon as an eveant is
detected the proper response is exeéuted. Afterwards, . checking
can resume either at the point ;t left ofFf, or starting again
from the highest priority event. If the first possibility is
chosen, then some high priority events might not be secviced soon
encugh to meet real-time constraints, while in the second case,
low priqritu events might naver get a respaonse. The choice of the

algorithm thus depends on the particular real-time constraints of

the system being designsd.

N\

-‘%
Another possible algorithm for event checking would be tc

check all events during the detection phase, and to queue those

L ]
_that occurred by priority. Then the response for all the events

in the gqueug would be carried out one hy one before the detection

25
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— _‘/_\_/)
phase would start Egain. In thg/égg;;f;;;re‘the response of the
system depends on'a'global system state, it is important that the
avent=s are queued in the proper order, because each event may
‘trigger a state chaéﬁe which in turn may affect the response of
the next sasvent nin the queue. This algorithm has one major
drawback: it results in lengthy time intervals betueen detection

phase i1f many event responses have to be executed. This may

render it undesirable For some real time applicaticons.

Even with sophisticated event checking algorithms, it might
not be possible to meet the real-time requirements cof the system.
This may be becauss~the svent dsetection phase requires too much
processing time, slowing down the overzall system. Another problem
is that scme'eventﬁ might be missed (when reading volatile data
for examplal rif they occur during the response execution phaée'
and are_not remembered by the system. IH these cases, intercupt
driven systems .must bhe wused, where tﬁe ‘miércprocessqr. is
intsrrupted'mhenaver an event 15 datected. The inte:rupf routine
would simplg queue the'events as they occur, where they will be
prccesssd‘bg the main prograﬁ. This scheme will pfobablg require
some algorithm for gueue management to make sure that the events
are serviced in the proper priority order which may not be the
order in which they occﬁrred. Externai clocks may alsc be
required to interrupt the processor at regulgr_-intervals to
perform periodical actioms. TIo spséd up respense, certain  high
priority events could alsc be resgqndsd to directly in the

interrupt routine. Note that this should only be done for event

responses that are independent of the system state.
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It is p?ssibla ta have the advantagas' of event checking.
without the processing tiﬁa overhead by using. a two-
microprocessor system. " One microprocessor would be interfaced to
the system's input ports and would be responsibhle for esvent
detection using an event checking scheme. It could also take care
of  gqueue management and response selection. The ‘'second
microprocessor would aonly be respansible for carrying out thé

event respense by taking the proper actions through the suStamS
cuEput ports.

g
. .
In some systems, 1t is possible to use a combination of the

two methods, where the high priority events would interrupt the
micropreocessor  to  ensure a speedy résponse and where svent

checking would be used for less important events.

The main coﬁcern when deéiénihg reél—time sgstemédusihg the
MEthodéipgg presented in this Sectibﬁ i& to find Eut if the
sgsté% mill-fespﬁﬁdrtc external events within an allowakble time,.
It is desirable to verifg.this‘before implementing the system to
cut down design cost. Two possible methods far chacking system
lresponsiveness mil; ncw be presented. The first one uses an

analytical approach while the secend one is bhased on coﬁputer

simulation.

~2.3.3 Analysis of Sequential Event Response Systems

The mest often used analytical method is based on queuing

theory ((KLEI 751, in which a number of simplifying assumptions

havé .to be made. These relate to the arrcival ﬁattern, queus

28



service discipline and sarvicg-time pattern.

The event arrival pattern can be deterministic or rénaom.l
Certain events, such as the ;1ock event, are detefminist;c, but
the majority of events in a real-time system are raqdom?‘«ia use
the gqueuing modal, the arrival process must be further

characterizad. @An assumption often used, since it simplifies the

model, is that esach occurrence of an event is statistically

indspendent of any other occurrence of the same '  event.

U Furtharmore, the event arrival rate is assumed to be constant. In

this cass, the event arrival pattern Eoilcus__an expcnential

distribution. If ACt) is the-probabilitg_diétrinﬁtich fFunction of

- the arrival of one evént; tﬁat-is, the probahkility that the event
will nc;ﬁr on or befcre-ﬁimg;t; then:

-at . B .
ALY = 1 - e whare a is the constant arrival rate. (2.1)
The prchabiiitg of having n events in a time interval t .can

also be computed, resulting in the Poisson Distribution:

n —at )
P () = (at) e (e.2)

Note that so far, only the arrival of one event has_ been
-ccnsidered. The probhlem gets more ccmplicéted when a number of
different events (with different arrival rates) may occur. If all
the different events Follow a Poisson distribution, and if they
are all independent, then their arrival rate may he simply summed

to obtain the arrival rate of "an” event without specifying which

———

one.
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fhere are a number of queue service disciplines. The most
common ones are: FIFD (fFirst in First cut)'queus, LIFD Clast in
First cut) and priority queuves. Queying theory deals mainly with
FIFO queues of finite or infinite size. This assumption
simplifies the problem, as there is no worry about events being

missed or never serviced_because of higher priority events in the

queue .

The last part of the model that must be ‘defined is ths
service péttern which reéllg means the execution time of the
event responses (the activities). This execution time coculd
either bé fixed or random. Realistically, 1£ can be expected that.:
the exeeuticn time is beth data and activity .depandant. For
example, if an algorithm ccntains scmg iterations, then - the
execution time depends on how East it converges. Also, the sgﬁtem
must execute a number of different responses which would normally
take different timeé. However, the queuing model is much simpler
if the activity time is fixed énd the same for all activities, or
-if it is random with exponential distribution and constant

service rate. The second assumpticon will be used because it is

usually more realistic.

Ihé simplést analytical model that can be applied tc thfs
system is the M/MN/1/XK qusuing'mcdal which has a Markcvian arrival
ana service rate, =a single server and 2 finite gqueve Length. This
‘model can be analgsed_usinﬁ a state-transition-rate diagram C[KLEI
7S1. The probability of the system being in state k whers k is
the tctal:ﬁumbsr of avents in.the s;stsm_(the svents in the qpeue.

and the one being processed) is then given by:

30



(1 - asb) Ca/bl
p e only if asb < 1 (2.32

where a 1is thas constant svent arrival rate

and b is the constant service'Cactivitg'axs:utinnJ rate.

This probability is zeroc for k > K, since the system cannot

remember more than K avents.

~In many casss, the gséumptions that had to be mada’tc use ‘the
M/M/1/K model renders it uselsss as it ﬁces not represent the
.actual éustsm adequately. Ancther possibility is to uss a G/G/1/K
model where the arrival and service procsss are not Markovian. In
this case however, the problem is more complicated as_thé arrival
and serviﬁa process mdst be well characterized and =a sclution
.must be computed using transforms (Laplate or 2 transform) and"
complex-variables techniquss. The assbmption that the svents are
: indapendaht must. remain e&en in a G/G/1/K system and this may not
be true for the particular system studied.

2.3.4 Simulation of Séquential Event Response Systems

To approximate- better the real-time égs;em, a computer
simulation model is used. A simulation program lfcr sequential
event response systems was written in Pascal and currently runs
‘on a personal computer. The scurce cede of  this program  is
included 1in appendix A. It can simulate svent checking systéms

with zero queue and interrupt driven systems with a. finite gqueue.
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In this program, the following assumptions ares madm:

i

- The simulation operates only in discrete time increments,

the relative duration of which is detarminad by the user.

»

— The savent arrival process is Markovian. This assumption

tould be changed and other arrival processss simulated including

same with dependent events.

- Each event is assigned a prebability of occurrence in
relatian with the time increment. For example, if the averags
arrival rate is one event per hour and the time increment is 1

second, then the probability of occurrence is 1/36800.
- ngt;;;g\

intercupt routine to queue the event takes an insignificant

checking to detect occurrence of esvents ar.- the

amgunt of processor time  (zerao) compared to the activity

execution time. (This assumption could be easily modified).

- The activity tc be executed in response to an  event is

detarmined by an FSN.

- The duration of a particular activity is Ffixed but

different activities may have different sxecution times.

- In the case of eveﬁt checking, after an svent‘is detected
and a response has been executed, checking may resume at the next
event in the 1list (in a round cobin fashion) or .back at the
highest priority event as selectsd by the user. In either cass,
if an event‘cnlg‘causés a state change and.no activity is to be

executed, then checking resumes immediately &heré it left out

3e



.without missing the next svent.

After running for a predetermined time, the simulation

produces the Following results:
= For each different event:

- The number of occurrences of the event, Ffrom which

thae actual ‘probability of occcurrence is dercived.

— The number and percentage of events that are detected

or queued (depending on the type of system simulated).’

- In the case of a system with queue, the maximum and

» average time the event spent in the gqusue and in the system.

- For each different activity:

r

b4

= The number of time the activity was sxecuted.

- The total time and psrcentage of time spent by the

processor to exscute the activity.

Examples of simulation 'fesults for the FSM described in
Figurs 2.4 are shdwn in table 2.2 and 2.3. The first table shous

. the results of an event checking system (with event priorities),
while the sacond shows the results of the interrupt driveh

system. The input_data for the simulaticn is as follous:

7
Simulation duration: 100 000 time units

Probability of event 1: 0.008 / time unit
Probability of event 2: 0.008 / time unit

Prohability of event 3: 0.010 / time unit
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EVENT STATISTICS

EVENT NUMBER OCCURREDR  DETECTED PROB DCCURRENCE % DETECTED

1 510 H45 0.00810 72,851
2 733 Se8 0.007s3 71.827
3 1005 738 0.01005 | 73.433

ACTIVITY STATISTICS .

ACTIVITY  ACTIVITY NUMBER OF I0TAL TIME . % OF PROCESSOR

NUMBER DURATION TIMES | TIME
0 0 358 0 0.000
1 16 247 3ss2 3.952
2 18 334 5012 5.012
3 20 127 2540 2.540
4 22 417 3174 9.174
5 24 268 432 6.432
TOTAL . | 28110  28.110

TABLE 2.2 EVENT CHECKING SYSTEM SIMULATION RESULTS.

By compaf;ng‘ the_“5é5ults of these tuo simulations, the
advantage of an interrupt driven'sgstem over an evént checking
scheme can be clearly seen in this particular example. In the
event checking scheme only 72 percent of the svents ars detected
and the processor is only executing activities (i.e. nﬁt ﬁclling)
28 percent of the time, whiie no evénts aré misaed in <the

interrupt driven system and the pqocessbr is doing usaful work 38

percent of the time.

A comparison will now be made between the simulation results
and the rasults cobtained using queuinghtheorg, In a system with
svent checking which has no gqueue, the probabkility of an event

being detected should be equal to the bprobability of the
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EVENT STATISTICS

. EVENT NUMBER OCCURRED QUEDED PROB OCCURRENCE % QUEUED

. -
1 587 _ 587 0.00587 + 100.000
2 806 - B06- 0.00808 100.000
3 1011 1011 0.01011 10¢.000

ACTIVITY STATISTICS

ACTIVITY ACTIVITY NUMBER OF ‘TDTQL TIME % OF PROCESSOR

NUMBER DURATION TIMES ) TIME
0 0 S17 0 0.000
1 16 37 5552 5.552
2 iB8 433 7302 7.802
3 20 173 3460 3.480
4 = 558 . 12280 12.280
5 24 368 8856 8.856
TOTAL ) 380S0 38.050

QUEUE STATISTICS

MAXIMUN QUEUE SIZE:. 4 . AVERAGE QUELUE SIZE: 0.140

)

EUENT RESPONSE STATISTICS

EVENT NUMBER AUG TIME = MAX TIME AUG TIME M&X TIME
IN QUELE IN QUEUE IN SYSTEM  IN SYSTEM

1 . . B.S25 71 - 23.271 87

2 5,474 65 18.720 87

3 S.703 55 23.074% T 74

TABLE 2.3 INTERRUPT DRIUVEN SYSTEM SIMULATION RESULTS.

processor being idle. This is obvious since events can only be
detectad wheshe processor is not executing an .activity. This

-can be verified by ncﬁing that, from the statistiecs, the
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processor is busy 28.1 X of the time, hence it is idle, or able
to dstect events 71.%)2 of the time. This should be comparad to

the average detection ratio for all three events which is 72.7 %.

This result can also bs verified with equation 2.3 mhich will
give the probability of the system being iale if k is eqﬁal 0. To
use this equation it must be assumed that the event . service
process is Markovian with a fixed service rate. This is not tfua
in our system but this assumption will give an idea of
theoretical results. It is assumed that activities O through' 6
are egually likely to be executed C(even though this is really
dependent on the sequence of events as depicted by -the FSM), and
use 168.687, the avérage exgcution time of these'activitiss, as the
mean service time. Hencé b, the service rate, is 1/15.67 br O.CS.
The svent arrival rate a’uill be the sum of the arrival rates of
events 1, 2 and 3, as é;eg are all inEEpendent and Markovian.
Hence a is 0.02%. Equation 2.3 can then be used since‘a/b is 0.4
which is less than i. Note that since there is a single server in
this system, K 1is equal toc 1. Replacing all these values in
equaticn 2.3 yields 71.4 % which is close to the results obtained

in the simulation considering all the assumptions made. o

In . the case of the interrupt driven suystem, some of the
results obtained in the simulation can also be computed using

gueuing theory. Since the gueus does not overfiow in  this

o<
¢ .

example, the model with infinite queue may be used to simplify

the calculations. Using this model, "the average number of events

in the system is given by CKLEI 751:
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VR | - (2.4

The average time spend in the system is Found by applying
Little's Formula:

T = N/ a - | 2.5

<

Noting that the average time in the system is cdmpcsed of the
average timza in the queue plus the average service time, the
average time in the gueue is thus given by:

T = T - 1/b (2.8)
g ,

) -]
Finally, wusing Little’'s result once more, the average length

ef the_qugue is:

N - = a=T | . 2.72

q g

Qsing the same values for a and b as in the First exampls and
the above equations yields:
N = 0.887 T = 27.78 T - 11.11 N - 0.267°

q ' q .

These . =zsults are to be compared to those in table 2.2, where
the avscage time in.the sgstemris 21.7 Caverage- of the "three
events), the average 'time in tha‘queue is 5.9 and the average
queue. length is 0.1%2. The avetage service rate Ffrom the
simulation would be Ei.? (aQerage time in the system) minus .9
(average time in the qugue) which is 15.8. 1In our calculations,
16.57 was'used for b. Even if these values were recomputed using
iSnB for b, the simulation results and the analytic results would

still Dbe quite different simply because the service rate is not

4
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Markovian.

It should bé noted that the simulation ﬁraduca; statistically
variable results, while the:analgtical method will always produce
the same result provided the same assumpfions ére made. Hpouwever—
this does not mean that the simulation.results'are not accurate,
since the analytical model may not be as pregise a represantation
of ths, actual system as the simulaticn, which can be made mare

detailed and' realistic CMACN BS3I as' was shown in the previous

example.

By changing the evept arrival rate and the time requirements
of the activities in the simulations, somé .géhﬂpal ‘conclusion
‘abcdt system performance may be drawn. Inl the following
simulations, two different activity time requirements (table 2.4)
and three differeﬁt eve;t arrival rates (table 2.%5) will be used.

- . . i >

-»

Activity Roctivity Time 1 - Activity, Time 2
1 i L
2 18 B
3 20 : 8
4 2e 40
5 24 42

\ :

IABLE 2.4 ACTIVITY TIME REQUIREMENTS.

Event . Arrival Rate 1 Arrival Rate 2 Arrival Rate 3
1 C.008 0.0t2 . | 0.02
2 0.008B - . 0.0186 0.02
3

0.01 ' 0.0e c.o2

TABLE 2.5 EUVENT ARRIUVAL RATES.
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Note that the average activity time is the same in both
cases, hence the service rate b did not change. What was changed
in activ;tu tims 2 is that certain activities now require much
more time than cthers..arrival rate 1 correspconds to the previous
exémple, thds a’b is aﬁproximatelg C.%. Arrival rate E‘is AQUDle
arrival rate 1, hence a’b is approximately 0.8. In-the third case
all events have the‘same'arrival rate of 0.02 per time unit
giving & total average arrival rate of 0.068 which is equal toc the
avarage sqgg}csﬁpgte, hencg a/b is approximately 1,'The relevant

results of these simulaticns are shown in tebles 2.6, 2.7 and

2.8.

Looking a£ the results of ﬁhe evént checking system, it can
be seen that the different activity time requirements (1 and 2)
dclnot affect the processor utilization and event detection rate.
This 1is te Se expected since the average activity execution time
is the same in both cases. However, .as expected, the processor
utilization  increases and the event detection rate decreasés ‘as
the sevent arrival rats'increasas. When a/k approaches 1 (tabls
2.8) the processor utilization and the event detection rate both
approach 50 percent as predicted by queuing theory (eguation

c2.33.

In the interrupt driven sgstsm-hcmever. there are a number of
differences that appear'bstmeen the two activitg time scenarics.
When some activities take much more time than othars (scenario
cl, it—can be seen that the maximum ana average size of the gqueue

}ncreases, as well as the maximum and average time spent in  the

system. This is to be expected since the queue builds up when ocne
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EVENT CHECKING

Processor Utilization:
Dmtection Ratio:

INTERRUPT DRIVEN &
Processor Utilization:
Maximum Queues Size:
Avetrage Wusus Sizse:
Maximum Time in System:
Average Time in System:

TRBLE 2.6 SIMULATION RESULTS FOR ARRIVAL RATE 1.

EVENT CHECKING

Processor Utilization:
Detection Ratiao:

INTERRUPT DRIUVEN

Processor Utilization:
Maximum Queue Size:
Average Queue Size:
Maximum Time in Systsm:
fAverage Time in System:

TRBLE 2.7 SIMULATION RESULTS FOR ARRIVAL RATE 2.

EVENT CHECKING

Processor Utilization:
Detection Ratio:

INTERRUPT DRIVEN

Processor Utilization:
Maximum Queus Size:
Average Queue Size:
Maximum Time in System:
Average Time in System:

TABLE 2.8 SIMULATION RESULIS FOR ARRIVAL RATE 3.

Activity

8
73

38
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22
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75
19
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325
47

Activity

43
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30

. 5.

520
100

40

Time 1

.\l }‘l

N

14

Time 1

AN

Time 1

NN

N

Activity

30
72

42

158
32

Activity

16
S5

‘B3
33

688
icBe

Activity

43
33

s1
46
10
880
200

Time 2

NN

.34

Time 2

NN

Time 2

NN

BN



of tﬁese long activities is executed. As the queus increases, so -
those the tims spent in the queue and hencs the time spent in the
system. These increases in response time may be detrimental to
system performance as certain real time constraint=s can no longer
be mst. To reduce the avaraga'size of the gqueue and the response
time, time consuming activities must be divided into smaller
activities which must be exscuted in some sequence to provide the
complete eQﬁnt rasponse. These type of systems will be ﬁhe

subjsct of the next section.

The simulation was also run for a/b grasater thanm 1. In the
case of an event checking system, the processor wutilization
exceeds' S0 percent uwhile the detection rate drops below SO
péfcent. In .the Iinterrupt driven system, the gqueue incfpases
continuously as the system cannot respond fast enough to the
evants., Hence all the results are irrelevant as no steady state
is reached. Since tﬁe.evant arrival rate is not a parameter that
the designer can play with, the only solution is to increase the
sarvice rate so that ﬁ/b is less than one. This can be done by
decreasing the activity execution time (using a2 faster processor)
or by using a multiple sarver system, i.e. a multiples processor

system.

2.% ELEMENTS OF REAL-TIME MULTITASKING OPERATING SYSTEMS

As seen in the previous section, in certain systems the event

response may be better represented by 2 number of simple

%1
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activities sxecuted in some sequence instead of 2 singls large
actiyitu. By interleaving the exacution oé the variocus activities
associa:ad with different eveants, rasponsa=s to more than one
sveant can be carried out at =a tima, while still using =a
uniprocessor system. This is the main difference betuean

sequential event réspopse system and multitasking systems.

¥

2.4.1 Concept of Task and Concurrency

When wusing a multitasking operating system, the differeant
activities in the system are grouped into tasks. Thus a complets
event response involves one or more tasks. A task has its ouwn

thread . of control as it can be run concurrently with other tasks

~—— -

in the systam.

This concurrency between tasks can be real or apparent. Real
concurrancy means that tasks are being executed simultaneously,
this implies a multiple procsssor system. Apparent concurrency,
however, can be achieved on a single processor using a time
sharing scheme. In this case a number of tasks are being executed
in the same time intsrval.in an interlesaved fashion. It is the
Joh of the operating system to manage these concurrsnt .tasks. In
the case of real ccﬁcurrencg, a multiprocessing operating system
is required, while in the case of apparent concurrency, a (real-
timel multitasking operéting system must be used. In very complex
systems, it is possible to mix the twec modes of operation using a2
multiple processor system where each processor is running a

multitasking multiprocessing cperating system.



1t should be clear that tasks, especially tasks involved _in

the same svent response, need to communicate betwseen themsslves
."to sxchange information. Figure 2.7 shows a generic state diagram
raprésentaticn of a task-from an operating sgsteh paoint of wvieuw.
The exchange of information between tasks is taken care of by the

operating sustemrand is done while in the wait state.

The task is initially dormant (or non-existent) until it is
awakened (or created) and becomes ready tc run. The operating
system may then schedule the task to run (the executing statel).:
From this state it may choose to wait for some information and

}entar the wait state, or it may be suspended by the cperating
system in cgrder than a higher priocrity task may be scheduled. A
wait 1is a voluntary action by the task while a suspend is noﬁ
under the cdntrcl of the task. If the task receives the
information it was waiting for, it will be made ready to ru% hy
the ocpsrating system. When tha'ccndition that Justified the
suspension of a task is no %cnger trye, the operating system will
let the task become ready to run once more. From any state, the
task may be aborted (or killed) arnd put back in the dormant
state. Note that this is only a generic state diagram; more
states and/or transitions may be present depending on the

particular multitasking operating system used.

2.%.2 Problems in Concurrent Systems

Uhen a number of tasks are running concurrently in a system
and need to share rescurces as well as communicate, 2 number of

problems may occur. The two main problems associdted with
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RECEIVE

WAIT FOR
DATA

AWAKEN
READY
DORMANT TO RUN EXECUTING
ABORT
RESUME SUSPEND
ABORT SUSPENDED
SLEEP

FIGURE 2-7 GENERIC TASK STATE DIAGRAM
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concurrent execution are mutual exclusion and deadlaock.

The mutual exclusion problem arises when two tasks fsquire
access to_soma common resource. For exampls, iF two tasks need to
Mpdate a‘ccmmon,variable, then it must be made sure that only cne
task has access to the variabls at any one time otherwiss the
variable may be incorrectly updated. The problem is even clearer
when considering a physical resource like a printer. QObviously,
t@o tasks should not output to e printer at the same time. The
portion of ths software code that access this common resource is
called = critical region which must be protected so that. other
tasks may not access the common rescurce when the critical region
is being executed. |

1

: °
Deadlock occurs when two or more tasks are blocked on  some

condition which will never bscame trus because the task(s) that
could change this condition are also blocked on =2 similar
condition. A typical example of deadlock occurs in resource
allocation when two tasks (A and B) both require two resources (1
and 2). If task A requasﬁ resource 1 first and then 2, and |{iFf
task B requests 2 first, then thsre is the possibility bf
andlock. This will happen if task A is granted resource 1 and
task B is granted resocurce 2; in this casé,' task A will  wait
fForever for resource 2 which task B will never release because it
is’ waiting for rescurce 1. Deadlock can be avoided by careful.
programming. In this resource allocation problem, one solﬁtion is

to require all tasks to request all their resources in the same

order.
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2.%.3 Inter-Task Communication

To avoid the problem o©of mutual aiclusion in inter-task
communication, a numﬁé; of mechanisms have been devealaped. Theg
can be broadly divided into procedure based and message based

mechanisms CL[CASH B01. The procedure based machanisms, which
include ssmaphcrés, monitors, distributed procass, communicating

sequential processes and the Ada rendez-vous CWEGN 83] will bae

considered First.

Semgphcrss LBENA B2] uwhere introduced by Dijkstra as a
mechanism far sgnbhronization between concurrant htasks. A
semaphore is a simple data item which can only take nan-negative
value. It can be manipulated only by the following procedure:

- initialize semaphore

- wait on semaphocre

- signal semaphore

Initialize semaphors sets the semaphore to its initial value.
The wait cperation checks if tﬁe sémaphors is zero. If it is non-
zerg then it is decremented by one and the task may continue; if
the semaphore is =zero, then the task is suspended until it
becomes non-zero. The signal operation increments the semaphore
count by one, which may unblock a2 task waiting on this semaphore.
The initial count of the semaphore thus determines the number of
tasks which may use the resource protected by the semaphcrsl In
most applicatiﬁns, only one task may use the resource, hence the
initial value of the semaphore is set to one and this is referred

to as a binary or Boolean semaphore. To protect the criticsasl
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region, a wait on a semaphore is done just before the critical
regicn and a signai operation is performed right after. For this
scheme to work, the test and set épsraticns on the semaphore must

be indivisible gperations.

Semaphores can provide mutuai exclusion, but only if uéad
correctly. The portion _cg the code which accesses the shared
resgurce, the critiecal region, is part of the application task.
Therefore, it is the‘respcnsibilitg cf the applicatioﬁ task
programmer to uss the pair of samaphqre calls properly. To guard
against programming -srrcrs of this type, a higher level .of

synchronization primitive, such as monitors CHOAR 743, is needed.

Basically a monitor is a procedure that contains all the
critical regions needed ‘to access a shared resource encapsulated
batwasen semaphoéss. When a task requires access to write to a
shared variable, then it will call the appropriate monitor with
the proper paramsters. 0Only one task may be executing inside a
mcﬁitar at any one time because this pgrtion of the code is
protected by a semaphore or a similar construct. Since anly one
task can be in the monitor at any one time, mutual exclusion is
guaranteed. This i improvement over the semaphore bacause the
shared rescuiﬁg/::s;:j; declared‘lccal to the monitor forcing the

programmer to call the proper monitor to manipulate

application

the shared resod

The other proceddral mechanisms mentiched, distributed

processes [HANS 783L,zémmunicating sequential processes [HOAR 78B1]

and the Ada rendez-vous [SAIB B53, define higher level
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ccmmunicatﬂ;n mechanisms which have similarities with the message
passing schemes. 0Of these three, Ada has enjoyed the most

widespread use bscause it was designed as a military standard for

the U.S. department of defensa,.
. » A

The other group of inter task communication mechanisms
includes all message passing schemes. These schemes are based on
two primitives send and wait, and sometimes on a thicd one, the

reply primitive.
s

In order for two tasks to communicate togéthsr, one task must
use the send primitive while the other should call a wait For
meséage primitive., There are a éémber of variations in the schems
at this level. For exaqg}e, the send primiﬁivé could be blocking.
or non-blocking. In the first case, the s%gper waits for a reply
which is sent using the reply primitive before gcing on with his
business; this 1is a form of rendez-vous. Note that here, the
difference bstwesn send aﬁd reply is that send is blocking while
reply isn’'t. Uith the ncn-blcckinﬁ send, the sender simply
carries on with his affairs after sending his hessaga, Just liké
sending a letter in the postal system. The blocking send is
often preferred because it assures the sender that the message is
received. However, the non-blocking send favors ccncurrencﬁ by
allowing the sender to continue; this may be desirable in a

multiple processor system.

Other variations are possible with the receive primitive. Far
instance, the receive may- be selective. 7The selection may be

based on which task sent the message or on some other massage

. ' %8
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identification. This Ffeature enables tasks to raspcng to highér‘

ptioritg'massagas first which,is important .in real-time systems.

The above discussidn only focused on the aspects of the
message passing scheme that were of concern to the application
programmer. The actual implementation of these mechanism can be

done using message queues, shared buffers, mailboxes, etc...

2.4.4 System Design in a Multitasking Environment

All the problems associated with concurrent éxecution and al
the wvariocus inter-task communicggicn mechanisms must be carefully
considéred whan désigning a special purpose system based an a
multitasking oaperating sggtém. The grouping of the various

activities that have to be executed in response to events into

'tasks is not a simple process. This is why it is importént, in

such a complex environment, to procesd with the design. in a

structured fashion |®s will he discussed in the next section.

2.5 NEED FOR DESIGN TOOLS.

The development . of =a micraprccessc:fbased product from an
idea to its realization involves a number of steps which can be

partitioned as follow:
= DObtain system regquirements.

-#From the requirements derive the functional specifications.
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= Partition the functions into hardware and software.
- Design the harduware and software components.
- Implement and test a2 prototype system.

- Test the system in the field, 1.e. under normal operating

conditions.

At any point it is possible to go back to a preavious phase to
correct design or specification srror. AFterwards there is the
product support and maintenance phase which consists of upgrading

the system to meet changing suystem regquirements and solve some

prohlems which were undetected so far.

The requirements of the system are often found as a result of

) a8 marketing study, in the cass of a commercial product, or.theg.
can be dictated by a specialized user who needs a ona of a kind
.tgpe system. The work of the systsem designer thus really starts
at .the specification level where the requirements are mapped into

a form understandable by designers. Design tools become useful at

this stage to describe system specifications.

These specifications must then be mapped onto hardwars and
software caompanents. This involves decision of the type: how many

processors  to use, what hardware architecture, which ogperating

-

system, etc... At this level, tools would be needed to manipulate
the specification in order to find the best mapping possiblse.,

This would invalve such activities as system simulation to find
b

out if system spacificatibn can be met under that particular

hardware/scftware mapping.

&
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Thers are -a number of computer aided dasign. C(CAD) tools
available on the markat today to simpl;fu hgrdmare dasign.. Thesas
tools anabhlae the hardware designer torlentar his ciréuit
graphically on the computer and gagt it out before implemehtaticn
using various circuit simhlaticn_sdftmare.packagas; This thésis:.
howsver, will focus on tools at the system desiﬁn level, rather
than at‘the circuit dasign lavel. ?Parts‘éf these tools can alsc
be extended and used at the softuare design level. This was shown
in section 2.3 mhéra-finite;state machines ware used to specify

ths aystem and to'provide g frammwork for the design of an

exscutive for ssgquential svent responae systems.

Thass design tools will be basaq on graphics as an image can
convay much.mo;a infarmation tﬁan tsxf given the same space on a -
Qhaat of peper or =8 v}dec display tarminal . n-number of graphical
programming tools have been or are in the procegs of being
gdevelopead (RAED 8S1, but nét all of them can be usad fo} tﬁe
, design_of concurrent systems. In the next chapter, some of Fhe

design tools currently available for the specification and designm

of concurcrent systems will be presan;g%.

-

2.6 CONCLUDING RENMARRS
In tﬁis chapter, a methadology for the désigh of simple event
resbonsa aystems was  discussed. It was shown that the
inplemsntation and design schame to beAused depends on the facﬁnr
a/b; - the svent arrival rate cover the service rate. For a small
s/b;.'nn évent checking system can be us=d provided that it is
-

‘.
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parmissible to miss a few eyents.' If avents cannot bes missaed,

then an interrupt driven susﬁem must be usad. Whan a/b is large,
- <
i.e. whmsn the avent arrival rate is clode to or greatar than the

service rate, the servige rate must'be increased by using .a

faster precessor or a multiple processor system.

In caées where.certain activities require much more execution
time than cthers;'partitioning the system into smaller activities
may. improve real-time system pecformance by executing - the

activities associated to different event ‘responss in an

interleaved Ffashion. This methcd, houever, wbuld require

different tools than those discussed in this section. These tools

will be the subject of the following chapters.

.
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CHAPTER 3

CGRRENT GRQPHICQL DESIGN TROLS FOR CONCURRENT SYSTEMS

Graphicsl representations of the hardware and softuware

components ‘of digital ﬁfccégéing systems have. aluwa - been
important design tool=s. ' Block diagrams are used to repr::;;z\she
hardware architecture while flowcharts where introduced to help
assembly language progr;mmers. Tha purpose of these tools is to
design ghs haédmare and software of these systems at a2 higher

-

lavel of abstraction hefore.going down to the integrated circuit
or assambly language leva;s.' Flowcharts however, éannot express
the concept of concurrency as they were designed to indicste only
8 single flow of control. Even with the additipn of fork and jJjoin

nodes whicﬁ can express parallel paths, Fflowcharts are not

pouwsrful enough to design concurrent systems.

S

Thgs chapter will describé and discuss some of the current
gréphical design tools used to specify and/or design concurrent
systems. The first section wil:i pressnt Petri' nets and data flouw

‘graphs, the most accepted graphical models for aSanhrﬁncus
. concurrent systems. Section two survsgé tools ussd.ta describe
the software structure of real-time systems. These tools -will
illustrate the> communicaticn requirements and interrelations
between the various tasks in a multitasking system. Finally,
section three will discuss graphical-ﬁotaticné which specify the

internals of the tasks as well as their interrelationships.

53



3.1 SYSTEM LEVEL TOOLS \

A system can be vieusd at differant levels of abéttaction.
Most current graphical design tools describe systems at
relatively low leve{s. Tools like Petri nefs and data flow charts
wefe criginallg.designed Eorhsuch low level description. Houwever,
they can also be used.for higher level épecification and design
because they caé describe the required behavior of the sgstém by
showing the flom QE infcfmat;on tbrpugﬁout the various Ffunctions
that the system must- ﬁrcvide mithout— specifying -hom thesa

functions are to be implemented. This gan be done because they do

nct‘ deal explicitly with lower level concapts such 8s

ccmmunicatlon mechanisms, tasks and other operating sgsﬁem
) -t

features.

3.1.1 The Petri Net Model Y

Petri nets CE[PETE 753' [8RAM B83] were dsveicped from the
original work of Ca;l_ﬁdam Petri who intrcdhcad, in his thesis in
1965, a mcdeltfor control and information flow in asynchronous
concurrent systems. Petri nets can be used For software CRGER 791
and hardware L[HOZ2J 783 specification, as well as a tool to verify

correctness of protocols [BERT 821.

é Petri Net consists of a set of nodes connected by directed
arcs; There -ars two types of nodes: places which a;; represanted
by circles and transitions represented by bars. F}gurs 3.1 shouws .
a greaph reprpsentaticﬁ of a Petri netf ﬂg caﬁ be seen in this

figure, the arcs are directed from places to transitions or from
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transitions.to places. Places from whicﬁ arcs. are incidanﬁ on a
transition are called the input places qf the transi;ion, while
places on which arcs from the transition terminate .are called‘
output placas. In figure 3.1 For example, place pl is an input
place to transition tl, while places p2 and p3 are output places
of transition tl. Formally, a Petri net can be defined by ‘the :
- Fourtuple: | * ) *
C=«(P, T, I, B2
wﬁere P is a set of places;

T is'a set of transitions;

I and-0 are input and output functions which define the

felaticnship batwean the places and the transitions.

-

Using this formalism, the Petri net of figure 2.1 would bs

defined as:
cC=-¢pP, T, I, O2 7 -

'P = {pl, p2, p3, p4%, pS, p6l

T = (1, t2, t3, t4) : s

ICt1) = (pill " DCtl) = {p2, p3),

I(t2) = {p22 ' 0ct2) = {p43

1Ct3) = (p3? . D(E3) = {pS3 )
ICt4) = (p%, pS} - OCtR) = {pB)

A Petri net is & dynamic representation of a system.
Graphically this 1is indicated by the pnsiéicn,and movement of
tokens in the places of the net. Tokens are graphically
represented bg-dots in the places. The distributian of the tbkans

in oﬁé point in time is called the marking of the Petri nst and
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T1 | T3 T4

FIGURE 3-1 A GRAPH REPRESENTATION OF A SIMPLE PETRI NET

" FIGURE 3-2- CONCURRENCY IN PETRI NETS
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it really shows the state of thas net at that particular time. The

moveamants of the tokans are governed by the following rules:

- A transition is enabled when there is at least one

token in aach of its input places.

- - Any enabled transition may be fired.

- When a transition Fires, one token is taksn out of
each input place of the transition, and one token is put

in sach output place.

The presence of a token in a place indicates that a certain
condition is satisfied, and a transition is only snabled when all
its asspciated conditions are satisfied. Tokens can thus
represent availability of data; the data itself, or some other
condition. The concept of concurrency in Petri nets is
illustrated implicitly by the Fact that more than one transition
may be enabled in the same net. Such an example is shown in
fFigure 3.2, lmhsre both transitiaons, tl and t2, could Fire at any

time.

Note however that transitions may not fire simultanecuslg‘in
a net since this may cause a conflict situation. Figure 3.3 shous
such an example where both transitions t1 and £t2 =are enabled.
Note that the firing of aithef one of these tranmsition disables
the other as there is only one token in place p2. By defining
events tc occur nan—-simultaneously, we pfevent the possibility of
both tfgnsitions °Eiring. Conflict situations are required. to

model such constructs as semaphores where only one process may
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gain accmss to some resource at’ang given time.

Petri nets are a nested construct. It is pcssible'tq expand a
transition into .a net consisting of 2 number éf places and
transitions. In the same manner, it is poss;bls to siﬁﬁlifg a
portion of &a Petri net betuween tmq places and replace it by ‘" a
singls transitiﬁn. Figure 3.% shows a much éimplsr viesw of the
Petri nmt of figure 3.1, where the portion of the net between
transitions t1 and t4 has besn replaced with a2 single transition
T. This feature is useful to look at Petri net models of a system
at different lev=l of asbstraction.

b
3.1.2 Propertiss of Petri Nets

In order to analyse the behavibr of systems modelled with

Petri nets, a number of basic properties related to béundness,

o
]

reachability and liveliness must be defined. A Petri neét is said
to be k-bounded if there can be no more than k token(s) in any
given place at the same time. If =z net is not bounded, then
tokens mag.accumulate infinitely in algivsn place. In certain
systems, the presence or absence.of a token indicates if =
condition is satisfieq\ES not, hence it is superfluous to have
more than one token pér place in these systems.. For this reason,
a Petri net that is l-bounded is said to be safe.

4 K3

A marking ”N” is said to be faachéble frch an initial marking
"I* AF there exists a sequence of transitien Firing Ffrom *I*
which will result in the marking "N”. It is often required to

Find the reachability set of a net, that is, the sef of all
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markings which are resachable from an initial marking. Nofﬁ that

if the net is k-bounded, then the net has a finite number of
possibla states since sach place can only contain betweasn 0 and k
tokens. Thus the reachabhility set can be found using a similar

reachability tree as the ones used in Finite state machine

analysis.

anther' impertant property of Petri nets' relates to the
firing of transitions. A transition is potentially Eirabia if
there is a sequence of transition fFiring that canm enable it,
‘otherwise it is dead. If a transition is potentially firable in
all reﬁchable markings than it is"live. The liveliness property
is wuseful when modelling operating systems wiﬁh Petri nets as =a

dead transition may indicate a possible deadlock situation.

3.1.3 Extensiocns of Petri Nets

Petri nets were originally developed to provide more

modelling power than finite state machines (FSM’s).. Like FSM’'s

they are used to model many different types of sgstsms. Because

of this generality, some extensions have bheen added to Petri net

to model particular types of systems, in the same - way that
e%tensions have been added to FSM’'s. One of the first extensions
was to allow mﬁltiple arcs between places and transitions. Figure
3.5 shouws an example of such a net which is referred to as
generalized Petri nets in the literature. In this example,
transition t1 will only be enabled if there are thres tokens in

pl and two tokens in p2. After t1 Fires, tuwo tckens will be

B0
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FIGURE 3-5 GENERALIZED PETRI NET
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" FIGURE 3-6 EXTENDED PETRI NET WITH AN INHIBITOR ARC
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placed - in p3. If tokens represent events in the system
environment, than this extension can be used to count .a;ants
before taking some action. For example, & trznsition representing
the activation of an alarm will only Ffire aFtag ‘ﬁhree

ursuccessful attempts have been made tc open a combination safe.

Io intreducs primritiss in the firing of transitions,
inhibitor arcs can be addéd to Petri nets. These arcs can only be
directed from a place to a transition. Their purpese is to
disable the transition if there is unelér more tokan in the place
it originates from. Since the transition may anly Eiré when there
is no token in the place, no tokens are taken out from this place
when the transiticn fires. Figure 3.5 shows an example of =g Pet:i
net with an inhibitor arc. Note that the inhibitor arc terminates
with a small circle instead of an arrow. In  this example,
fransition tl has priority over t2 since if bhoth ﬁransiticn_could
be enabled by the presence of a token in pl and p2, the inhibitor
arc would prevent t2 from being enabled because of the token in

pl.

There are 2 number of other pcssible extensions thét add
decision capabilities to Petri net. For instance, the tokens can
be marked by cdlcring them, cor they can carry along a value. The
different colored tokens indicate different types of conditions
which can be present in the same placé while the token with
values can be—used.as counters. T%e colors and the values are
altered at the transitions, which are responsible for putting the

tokens in  its output places with the proper color o valus,

Conditions could also be added to the transitions based on the
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ceclor or the value of the token in its input place(s). An example

of such =& marked‘Patri net with conditions is represented in
“figure 3.7. In this sxé;ple, cne token is marked with the
“wvariabls name "a”. Every time the transition tl Eirés, "a" is
incremented by one modulo n. ‘Ccnditicns have been added to

transitions ¢2 and t3 in such a way that if "a” is greater than

the value of "b” then t2 will Eire ctherwise £3 will fire.

-

When using Petri nets for performance modelling, -it is wuseful
toc add delayed transitions thch can only Eirg after some fixed
or variable delay. -Thag can be used te reprasent a process which
ﬁakss some time to execute. Graphicailg, delayed transitions are

illustrated bg-a narrow rectangle instead of a bar.

A number of major extensions and restrictinns have heen added
to Petri nets At form Evaluation nets (E-nets) and Macro E-nets
CNOE 73]. One major difference betwéen E-Nets gnd Petri nets is

~\\that_mith E-nets, a transition may only fire when all its output
klaces are empty. This property guarantees safe nets (l-bounded
nets). Macro E-nets are E-nets complsmented by macro canstructs
which can exprsés priocrity gueues, resource handlers,... They

were devslaopaed ,specificallg for the description of concurrent

systems.

Although the various extensions that where added to the basic
Petri nets enhance their modelling power, they complicate their
analysis. For instance, the reachability problsm is more complex
with conditional transitions or inhibitor arcs. There is a trade-

off to be made betwesn high lsvel constructs which simplify the
o }
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hcscription of complax systems and simpler constructs which
parmit better and sasier analyais of the system's bshavior.

+

- 3.1.4 Use of Petri Nats in Microprocessor-Basad System Design’

As indicatéﬁ in section 2.5, the design of a microprocessor-
naﬁpd Sgste;"invclves thres ma jor steps aEter‘thg requiremants

) ‘\QQVG been cbtained:
- system specification -

- hardware and softuare design \\‘;—

- testing
- Tha sapplicabllity of Petr:i nets in these design steps- will

4 -

nou.; ba- examined. “P'at;ri nats ware developed as a modelling tc_‘ol. }
This_maan:qthat once-g.téntagigg design is available,' Petri nets
--caﬁ be u;ed_io ﬁodei the beﬁiﬂiﬁf af the system. Bg-analgsing the
' oodel i; can bc{éetarm;pcﬁ'if its behavic;\>is correct, and
cactalin coﬁditions‘.llké deadlocks and - caces. can also be
datected. Potrs nets can thus de used to tess the hérdware and
:oﬁtwara . design of a mlcroprqcasso;-based -sustem _befcré

izplementution. But cen Petri nets be used. in the specification

‘of thas system? Can they also bs used to actually design the

-

hardusre. and sgftware?

Using Petrci nets for the spépification of event driven

microﬁro;assor-based sgstsms would raquire describing the sgstéﬁ{
) ) - <
at Ja higher level of abstraction than is usually done with Petri

‘nets a3 thas underlying hardware/software implementation is not
9 b : . g

yet dafined. To express higher level -concapts, and keep the Petri

< e,
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nats at a manageable size, extended Petri nets with such fmaturas
as conditional transitions,'markad tokens and inhibitor arcs will
be nqedcd. it must also be decided what tokens should represent

at this level; either external events and/or data Flow and/cr

control flow. ALl this information however, would tend to hide
the sassentials of ‘the specifigation. Basically, Petri nets
include too much graphical infcrmaﬁicn'to- provide a natural

;spresentation of the system specificgtion, but they could 'be

Yot

useq-bg exherienced'sgstem designers.
‘At .theL design level, Petri nets can be used to model the
proposed implementation and vérifg it before hand. Ths Petri nat

used at this level will be a refinement of the net defined at the

specification level, since implementation details can be added.

. . ‘ i - -
Scme sgs&pm measures, like average response time, can be computed
N ' -

using queuing theory by mapping the different mérkings of the net
into states and analysing the cesulting state machine in a
similar 'manhér as was done in section 2.3 C[RA20 B43. This

requires cafsidering the transitions as servers and Finding the

pr ility distribution of their firing time from the moment the

¥
tranéiticn is mnabled. Thaese analytical results can then be used

s

4 .of
ta check if system specifications have been met. i

-

2.1.5 Dgtg Flow Braphs

-

Since Petri nets are too complex to be used for system

/\

specification by ncn-ccmﬁuter experts, other graphical tcblg must

be investijatad. Data fFlow graphs may be a good candidate as they

-
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of fer a' much simpler syntax than Petri nets. Data Elom graph is a
gensric name for various diagrams ?hat describe algorithms- by
showing ths flow of ihformatiop From one function to the next.
These \diagrams .EDQUI B23 L[HWAN 84] represent data dependencies
'bétwsan the functions of the system as a function may nhlg be

executed once its input data is ﬁrssent.

Like Petri nets, dats flow graphs are composed of nodes
intqrcongéﬁtsd by arcs. The basic node is the operator node: which
dsfines some function that has input and output data associated
with 1it. The arcs fepresent data flow from  one Function to
another., In relation ‘to Petri neﬁs, the operator nodes arg
transitions while the arcs correspond to places. In the same
ménner as Petri net tokens Eiom from one place to ancther, tokens
can be used to represent availabiiity of data on the arcs of data
Flow Grbphs. Other nodes have been sdded to allow fpr decisions

" in the flow of data but their syntax varies from one.author' to

the next.

Figure \378 shows two traditiﬁnal examples of a 'data Flow.
grﬁph represanting the equation _CX ~.13'(X + 3) and its
eqﬁivalent form Xe®2 + 2X - 5. The operator nodes represent
"simple binary. operators. In tﬁe First example, the multiply
oppgption can only 58 pérfcrmed once the subtraction and addition
operations are complétes. Note that the subtraétion and addition
opergtions can bs doné in parallal gince their data is availsble

simuitaqeouslg. This is how date fFlow graphs 1mp11c;tlg represeﬁt

concurrancy .
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FIGURE 3-8 EXAMPLE OF A DATA FLOW GRAPH
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Data flow grapﬁs have been closely associated with data Flow
machinss and data flow languages [ACKE B2]1. Howsver if the
description of the system is done at a higher level of
abstraction than binary .operations like ~addition and
multiplication, dasta flow graphs can be-used to represent a
system which will be executed on a2 vonrNaumann,machina LBOWE B853.
This is possible since the ogperator node can represent any
function which has one or more input parameters énd produce “one

or more results.

Data flow graphs can thus be used to specify event driven
systems, providing the system is described at-a much higher levael
of abstraction than simple operations such as addition and

multiplication. However, - for lower level software design, data

- — e

flow graphs are more useful if the implementation is on =a -déta

flow mgchine.

3.2 SOFTUWARE STRUCTURE DIARGRAMS

In tpis section, some accepted tools for the description of
the software struéture of real-time multitasking systems will be
presented. These tools are built around the concept of tasks
which was introduced in section 2.%. They show the inter-
relationships betueen the various tasks of a Qgstam via their

communication requiremeants.
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3.2.1 Activity Channel Pool Diagrams

Activity Channel Pool (ACP) Diagrems (ALLW 802 were
introduced” by Ken Jackson to describa systems designdd under

MASCOT CLJACK 83]. MASCOT "is an acronym for "A Modular Approach to

‘Softuare Construction, Operation and Test". It includes a

formalism to express the software structure of real time systems
CACP diagrams); a methcdclogg for design, implementation, testing
aﬁd documentation of this software: and a kernal (operating

system) to provide run-time suppart for’ this formalism.
) Y

As their name indicates, ACP diagrams éré coﬁpossd of three
major constructs: activity, channels gnd pools. In this context,
an activity is realig a taék (or a process) which can exsacute
CCncurrsntlg mith tther processes. In the diagrams, they are

represented by circles. These tasks need tc communicate between

',themselves; this is done thraugﬁ channels and pools. A channel is
) :

used to show directed communication from a . producer ho 'a
censumer. " The producer uritaé information in the.channel which
can then be read, in the same order, by the consumér. Channels
are illustrated by a c;pital letter "1”7. .Ppols, cn the other
hand, are used toc Hhold non-transient data that needs to be
referréd from more than oneJtask: and are represented by a

squared-of f letter 'U’. An example of'aﬁ ACP diagram is shown in

Figure 2.9.

The ACP_ diagrams provide very little information about the
system’'s design; they only show ths tasks (or processes) of the

system and their communication requirements. In addition, ACP
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diagrams can cnly be used égfectivelu when designing with a
concurrant language or operating system that supports such

~constructs as channels and pools. This is why an operating system

ig part of the MASCOT environment.

-

3.2.2 Structure Diagrams for Ada

A graphical nctaticn'ﬁhich dascribes the software structure
of an Ada based system has been develeoped by R.J.A. Buhr [BUHR
B%1. Although this notation uses a number of concepts patticqiar
to Ada such as rendez-vous and packages, it can be adapted to

other multitasking languagses or oparating'égstams.

In these diagrams, tasks are represented by parallslograms
(since they can bs exquted in parallel) while rectangles
repreéept packages. Sméller’parallelograms and boxes.are used to‘
represent entry “sockets” in tasks and procedural "sockets” in
packages respectively. A piecg of data is ‘1indicated by a
raectangls with rounded sides. Access connections betwean thesse
modules are shown by directed arcs and represent procedure ‘calls,
entry calls or data accesses. [Data flow can also be indicated on

these diagrams by means of small circles with an arrow.

AN sxﬁmple of such a structure graph is shown in figure 3.10.
In this example for instance, task B calls entry Cl in task C and
will racaiQé some piece of data as a result of the rendez-vous.
Note that the direction of the data flow is not necessarily the
same as the access connection as a task can call an entry 1in

another task to "send” and/or “receive” information.
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Structure graph are not. oﬁlu useful to 'sﬁom the inter-
relationships between the various softuware modulas of the system;
they can alsoc be used to check for design errors. Figure 3.10
shows a potential deadlock ’situation (if the communication
mechanism is a rsndez-vous type like Ada) where tasks A and B

each call an entry in the other. If both tasks simultaneously
call these entriss, deadlock will result as both tasks will be

blocked on their sntry call.

These structure graphs provide more information about the
system’'s design than ACP diagrams since the various relationships
betwsen the t;sks, packages and data can be sﬁcwn more pracisely.
For instance,. 28 piece of data that can be accéssed only through =a
package is indicated by drawing the data item inside the packayge.
In the same manner, a task can be anluasd in a package. Since
the éntrg points of a task are labelled .and the data flow is
shown in these diagrams, it is possible to derive the task and

package specifications (in Ada terms) directly from the diagrams.

3.2.3 Characteristics of Software Structure Diagrams

ﬂll' the diagrams discussed in this section show the software
'structure of multitasking systems as thay v indicate the
interrelationships between ail the tasks of the system. Iﬁis
means that they can only be used as a design toel in a
multitasking environment. Fhrtharmcre, some of these tools are
closely associated with ‘a particular operating system or
concurrent language. This Eorcéé the system designer toc learn a

different +tocl for each operating system or concurrent languagg

|
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that he uses.

The structure diagrams ars tools closer to the
implementation i leval. Thay cannot be used Enf system
specificaticn‘ a5 they deal with such entities as tasfé and
communication mechanism, which should not be presant at tﬁis

levei in the design.

Other types of software structure diagrams have beeﬁ
presented in the literature. A network specification and design
environment [ARTH 85] was propossed as 2 complete toolset for the
design of software in a multitasking enviranment. This particﬁfar
tool defines tasks as a séquence of "high level operations” and
can express ccnéurnﬂﬁ?&. It has similar constructs and syntax as

data flow diagrams bdt it cannot express any decision making.

3.3 INTERNAL TASK STRUCTURE DIAGRAMS

In this section, we will look at graphical tools which can
represant the internals of a task. Thess tools. feﬁfesent _ths
software of the sgste@ at é lower level of abstraction than the
pravious set of taools. Thag are mare désign tools than
specification tools and are close to automatic sof tware

gensration tools.

' Two different graphical tools will be considsred in this
saction: Communicating Finite State Machines (CFSMD and

Specification and Description Language (SDL). -
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2.3.1 Communicating Finite State Machines

Since tasks communicate between themselves, uwe éan use
éommunicating finite state machines to show not only the
internals of tasks but also their relationships with other tasks.

A similar cencept has been applied successfully to the

description of communication protocols CBOCH 781].

Three types of states can be distinguished in tﬁese diagrams:
wait states (which are representéd by a double.circleJ, decision
states and transient states. The wait states indicate that the
task is not running but is paiting instead for soms infprmation
in the form of a messaéa, a rendez-vous, stc... depending on the
cperating system or céncurrent language usad.ﬂ Whean the
information 1is received, the task may leave the wait state
through al”double”'arc. This “decuble” arc represents a transition
which occurs as tﬁe result of an action in anothar finite state
machine. The de;isicn states are usad to choose betuween different
execetion paths depending on availsable information. The transient
states rcan be used to Fepresent internal task activities. The.

graphical syntax Just described is noct a standard Form of

communicating . finite state machines, but it can be used

efficiently for task description.

A simple example of communicating finite state machines Ffor
the description of tasks .is shoun in Ffigure 3.11. In this
example, task A leaves state A.3 after receiving a message sen;
by tesk B in the transiticn From state B.EJto B.1 in B’'s state

machine. This is what is meant by communicating Ffinite state
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- FIGURE 3-11 DESCRIPTION OF TASKS USING COMMUNICATING FINITE
STATE MACHINES . ‘
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machines. A decision state is used in task A's FSM tc show a

decision Dbased an the maséage the task rsceived From tha system

environment (likélg'thrcugh an interrupt routine).

Communicating_Einite state machines are a uéaful dasign tool.
By analgsing'the reachability tree of the joint étate machinas of
all the tasks in the sgstqm, certain error conditions such as
deadlock can be detected. These Finite state machines can alsoc he
used to generate skaletcn cdde. The state machine would then be

implemented directly iﬁ softuare ghd the programmer would simply

have to code the zctiaons.

_However, as with the taools discussed in ths previous section,

this. tool 1is not designed for non-expert users, as real~-time

scftﬁare expertise is required to efficiently map the Sgstem

requirements into tasks described Sg communicating finite state

+

machines. '_ | | \\
8
3.3.2 SOL ‘ ' "

SOL was introduced as a Specification and ' Description
. s _
Language Ffor talecnmmunica;}an systems. It is being recommended

” . 4
to the Internaticnal Telegraph and Telsphone -Cons:ltative

Committee C(CCITT) as a standard CCCIT SZ1. In this context,
specification is defined as the description of the required

system behavior whiie description relates to the actual system

behavior. / :>

SOl has =a rigidly defined égntax and includg a number cﬁ_

different diagréms. Bldck:;}agrams are used tec describe sgstemsu
. e L3 N - -- ) - el
| v : - - . . ' < . ’ \‘
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Eazh .block can then be modelled by one or more processes which
can be reprasantadlbu process graphs. Process graph look like
Flowcharts with a number of extensigns to express such concepts
as communicetion between processes and state transitions within a
process. SDOL can thus describe the system at various levels of
abstraction. It was cons:iderad in this section on low lavel

design tools because they can be used all the way to the lowest

level.

SDL 1s directed towards the design of complex
telecommunication systems by expert designers. It 1s not a
general purpose tocl for all types of systems. [ts importance

lies in becoming a standard specification and description tool by

the CCITT.

2.% CONCLUGING REMARKS

In this chapter, a number of different graphical tocl uwere

described. " In general, all these tcols have a number of short-

comings which does not permit their use for beoth the

specification and des:ign of event driven microprocessor systems.
L4

Petri n=ts' may be useful to model t%e system at the design level,

buﬁ contain toco much information to be suitab;g“ for the

specification of these systems. Data flow diagrams can bg used

for system specification but would require certain modifications

to be used for lower level design on a von Neumann architecture.

ACP diagrams and structure diagrams_;zésume a particular

73
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multitaaking  environment and some axperiencé‘bg the u=se2r to be
mble to fhink in terms of this enQircnment. Communicating finite
statme machines describe the system at a low level of abstraction
which cannot bhe raachﬁd direétlg from the system requirements
without a lot of design sxperience. Finally, SOL is a complex and

complete toolset valid for certain classes of systems but which

again requires expert usars.

The main conclusion of this chapter is that thare exists. no
graphical togls which permit the non-computer sSpeciaslist to
specify an event driven system. Such a tool would be needed to
interface the system requirements with lower level design' tools
such as communicating finite state machines and other tools
Familiar to computer specialists. éresentlg, as no such tool is
available, the wvarious system actions are usually partitioned
into tasks (in a multitasking system) or assigned to processors
(im— a multiple processor system) in an ad hoc manner. This dces
nét neccesarily résult in an acceptable system performance as
real-time constraints might not be mst. in such cases, the
sclution ‘is either to speed-up the processor(s}, add more
processors (in the cﬁsa of a multiprocessor system) or change the
partitioning and prioritiss of certain tasks. Thus, tools that
would ease the partitioning of systems actions into tasks or the
assignmsﬁt of actions to processors by verifying  system
perfcrmanﬁe before implementation would be very welcomed by

system designars.
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CHAPTER 4

PROCESS ACTIVITY DIAGRAMS

As strassed in tha pravious chaptér, £hera is a nemd for a
graphical specificaticn tool for event driven systems which can
be used by non—computar specialists. It would also be useful if
this tool could help the system designer in a multitasking
environﬁént visualize the various actions that must be executed
by the processing system in order that he may be able to better
partition these actions into the various tasks of the system.
This chapter introduces Process Activity Diagrams (PAD’s), a

graphical tool developed for such purposes.

The first section of this chapter will discuss processes and
activities, the building blocks of PAD’s. PAD's have two
graphical components, Activity Sequence Networks (RSN's) which
will be intreduced in section two and Activity Timing Charts
(ATC’s) which will be described in section three. Finally, in

rs._\:ssc;tir:m four, PARO’'s will be compared to some of the other

ésgﬁg%phical tools discussed in the previous chapter.

.1 PROCESSES AND ACTIMITIES

Event driven systems can be specifisd at a number of levels

of abstraction. At the highest level of ahstraction, a system
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will be considared as baing made up of a number of ﬁrncessas.° In
this context, a process is defined as a s=ries of actions which
must be sxecuted in respcnsertu some external evant cccurring in
the su:tem's'éinvironmant.‘ These proégssss can be Further

LN
partitioned into sub-processes, and so on until the lowest level

of interast to the system dqsignar is attained. The entities at
this level will be called activities. An activity is defined aéla
meaningful sequence of instructions which 1is executed from
beginning to end without mait}ng for additional data from other
activities. This is, in essence, the same meéning as in section

2.3.

A process can thus be decomposed into a number of activities
which must be executed in a &iven sequence and within a certain
time C(if real-time constraints afe present) in response to an
-;;tarnai event. Process activity diagrams [{KRIE 8681 have tuwo
graphical components, Activity Sequence Networks CHSN*SJHmanqhH
Activity Timing Charts (AIC’s), to represent these concepts. The
Activity Sequence Netuworks (ﬂSN'sj are used to show the
sequsncing T;elationshiﬁs betueen the activities of a procesg.
They are a modification of the data Eibu graphs which where
presented in the last chapter. The Activity Timing Charts (ATC’s)
are used to illustrate the timing requirements of the wvarious

activities within a process. They are related to bar charts and

Gantt charts C[CHAS B811. -
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4.2 ACTIVITY SEQUENCE NETS

Like data flow graphs, the ASN’s are composed of’ a number of
nodes connected bg-directed arcs. Savsﬁ different types of nodas
are defined to represent all activity sequences and their
associated control flow. These varicus nocdes enable the designar'
to express such -schemes as concurrent exscution of éctivities,
choosing between different activity ssquences depending on some

condition, time-outs, etc...

The dirsected arcs are calied triggers. The triggsrs are said
to be activated when the condition they represent has besn
saéisfied. This activation is. only momentary as it is the
responsibility of the node to remember or d;sregard the trigger.
There are two types of triggers: internal and external. Internal
triggsrs ragpresent conditions inside the network such as
availability of data, completion of activi;ies, atc... They are
{llustrated és arcs which originate and términafe-at nodés in the
same network. External triggers, on the other hand, are usually
genserated as a result of conditions in the "outside world”; an
example would be an interrupt generated by scéé 1/0 'Heviﬁe.

Graphically, an external event is represented by an arc with nao

node at its origin, just a label identifying the external event.

The wvarious nodes of ASN’'s will now be presented, starting

with the activity initiator node.
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4.2.1. The Activity Initiator Node

The activity initiator node is the most basic node of the
ASN's as it is the cnlg gne that Qedls dirmsctly with the
execution of activities. An activity initistor node is shown in
Eigufé 4.12. The aétivitg initiator node may have any number of

input triggers <(arcs incident to the node) and any number of
output triggers (arcs directed cut of the nodel. The input
triggers represent conditions that must be satisfied before -tha
activity associated with the node mag be started. These
conditions may be relatsd to availahility of data (an activity
may only start‘mhen all its input peramstsrs are available) oar
they may represent control information (for example, precedancs
relations between activitiss not based on actual datal). UWhan an
input trigger is activated, the activity iﬁitiator node remembers
it until all the input triggers of the node have been activated.
At this point, the node forgets past input triggers and the
activity associated with the node may be executed. Once the
activity is terminated, all the output triggers are activated to
inform thé other nodes connected to tham that the activity +ts

completed,

The activity initiator node concept is similar tao the
operator node in data flow graph. As the name activity impliss,
the activitg initiator node deals with higher level functions
than the operator node in data flow graphs. In addition, the arcs
in data Fflow graphs may only iqgicata data dependencies (data

Flow), while the triggers in ASN's can alao represent control

Flpw.
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An exampl; of a partial ASN using only ﬁctiyitu initiator
nodss is shown i; figure 4.2. From the cperation of the activity
initiator node, the behqyior of this ASN can ke describ;d\ as’
follows. Activity AL can QEEU be started once the external event
S has c?currad.-when it 15 completed, activities AJ and Ak may .be
starféa immediately, depending on the availability nf_prccsssbrs.
ﬂctinﬁg An can only start once baoth activitiaes Aj-and Ak are

tsrminated. possibly. becauss it . needs data from both of thess

activiﬁies.

és can be seen in this simple sxample, concurrency between
the activities is éhomn gxplicitly in ASN's. fhis concurrency
will only be resl ié the system is implemented on a multiple
processor sgstsm and activities ARJ and ARk are assigned to-

different procsessors in the same period of time.

4.2.2 Rdditional ASN’'s Nades : :

™.

An ASN describes a process, that is the ssquéﬁce of
activities which is executed in response to an extsrnal; event.
For this reason, every ASN is started by an external event,
simply denoted as the starting svent of the ASN. In Figure 4.2,
-event S is the starting event. To indicate that a reﬁponse to an
avant (a process) is terminated, an END NODE is needed. The END
node is §implg illustrated by a circle with a capital letter "E”
insids, as. shouwn in fFigure %.3. The operation of this node is
quite simple, the node will remember ali activations of i?s input
triggers and when all of them have been activated, the ASN is

terminated., This node is the only one which does not have any
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cutﬁht triﬁgars.

To represant more complex saequences of activities, additional
nodes nead to be defined. Thesa ars the branch, merge, wait, gate .

and timsr/countsr nodes which will now bhe presented. .

An important addition to tha_Ehpabilities of fhe simpla ASN
described in figure 4.2 would be the ability to cheose betuween
various saqusn;es of activities d;ﬁsnding on some condition. The
BRANCH NODE (figure 4.4) provides such a feature. It operates as

Eéllous: it remembers all occurrences of its input triggers and

when all of them havé been activated, a condition variable &s
examined, and only the output tbiggér(s) corresponding to the
pfopgr condition iﬁ(ate) gctivated. in the ‘ﬁSN diagrém, the
BRANCH node is raprésaﬁtsd by a circle with a capital "B” inside.

The condition variable is indicated inside an ellipss while the

ccndiﬁicns are labeslled on the output triggers.

The BRANCH node will create different paths ‘Cact;vitg
sagquence) in thse ASN's which will not hs-axECutaq‘ concurrently
becauss triggers will only be actiwvated in the path selescted by
the BRANCH node. At some point, these paths must merge back
together and‘since all the cther ASN nodes are of the “AND” type
(i.e. ‘éLL their input triggers must have been activated for some
action to occurl) an "0OR” type node ‘is ne%ded. This is the
function of the MERGE NODE (figure %.5) which will activate all
itéJ output triggers when ANY ONE of its - input triggers is
actibate&. Note that, unlike the other nodes, the MERGE node does

‘'not need to remember the activation of its input triggers as it
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immediately takes action when any one QF its input triggers is

activated. ' &

The emphasis in Pﬁn's is to represent concurrency not
branching. This is why any node, except the end node, may start a
concurrent activity sequence by having more than one ocutput
trigger. Also all the nodes seen so Far, except the mergs node,
can join back thess parallel paths. However, all these nodes have
a Eunctioa associated with them. In some cases it is necessary to
Join concurrent paths without executing an activity or checking a
conditior. This is the purpose of 'the WAIT NODE (figure 4.8
which operates as a simpie "AND" gate. It remembers its input
triggers and, when all of them have been activated, it simply
activates all its output triggers. It can thus be ccns}ga;ed as

an activity initiator node without an activity.

To provide a hetter understanding of the operation éﬁd
interaction of the nodes introduced so far, figure %.7 shows an
example of an ASN which includes all these neodes. Whesn the
starting event occurs, the condition variable "a” is tested. If
it is true, activities Ai and A) may bhe started concurrently,

otherwise activity Ak will be executed. The wait node is

‘necessary  in this example tc make sure that both activities Ai

" and ARY are completed, before this path of the branch node ("a”

truel) is merged with the other path<C”a".Ealse). The end node

will be reached when either path is completed; as only one was

activated, -this is correct.

In certain cases it may be required to block the propagation
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of triggers if certain conditions sare satisfied. If theas
conditions bgn be represented by triggers, then a GATE NOOE
(Figure %.8) can be used. The operaticon of this node is slightly
more complex than the other nodes as it has twc additional
inputs. Thesel are the enable input represented by =a small light
square on the edge af fhs circle and the _disabla input
represented by a dark square. Only one trigger may be connected
to the enable and disable input of the gate. 1If more than one
trigger is requi}ed then a wait or marge node may be used prior
to the enable or disable input. The gﬁée node may alsa have any
number of input and output triggers. 1t operates in the same
manner as the wait node with one major difference: the gate only
remembers triggers when it is enabled. Initially, the gate 1is
disabled; it must be enabled by the activation of é trigger on
its enable input. 0Once enabled, the gate may remember its ‘input
triggers and if all of them have been activated it will activate
all its output triggers and automatically disable itself.
However, if.its disable input is activated, the gate loses 1its
memory by forgetting all past input triggers and ignores all

Future input triggers unless it 1s enabled again.

=

The TIMER/COUNTER NODE (figure 4.9) is the mést complex node.
Like the gate node it has an enable and a disable input, but it
may only have a single input trigger. Initially it is disabled
and not operzaticnal. When it is enabled (by the occurrence of é
trigger on its enable input), an initial value (represented by a

counter variable in the ellipse beside the node) is entered in

its "“counter register”. Once enabled, it will count the

Y
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activation of its single input. trigger, by decrementing the
"counter register” by one each time the input trigger is
activated. If the count reaches zero it will activate all its
. output triggers and automatically disable itself. However, if at
ahg time its diséble input is éctivated it will stop counting and
must be enabled again toc operate. Note that when it is re-enabled
the )in;tial count is loaded once more in the "counter registec”
Cthe ‘ccunt does not resume where it left off). If the input

trigger 1is the system clock (usually defined as an external

event), then this node operates as a TIMER node, otherwise it is

COUNTER node. -

Te wunderstand the usefulness of the gate and timer node, an
example of an activity with time-out (figure 4.10) will be
discussed. In tKis example, the starting event will enable the
gate and timer nodes as well as initiate activity ALi. The timer
will then count clock pulses. If the counter reaches zero (the
time allowed for the execution of activity AL has expired), the
gate node 'will be disabled blocking the propagation of the output
trigger of the activity initiator node in‘ case activity Al
terminates. Herver, if activity Ai is completed before the tlhér
expires, then the timer will be disabled and the activity

initiator node output trigger will ‘be allowed to propagate

through the gate.

%.2.3 Remarks on ASN

Now that all the ASN nodes have been introduced, certain
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remarks and rules will be made concerning their use and

intsrconnections:

— Emch ASN describes one process, hence several ASN's are

reguired-to spacify a system.

- Every ASN must have one and only one starting =avent. "It may
have more than one extsrnal esvent (external trigger) but only one

of them may start the ASN.

- Initially an ASN is said to be "dormant”™; it is "awakenad” when
the starting event cccurs and goes back tc "sleep” when the end

node is reached.

-

- When an ASN is awakened, all its gste and timer/counter nodes

are initialized in their disabled state.

- ASN =are =2 nested construct: a high level activity can be
expanded intec an ASN when refining the system specification. In
the same manner, &a portion of an ASN can he considered as a

single activity when specifying the system at a higher level of

' abstraction.

- An ASN may contain a faedback path, that is, an output trigger
of a node can be brought back in the ASN (via 2 merge nodel to a
point brsvious to its own input triggers. It is called =2 fesdback

path since the triggers in the path may be activated once more.

- Note that the Ffeedback trigger must go to a merge node.
Otherwise deadlock will occur, since a node would be weiting

forever for a condition which could only occur if the node would



Fire its output triggers.
- All the activitims started in the Ffeedback path must be
terminated before the feedback trigger can be activated. It is up

to the designer to make sure that the proper uwmit nodes ara

inserted in the ASN to insure this.

- Each ASN must terminate with cne END node unless it has an

\;gponditicnal feedback path which means that once started, the

precess will go on forever.

- All nodes, except the merge and the timer/counter, perform =a
logical AND function of their input triggers before taking some
ﬁction. Since it has been defined that the triggers are only
activated Ffor a short period of time (like pulses), 1t is tha
responsibility of the node to remember their occurrence. It is
importent to note that the node anly remamberé one occurrence of
a trigger activatjion, it doss not count them. These multipls

activations of an input trigger should not occur in a properly

canstructed ASN.

- In the case of the branch nede, the different conditions
associated with the condition variable must cover all possible
values of the condition variable withouﬁ any averlap. In other
words, it is essential that there is almags one and only one of
the different conditions that correspbnds toc the condition
variable. This rule is necessary because if there would be a
situation where no condition represants the state of the
condition variable, the brench node will not activate any OE'itS

output triggers, blocking the ASN at this point. Also, - if more

as



than one condition is satisfied, then an error will occur when
the diffarant paths are merged back together because multiple

triggering will result.

- If needed, data flow between tha activities of a process can be

indicated along thé triggers in the same manner as done in data

fFlow graphs or in Buhr's structure diagrams.

4.3 ACTIVITY TIMING CHARTS

The purpose of Activity Timing Charts C(ATC’'s), the other
companent pf PAD's, is to illustrate the execution tiﬁe of =
process by combining the varicus execution time of the activities
which make up an ASN. Each activity associated with an activity
initiator ncde is repregentsd by a timing bar as shown in Eigﬁre
%.11. The length of this bar is proporticonal to the eaxecution
time of the activity. Since an activity usually needs input data
and produces some result(s), this execution time can be
decomposed into three distinct time intervels: the input data
transfer time, the execution time of the activity itself and the
Qutput data transfer time. During early design stages, these
éimas are undefined, hence estimates or bounds (maximum or
minimum times) may be used. Nots that sven once the activity is
implemented (coded), its exscutian time may not be fFixed but data
dependsnt. The dafa transfer times are also highly variable as

—they depend on the system’'s g;chitecture énd the communication
mechanism used. Hence, average or worst case (maximum) execution

times may be used in the early design stages.
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An example of an ATC which corresponds to the ASN of figure
4.2 is shown in Figure %.12. AIC’s are useful to get a ;ough
astimate of the system’s rasponse'time to external eaevents. The
sxecutién tims of - an ASN would be equal to the length of the_
longest activity ex;cuticn path. Néte that these diagrams assume

that activities are executed as scon as they are ready to run and

that thera is =aluways & processcor free which may execute the
activity, hence providing for maximal concurrency. Note that the
QIE_can cnig show a single scenarioc for each ASN., IFf there is a
branch or gate node, a different adfi@itg sequence -will be

axacutead depanding on the path chosen. Thus, a different RIC must

be derived for sach different path through the ASN {(or 'scenario).

*- ——

By using techniques such as CPM (Critical Path Method) L[RIGG
771, it 1is possible to Eiﬁd which activities could benefit more
Ercm a reduction in exscution time (by using a faster processor
or a bstter algorithm). Uhen probabilities are associated to
activity execution times, PERT (Program Evaluation and Review
Techniquel [CHAS, B1l1l can be usad toc obtain .expected pfocess
completian times. By looking at one ATIC or a group of ATIC’s and
checking which activities may be executed in parallel, it is also
possible to obtain an activity to processcr allocation which
maximizeé concurrency. This activity to processor allocéticn
defines the number of processors in the system and which

activities sach processor may execute.

Figure 4.12 alsc illustrates the nested property of PAO’s - as
the entire AIC can be considered as a single composite activity

at a‘higher level of abstraction. This feature of PAD’s makes it
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possible for the designer to complately apacify a system by doing
successive reafinements starting from & coarse specification of

the system. This will be discussed in more details in the next

chapter.

4.4  PAD’S VERSUS OTHER GRAPHICAL TOOLS

AsS presantéd in the previous chapter, a number of graphical
tools prasently exist for the design of concurrent systams. In
this sec;icn,_ PAD’s will be compared to same of thesse tools,

starting with data flow graphs.

“.4.1 PAD’s and Data Flow Graphs

fis mentioned previously in this chapter, ASN's can be
considered as modifications or extensions of data Flow graphs.
In this context, the basic data flow node, the operator node,
would be eguivalent to the activity initiator node in ASN's. The
other ASN’s node have similarities with soms of ths data Fflow
graphs node (like the distributor and selector node) but they

have no exact squivalence.

The major difference betuwsen these two reprasentations is
that ARSN’s are based aon control Eicw, while data Elﬁw graphs arse
based on data flow. In ASN's, data flow can be added to the
representation (via data tckens along the triggers as mantionqg\_
in the previous section), while in data flow graphs, control

variables can be used to simulate contreol flow. Hence 8 number of
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:ustéms can be described using either representation. However, if
the system is heavily data oriented then date flow graphs would
be preferred; on the other hand, in a highly contrel oriented

system ASN's would be easier to use.

4.4.2 PAD's and Patri Nats

Petri nets are eloselg related to data Flow grabhs. but
tokens in Petri nets can represent more than data Elom;‘ this is
why they h;ve gained wide acceptance as a tool to describe the
behavior of concurrent systems. For these reasons, it would be

more relevant to see how PAD’s compare with Petri nets.

To understand the relationship between Petri neté and ?ﬂn's,
an equivalent Petri net will be de:ived fFor sach ASN node. The
first observation that should be made 1is that in general,
triggers in ASN’s co;respcnd to places in Petri nets. fhis should
be obvious from the definition of these entities: in Petri nets,
the pressnce of a token in a place indicates that some condition
is saiisfied, mhilé in ASN, this is repressnted by thse activation

of a trigger. : —_

The equivalence of the activity initiator node (Figure 4.13)
follows directly from the abave observation. The input triggers
become input places and when a token is present in each nf these
places, the transition may fire, i.e: Iall conditions are
satisfied for .tﬁé execution of the activity. The activity is
repraesented by & delaged transition because tokens are inserted

in the output places only after the activity is completed. Hence
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ths dalay =asscciated with the transition is related to the

activity exscution tima.

Since the wait node can be considered as an activity
initiator node without an activity, it can be represented in
Petri nets in the same way as the activity initiator node. The

' only difference would be that a normal transition is used instead
of the delayed transition as there are no delays associated with

the "firing” of a wait node.

The branch node is more complex to represant in Petri nets.

The input triggers become places which must enable a number of

— transitions. Conditions must then be added to these ‘transitions
to indicate which one will firs based on the condition variable. .
Figure 4.1% shows an gxample of this equivalence. Depending on
the wvalue of variable "a”, transition Tl1, T2 or T3 will Ffirs,

thus putting a tocken in a2 different place.

The merge node is the simplest to represent in Petri nets as
it -does not really require ang.additianal place or transition.
The input triggers of a merge node are output triggers of other

—nodes (except for external events). In Petri nets, this can be
simply indicated by having output arcs of different transitions
diractéd to the same pléce. Figure 4%.15 illustrates ;he

equivalence of a merge node where a token from transition Tl or

T2 will snable transition T3.

The gate node is more complex to model in Petri nets because

of its enable and disable inputs. The gate can be considered as
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being in onme of tuwo states: anabled or disabled. To remember its
statm, a flip-flop like representation is needed since =a
,-.'

“transition behaves as an AND gate. This is illustrated in Figure

4.16. There will always be a token in either place D& or E’, but
nevar in both. Initially the gate is disabled, hence a2 token must
be -present in D', If the gate is enabled by puttiﬁg a token in
the “enable” input, Té will fire placing a token in E' to
effsctively snahle the gate. Whenever ths gaﬁe is enabled, the
"gate” transiticn will fire when-there is & token present-in =all

of its "input trigger” places. Note that if the "gate” transition

Fires, a token is inserted in D’ as the gaté-must return back to

its initial disable state after activating its gufput tr;ggers.
The gate can also bs disabled by putfing a token in the "disahie”
place and when T1 firss, & token 'is inserted in D’. Whenever the
gate is disabled, tokens }n the "input trigger” places afe
absorbed - by the transitions Ti to In since input triggers must

not be remembersd®uwhen the gate is disablsd.

The most complex node of the ASN, the timer/counter node is
also the most complex to madel in Petri nets. To model it

properly, the timer or counter variable must be shown explicitly

in the Petri net. The easiest way of doing this ré‘to use a token,
marked with the value of the counte; variable. A possible model
of the timer/counter node is shown in Ffigure %.17. This
rapresentaticn' is similar teo the gate node because the
timer/counter also has an enable and disable input. Note that the

figure shows the node in the enable state.
When the timer/counter is enabled, transition I2 Ffires,
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placing a marked token in E' with the value ©0f the counter
variable. This indicates that the timer?ccunter 1s now enabled.
Afterwards, each time a token is present in the "count” - place
(i.e. the ipput trigger occur), the marked token is taken ocut of
E* by transitinn TS, ftlecremented by one, and put back in its
place (provided that the counter has not been disabled). However,
if © the ccunter reaches zero, transition T4 will fire instead of
TS and the timer/counter will be automatically disabled by
putting a token i1n D’'. The timer/counter can also be disabled by
inserting a token in the "disable” ﬁlace enabling transition T1.
Uhen Tl fires, the marked "counter” token in E' will disappear

disabling the ccunting process. Note that any token inserted in

the "count"” place while the node 1s disabled will be abso)ﬁed by

transition T3.

From the "above discussigon it can be segn‘that in most cases,
an ASN node requires guite a number of places and +transitions
when translated intc a Petri net. To show the re?ulting
translation of a complete ASN into a Petri net, an example will
be given. Figure %.18 illustrates an ASN which contains all the
_ different nodes except the wait node. [ts operation 1s quite
simple; when the starting event occurs, activity 1 is started
with =a time-out as shown in figure %.10. If activity 1 Finishes
bé%ore the timer expires, activities 2 and 3 are started
cecncurrcently. When they are both completed a condition is
checked. If it is true the prccéss is terminated, otherwise a
Eeedbﬁck trigger is initiated. The correspending Petri net

representation of this ASN is shown in figure 4.18. Note that in
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this Figure, the end node is represented by a token sink.

Comparing figures %.18 and .19, it can be seen why PRD’'s can
' be considered as higher level constructs than Petri nets. The ASN

represaents this process in a more concise and simpler way than
Petri nets can. Petri nets can bettér illustrate the dgnamic
representation of the system by showing the displacement., AafF
tokens from input to output places. A similar feature ccufd be

dane in .QSN'S by showing which triggers have been activated by

placing a token along the arc.

In this section, it was shown that every ASN node can be
translated into an equivalent Petri net. By combining these
equivalent teprssentations,. it is possible toc map an 2ntire ASN
into a Petri net as wes shown in Eigures. .18 and 4.19. The
beghavior of an ASN can thus be modeled by Petri nets, except for
one particular point. It was mentioned in section %.2.3 that any
ASN node only remembers one activation of a particular input
trigger. However, miﬁh Petri nets, more than one token may be
fired in one place. In a prcperlg- constructed ASN these multiple
activativn of an input trigger should not occur. Therefore, only
a8 properly constructed ASN can be modeled correctly with Petri
nats (using the eguivalences given in this section) and the
resulting Petri net must be safe (or l-bounded). This property is
1mpcftant as tools developed for Petri net analysis can be used

on translated ASN.
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4.4.3 PADl's and Cther Tools

The other tools discussed in chapter 3 are lower level tools
than Petri net and daca Flow graphs. They deal explicitly with
the concept of task while ASN’'s represent activities. The mapping
Efcm ASN to one of these tools is not as straightforward as in
the case of Petri nets. Since a task corresponds to ons or more
act;vitias, the mapping will depend on the partitioning of
activities into tasks. More details on this subject will be given

when the uss of PAD's in the design of multitasking systems is

discussed in the next éhapter.

4.5 CONCLUDING REMARKS _. ’

PAD’s were introduced in this chapter by describing their
notation and syntax, and comparing them to some of the tools
surveged in thé previous chapter. It was shown that they can be
considered as extensions cf-.data flow graphs that can also
express caontrol flow explicitly. They can alsc he considered as
higher 1level Petri nets which are mainly restricted to the
dascription of concurrent systems. This is bhecause any ASN can be

translated in an equivalent Petri net, but not ail Fetri nets can

be represented by ASN’s.

Now that Pal’'s have been intreduced, it will be shown in the
next chapter how PAD's can be used in the specification and
design of a multiple microprocessor system. This will be done in

the case of a multitasking environment and in the case of a
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cantrally controlled system which can execute the ASN’s in a more

direct fashion, i.e. without mappingrtha activities onto tasks.
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—— CHAPTER S

DESIGNING WITH PAD’S

The design of any micrcprccessof-ﬁased system can be broken
down into a number of design steps as discussed in  the second
chapter. In this chapter, it will be shown how Process Activity
Diagrams can be used in the various stages of the design process.
The Ffirst section will describe how PAD’s can be used to map the
system’s requirements inﬁc a functional specification of the
system which.can be esasily understgood and verified by the system
desigrner. In section two, a specific system will be specified
qsing PRO's to illuétrate the concepts discussed in  the first
section. UOnce the system épeéifications have been deri;ed, they
are used to define and design the hardware and software component
of . the system. This will bhe discussed in sectioﬁ three withh-é

particular emphasis on the design of the software component.

S.1 PAD’S AS A SPECIFICATION TOOL

The requirements for a microprocessor-based system may come
from different sources such as marketing research cr, in the case
of one-of-a-kind special purpose Qgstems, they often come
directly from the end user. Some of these requirements relate to
general system characteristics, such as the cost of the system,

its physical size, its source of power and power ccnsumptién,
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atc... Other requirement deal directly with the actions that the
system must perform when interacting with tts environment. These
types of requirements can be mapped onto PARO’s to provide a
graphical specification of the system. Inwthis case, the ASN’'s
are used to show the required behaviecr of the system while the
AIC's can show the timing requirsments. In éhis saction, certain

aspects of  PAD’s which must be kept in mind during system

specification will be presented.

As mentioned in the previous chapter, a system must typically
respond to a number of different external events; hence, & number
of ASN's, each representing cone process, are required to specify
the system. These procsesses may be totally independent, in which
case, . the system weculd always execute the same response
regardless of conditions that “may be present in other processes.
Such systems would be fairly easy to design. Unfortunately, in
most systems, processes are somehow dependent on each other.
Dependencies between processes cannct be shown explicitly with
éSN’s unless their ASN’s are combined into one. Since triggers
are wuse to explicitly express dependencies, the nets would ke
cannected together thus Forming a single ASN. It is possible,

however, to express these dependencies indirectly throogh

external events por condition variatbles.

Process dependsncies can be expressed indirectly using
external events in the following way. An activity "i” in process
*A*, Ffor instance, may consist of checking some condition in the

system environment which, if satisfied, will result in an



external event which will start off process "B”. Note that 1in
this case, the starting event of process "B" would be depandent
on  the starting event of process "A”, since it can cnly occur

while activity ”"i” is executing.

.

Condition variables associated with branch nodes can alsac be
used t0 express process dependencies indirectly. As saen in tpe
previous chapter,” condition variables affect the sequencing of
the activities in a process. A process can thus affect the
behavior of another by setting a condition variable

appropriately. When used in this fashicn, the condition variables

can be considered as representing some glcbel system status.

.-

Ancther point to comsider when specifying a system with PAD's
is multiple occurrences of the same external event, More
preciseig, how should the system react if an external (starting?

.

event occurs while the response to a previous occurrence of the

same event is still being executed. In some cases, this should
not happen and the second occurrence may simply be ignored. In
other cases, each external event may have different data

asscciated with it. An  instance of the process must then he
created and executed for each occurrence of the external event.
Note that this problem must be taken into account in the design

-

phase when cheosing or designing the operating system.

To conclude this secticn, scme features of PAD's which ease

the task OF specifying a system will he presented:

- PRO’s are a nested construct. In a tep down approach, the

system designer can start with a high level view of the system,
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and then refine the PAD’s by expanding activities into a number
of lo?er level activitiss. These low level activities must bhe
complex enough to Justify the overhead assdciéted with scheduling

the activity, géi simple enough to maximize concurrency.

- The time of the lowest level activities can be estimated and
using RIC'S, the minimal execution time of a particular ASN  can
be determined. The feasihility cf meeting real-time constraints

can thus be assessed at this level.

-

- The two graphical component of PAD’'s, ASN's and ATC’'s can be
implsménted as a Ecmpeter Aided Design (CAD) toel. A graphical
editor can be used to enter the specification of the system using
the ASN notation. The syntax of the diagrams eould then be
verified automatically on the computer. Errors such as missing
triggers, multiple triggering (caused by the improper use-of a
merger node) and deadlock (when an input trigger to an activity

will mever be activated) could be deitected.

S.2 SYSTEM SPECIFICATION EXAMPLE

To "illustrate the ideas presented in the previous section, a
specificaticn example will be discussed. First, = brief
description of the system will bhe given, then thé requirements
will Ibe pointed out and finally, from these regquirements, the

system specifications will he derived.
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S.2.1 System BDescription .

The system that will be specified in this section is an
industrial control system Ffor a conveyer which is capable of
automatically sorting boxes to a number of destination cConveyers

—

(Figure 5.1). This example is loosely based on an actual system
briefly ocutlined in CPAWL B41. Boxes would be manually lpoaded on
a‘ number of Feeder conveyers which are caonnected to an
accumulator conveyer. The accumulator conveyer has rollers which
are free wheeling allowing the boxes to roll on the conveyer
close to each other, but the rcllers may also be engaged Forcing
the boxes to move. This mechanism is used to regulate to flow of
boxes teo a distribution conveyer which is connected to the end of
the accumulator conveyer. From the distribution conveyer, the
boxes would be automatically routed tec their proper .destination
conveger. All the destination conveyers are connected to the
shipping conveyer which is used te sena the scrted bbxes to the
loading docks. To simplifg the example, only the control of the

accumulator, distribution @ and destination conveyers will be

considered.

S.E:E System Regquirements

The system requirements (which are adapted from [PAWL B41)

are as follows:

- Boxes fed to the distribution conveyer should be spaced Ffar

apart to prevent Jamming and errors in the sorting.
- A bar  code readef must be able to read the product code and

. 117



ACCUMULATOR

CONVEYER
BAR-CODE
READER
\ ]
~ OPTICAL

"/ _SENSORS

DISTRIBUTION
CONVEYER

SHIPPING CONVEYER

FIGURE 5-1 AUTOMATIC SORTING CONVEYER

118



destination of the box.

- —

- The boxes must be sorted correctly onto the destination

conveyers.

- Simple optical sensors are used to check for the presence of a
bex at the variouys connecting points between the distribﬁtxon and
destination conveyers. There is also a mechanism to eject the bex

onto the destination cenveyers at these points.,
o

= If 2 box is jammed in the system or a sorting error cccuré. the
canveyer must be stopped and anm alarm activated to request the

-

assistance of a human operator.

- A minor alarm must be reported when a box is received . in,
damaged condition at the destination conveyer. This condition
would be detected by scme special sensor located on eacﬁ’

’

destinmation conveyer.
- All alarms are to be recorded on a printer.

. — Stetistics must be kept on: products takern out of the
warehouse, number cof boxes routed correctly in the system, number
of damaged bhoxss, down time of the cﬁnveger and number of boxes

in the system at any time.

5.2.3 System Specification
S

The first step 1in the specification of a system s to
identify the major processes uwhich make up the system. By

examining our system’s requirements, the following processes

118
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would be neaded:

- "Box Spacer” frocess: this process would be ‘responsible for
making sure there iIs enough space  between boxes on the

~ ' -

distribution conveyer.

- *Prcductl & Destination Determination” Process: this -process
would take care cf reading the product and destination bar label
qn the box, ugﬁating éhe proper databases and setting LR some
kind bE_ routing table so that thé box is sent to the proper

gestination conveyer. _

- "Box Ejection” Process: when a pox arrives at a’ connecting
Faint between the distribution conveyer and a destimation
conveyar, this process mpuld be required to decide (based on the
routing tablel what sﬁould be done with the box; to let it go by

_— - —

or ejgct it on the destination conveyer.

—'"Dlstributicn Conveysr Moniter” Process: this process would be
responsible for monitoring the distribution conveyer to meke sure
tsat no boxes are Jammed gor sorted incorrectly. There is no
senspr in thé sustém that can precisely detect if a box .s Jjammed
or sorted incorrectly. Since the speed of the. distribution
conveger_ is knowun to the control system, it can bz estimated
Fairly accurately when a bo» shauld arcive at each destinat.on
conveyer i.e. at- each optical sensor). Hence a box will be

assumed Jammed or  wrongfully serted if it does not reach.” the

'nptical sensor in time.
- "Damaged Box Report”™ Process: this process would report 2 miner
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alarm when a box 1s received in a damaged condition at a

destination conveyer.

This

sett of processes represents only one of the  possible

partitioning of the various Ffunctions of the system into

processes. These specific processes were chosen because  they

fFollow

naturally from the reguiremsnts of the system. The next

step is to specify these processes using RASN's. "This requires

defining

the starting event of each process and the sequence of

activities which must ‘be executed in each case. As with any

design

tonl, a number of iterations are required &o praperly

specify a system with ASN's. Thesz iterations will not be

discussed here, as they would cnly complicate the presentation;

only the final specificatiorn will be described, - one process at a

time.

-which

The

conveyer

It
conv
is

must

must
eger
thus

be

First process considered is the "box sSpacer” process

is really respensible fer controlling the accumulator

2t the point where it meets the distributicn conveyer.
be continuously ivunning whenever the distribution
is operating tc maintain spacing Eetmeen the boxes. It
started when the distributien conveyer is started and

"killed” when the conveyer is stopped. ™ The ASN

corresponding to this .process is shown in Figure S.2.-

The

control o©of the spacing between the boxes is basically

done by engaging or not the rollérs on the accumulator conveysr.

RS

can

be seen in the ASN, .uwkan the system 1s started, the
- .

accumulator conveyer is endaged. When a~box arrives at ‘the end of

™~

-

bl
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the acgcumulator conveyer, it is detectad by the coptical sensor,
triggering an external event which-disangages the accumulator
conveyer. A timer which was started after the conveyer was
engaged is wused tc make sure that the box is not sent to the
distributicn conveyer (i.e. the accumulater conveyer 1is not
turned hkack on) before the proper spacing is obsarved betwean
boxes. This is the feascn for the wait nade before the feedback
path. Note that the external clock used bg'the timer must be
synchronized with the speed of the distribution conveyer tao
ensure the proper translaticn of space bhetween boxes into time
7betmeen boxes. This process is ended when the distribution
conveyer 1is stopped. This is :illustrated by an external evant
"which will make éure that the accumulator canveyer is'disengaged
before the process is terminated. Remember thaﬁ when a process is

terminated (i.e. the end node is reached), all the activities

being executed fFor this proccess are aborted.

The next process, the "product & destination_ determination”
process only needs to be carried cut when a box passes hy the bar
ccde rezder. An optical sensor can be used to detect when the box
reaches the bar ccde reader or it can be assumed that the reéder
can d%Fect this by itself. In gither case, this wou}d cause the
external event that starts this process. The first activity
(figure 5.3) which must then be exescuted is to read the bar code
to Find out waich product is bheing taken ocut of the warehouse énd
its destination. 0Once this is =sstablished, three activities may
be started concurrently tc update the inventory database and the

statistics of the conveyer process, and to setup information
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which will be used to route the box to its: proper deéstination.
Note thét‘ a serialization can be forced wupon thess three
processes (i.e. executing them in sequéncé rather than in
parallel?l butJiE only data dependencies are considefsd, there are
no reasaons why they canmnot he run ;n parallel. These activities
may or may not be executed in parallel in the final sgsée ;. this
will depend on implementation details, but at thé spacification

level, all potential concurrencies should be shown in the ASN's

to provide for the best possible response time i1in the design

phase.

1

Once a box has passed the bar code reader, the distribution
conveyer will carcy it along until it is ejected on one of the
destimation ‘conveyers. Just before an intersecticon of a
destination and distribution conveyer, an optical sensor is Qsed
to alert the system that a hox has afrivéd. This will start ofé

the "box ejecticn” process (Figure 5.%).

At this point, a simple decision must be.made:lshculd the. box
be ejected from the distributiocn conveyer onto the destination
conveyer or should it ﬁe left alone because this is noct its final
destination.: The deciéicn cannct be made by reading the bar code
once more since there is no bar code reader at this location. Cne
solution is to use "routing” queues which must be updated in the
"product & destinatien determination” process. This scheme would
operate as follows: each destination conveyer would have a8 queue
associzated with it. Each element in the queue would correspond to
a box that should go by this destination conveyer and would
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contain two fields: one indicating if the box must be ejected or
not and the other indicating the time of arriwval. Hence the first
aééivitg in the "box ejection process” is to vafifg the First
glement in the queue to find out what to do with the 'box. If the
box needs to be gjected, qEn activity to do so will be saxecuted

and the conveyer statistics will be updated (one maore box arrived

at its destinationl.

The actibitg "setup rcute';nformation" in the "prc@uct Z
destination determination” process is responsible for adding the
proper elements to the ‘’routing” queues of the various
destination conveyer. If thé déstinaticn cf the box is the
conveyer i, then an entry will be added to the gqueuss of
conveyers i to i-1 indicating the time-the hox will go by that
particular ccnveqer and that the box must be left alone. An entry
will alsg he‘adséd to conveyger’'s i dueue inﬁicating the atr%val

time of the box and that the box must be ejected at this peoint.

ALl the cther gueues will nct be modified since the box will not

go by these conveyers.

Note;that a "box ejection” process must be started sach time
2+ box reaches any of the destination conveyer. Since it can be
assumedﬂﬂﬁﬁat cnly on box may be at one of these location at a
time and that the process can be compleﬁed‘befcre thelnext box
comes alomg (otherwise it would not be ejected in time), a
specific copy of this process can be made for each. destination
"conveyer. In this case, each_cbtical senspor would generate a

different external event which would start the process associated

with that particular destination conveyer. Another solution is to
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create ‘an instance of this process each time a box goes by any
one of the dastinaticn conveyer. This would be thea case af
multiple starting event with different input data; the input data
would simply be the ID of ths destination conveyer. #The decision
of 'thch scheme to select depends on the features of the
'cpsrating system usead. Hanzs, this will aonly be dons in  the

design phase.

Another rsquiréhent which must he met in our system is to
detect if a box is jammed or inca%ractlg sarted. Since there are
no sensors  that can actually identify this situation, a
manitoring process mqst be defined to constantly check for these
conditions. Téé "distribution conveyer monitor” ﬁrocess (Figure
5.5 will serve this‘purpcse and will alsc be responsible For the
operation of the distribution conveyer. 'Ihé starting event for
this process is thus the start-up of tha system. Its Ffirst
activitg.will be to start the distribution cnnvegér. It willxtheq”
be respdnsible fFaor generating the external clock in
synchronization with the conveyer speed. Note that this is the

casg of an activity generating an external event which will be

used in another process.

The monitoring portidn aof %his process is deone in between the
update to the clock. At this time, the process will check all

"routing” queues toc make sure that no boxes are late or early. If

fu

'a box is late, it will be assumed that it 'is Jammed or
incorrectly sorted ‘(ejected into a previous destination

conveyer). 'If a box is early, then it can be assumed that this
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box should not have arrived at this conveyer, hence the previous
conveyer did not eject it an&—it will be incorrectly sorted. In
theses ceses, a major alarm will be reported and the cenveyer
will be stopped, endingw;he process. The alarm should be audible

since human intervention is required before the conveyer system

may be started again.

Tha last process in this system, the "damaged box report”
process 1Is the simplest one (figure S.SJZ .uhenever a box |is
detected to be damaged by some advanced sensor, a minor alarm is
reported on a pq%nter Cand perhaﬁs on some light indicator panel)

and the statistics for damaged boxes are updated.

Ihe. entire automatic routing conveyer system would require
moré processes than the ones just described. For instance, man-
machine interface processes are required toc check the system
status, printout statistics, etec... But this simple set of
processes was shown to illustratg how Activity Sequence Nets can

‘be used to specify an actual system.

S.3 PAD’'S AS A DESIGN TOOL

Once &z égstem has been specified using PaD’'s, it is possible
to wuse this notation to carry out the specificaticﬁ inta -an
implementation. This involves partitionihg the system inﬁc
hardware and saEtuaré components and designing these components.

In a multiple processor system, it must also be decided how many

and what type of processors to use, how they should be
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interconnected and . how the software componegnt is to be
partitionad bstueen the various processors in  the system. The
answer _Icpxh§;;~;Lastiuns depend on system requirements such as
cost, physical sixe, real-time constraints, etc... PAD's can help
make' these decisions, but the method to use depends con the type

of envircnment that the system will be implemented in.

In this section, two diEEé??nt design‘apprcaches will be
ﬁresented. In the first one, the L‘c:lassi::" apprcach to real-time
system design will be taken by using 2 real-time multitasking
operating system. In this case, the schedulahle entity in the
system is the task. Since PAD’'s do not deal explicitly with ;he
concept of tasks, it will be shown haow they can help the system
designer define the tasks in such a way as'tc minimize certain
ovefhead ‘associated | with real-time multitasking agperating
systems. The seccnd approach that will be presented 1is more
adapted tec PAD’s, Sinég‘instead of working arcund tasks, a system
executive that can directly schedule activities will be used.
These design envirormments will be referred tﬁ as multitasking and

multi-activity respectively.

$.3.1 Design in a Multitasking Environment

The major difference between a task and an activity is that a
'task-mag decide to stop and wait for_additicnai-data bhefore going
ﬁn with its execution. This is illustrétad by the wait stste in
figure 2.7. An activity, on the other hand, cannot wait Ffor
additicnal data once it is startgg. An activity can thus be

consideraed as a simple task which waits for its input data, does

-
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its computations, seﬁd back its results and goes back to waitinﬁ
For its input data, ready For the next time it _ is requiré&l
However, to reduce the inter-task communication requirements,
activities can be grouped‘ﬁagether into tasks (activities that

are grouped together in the same task can share data directly

without the overhead of inter-task communicationy. ' 4

FAD's can help the system designér choose which activities to
grbupJ together. Using the simple example of Ffigure 4.2, for
instance, we co;ld group activities A1, A) and An together to
Form task A and activity Ak could fForm task B (as shown in figure

5.7). Using an cperatin§ system with message passing and 2 non-

blocking send the pseudo-code For tasks A and B would lock

something like this:

TASK A

D0 FOREVER
BEGIN

wAIT for El1

gxecute activity A1l

SEND data to TASK B

execute activitg Aj

+ WAIT For result from TASK B

execute éctivitg An ‘

END
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TASK B
DO FOREVER
BEGIN
" .wAIT for data From TASK A
execute activity Ak

SEND result back to TASK A
END -

- -~

t

The internal of tasks A and B can alsc he represented using
the - communicating finite state machine nctatien dissussed in

chapter three. The resulting representation is shown in figure

5.8. ---

-
The grouping of activities into tasks in this example was not
totally arbitrary. Faor instance tasks AJ] and Ak were del:berately

assigned to different tasks to maximize COnCurrean;/;ﬁgfzvitleS

'
AL, AJ and Al were probably grouped together because they needed .
to share ﬁore information between themselves than with activity

Ak. Hence, when grouping activities into tasks, the folliowing

. points must be considered:

&

- By mapping ' concurrent activities tc different tasks, the
réspcnse time of the system can be 1ncreased. This is especially
true in the case of a multiple processor system 1f the concurrent

tasks are assigned to different processors. \‘

-

—“when an arec in the ASN 1s cut to group activities together,
some Fform of inter-task communication is required to maintain
synchronization between these activities and posgibly to transfer

data. Thus by cutting arcs with  minimal  communication

~
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requirements, the-communication overhead can he reduced.

Once the activities have heen grouped into tasks, the tools
avaiiable for the design of multitasking systems can be used to
verify if the tasks chosen do ngt present any problems such as
déadlqck. For instance, reachability trees can be used in the
case of communicating finite state machine. IE‘ need be,. the
partitioning of activitiés into tasks can be peiterated based on

this new information and the ASN’'s.

S.3.2 ﬁesign in a Multi-Activity Environment

If the égstem as been spec}fied usiﬁg PAO's, the design
process could Be greatly simplified 1E the sgstgm could directly
"execute” the ASN’'s. This would require a system executive which
is capable of coordinating the execution of the various
activities that make up a system by Ffollowing the seguencing
relations expressed by the ASN's. In this case, the entity that
is scheduled to fun by the system executive 1is the activity
itself, not a task. 7To illustrate this, a state diagram of the
activitg. from the system executive point of view is shown in
figure 5.9. Note that the only mejor difference with the task

state diagram (figure 2.7) is the absence of a wsit state.

There is a major difference between a multitasking and a
multi-activity executive, apart from the factlthat one schedules
tasks and the'cther’activitias. 2] mulﬁitasking operating system
has no knowledge of the application, it~simplg'schedules tasks

according. to - the rules of the intar-task communication and
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sgnchrcnizaticn mechanisms. The information spec;E?ad by the
ASN's, i.e. which activity runs before or concurrently with which
other is completely hidden in the inter-task communication
scheme. In the case of a multi-activity exsecutive, the exscutive
must have knowledge of these ASN's to be able to schedule the
activities properly. Thus the multi-activity executive is
dependent on the application as opposed to .the multitaskiné
operating system. However, it will be shown in the next chapter,
how this dependency can be reduced by using a standard matrix
Eormat‘tc represent thé ASN's and having the executive simply use
these matrices as input data, saving the dasigner the traouble of

-

rewriting an executive for sach different application.

Théra are some advantages whan the executive has knowledge of
the sequencing relatieonships betuwsen the activities. For
instance, since it knows which activities will need to be
scheduled next, it can assign the activities to processors in
such a8 way as to mest real-time constraint in a dynamic fashion.
if a response tec an external sgsvent (2n ASN) is running slow and
‘might not meet its deadline, the activities in the process could
be dynamically given a highgr pricrity to ensure that the
response will be carried out in the required time. The executive
could' also make sure that all activities are exscuted within a
certain time so that if a processor fails, the activity can be
reassigned. Another important featurse of such an executive, in a
multiple processor design, is that the system could be easily
simulated bhefore implementation to make sures that the activity to

processor allocation chosen can megt real-time constraints. 'Tﬁé
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simulation of such an executive will be discussed in more detail

in the next chapter.

5.4 CDNCLUD&NG REMARKS .

I; this chapter, the use of PAl’'s in the d§§}gn process of a
micrcprbcessof—baéed system was presented. It must be emphasized
once more that PﬂD's‘were designed as a tool for non—-computer
specialists. Such systems as the automatic routing conveyer and
' Dtﬁer industrial control prccesseé are often designed by
mechanical and industrial'engineers CMACR 841, Other typical
systems that could be designed with PAD's are chemical process
ccﬁtrollers (distillation columns in refineries, et;...) whigch
would be typically designed by cﬁemical engineers. All these
prcféssicnals are pnt camputer specialists, they cannot be
expected to design systems gperating in a multitasking
environment. Presently to design these systzms, they use tools
such as primitive relay ladders (to prégram the PLC’s, the
pfogrammablé logic controllers which they use to replace relay
systems) and flowcharts, and program mostly in BASIC uwsing
personal computers CBELL 841. To design more complex real-time
systems, they need simple tools which are highly automated (éﬂD
type tools). This is net to say that PAD’'s camnmot be used by
computer specialists in'a multitasking environment, as it was
shown that they can bq_helpful in partitioning activities into
tasks. Note that a number of ideas which apply to task allocation

on a distributed processing system CCHU 801 can be used to map
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activities onto tasks, since the two problems have similar

features.

In order to carry out the entire design process using PARO’'s,
from specification to implementation, the following aids are
needed: to ;pecifg the system, a graphicél editor is needed to
enter the ASN's and ﬁranslate them in a form wh;cp can be easily
manipulated by the computer. Then using these ﬂéN's with <their
corresponding RTC’S,_ a "fFeasibility check” program cculd be uss
to verify ;E it is possible to meet real-time constraints
Eassumihg infinite number aof prccessqrs), check for bottlenecks,
and get an initial activity to processor allocafion. To wverify
the design hefore implementation, it would be very wuseful to
simulate the system under development. The simulaticn is
depandent on the executive cheosen. In the next chapter, a multi-
activity éxecutive for a centrally controlled systam will be'
discussed along with a2 simulation program based on this

% 3
exacutive.
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" CHAPTER &

SYSTEM EXECUTIUVE AND SIMULATOR

In this chapter, an implemantation schemse FfFfor a multi-
activity executive for a muitiple microprocessor-based system
will be proposed. The design of the executive is based on =&
centrally controlled system which will bg.pressnted in the Ffirst
section. A description cecf the multi-activity executive will
fFollecw in section two. As menticned in the previous chapter, it
would bs wuseful to simulate the system before implementation.
Section three will discuss a simulation program which can be used

.

to wverify the performance of a centrally controlled system

designed with PAD’'s. Finally, section four will discuss some of

the performance measures computed by the simulator.

6.1 CENTRALLY CONTROLLED SYSTEM ARCHITECTURE

Many different multiple microprocessor architectures could be
chosen as the underlgiﬁg hardware for theM}mplnmentatinn of the
‘multi-activity executive, but toc make a mea%ingful selection, the
characteri;tics of the system must first be examined. One aof the
First points that should be noted, is that the system can be
considered as being made up of twg logical levels. The first one

is the égstem-executive which is concerned with the coordination

of the various activities in response to sxteaernal events, while
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the second blavsl is concernad with the execution of the
activities themsslves. ARnother characteristic of this égstam, as
pointed out in the previous chapter, is that Fhe exscutive must

know the sequencing of activities (i.e. the ASN's).

From these characteristics, the Ecliowing architecture can he
. suggested. Since there is a logical separation between the
executive and the execution of the activities, why not make this
separation physicel. This can be done hy assigning ocne or meore
processors the responsihility of coordinating the activit;es _;hd
assigning to one aor mcbe'prccessgrs the execution of these
activities. Since the exscutive must have‘glcbal knowledge of the
ASN's, a centrally controlled sgstem'—hifl be chosen for

simplicity CKRIE 811 CFATH B31. The resulting architecture 1is

depicted in figure 6.1.

In this scheme, sither a single processor or a multiprocessor
sgstem is used as the central controller which is responsible fFor
the coordination of the varigus ASN’s. _ﬂ-nuﬁber of subordinate
processor modules are responsihie'fcr éhe execution of the
activities} Each module consists of a micgoprocessor, ROM to
store the cade of the activities, RAM For local data storage and
1/0 ports to communicate with the environmant. Note ﬁhat, in
caertain cases, these modules could simply consist of a 4 or 8 bit
single-chip ’micrccomputer or micrecontroller. The central
ccntrcllsr_ would communicate with the subcrdinate processors via
a control bus. .- -To rsgquest the sxecution of an activity, the

central controller would simply send the activity identifier to
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EXTERNAL CENTRAL
> .
EVENTS CONTROLLER T
CONTROL BUS L
PROCESSOR i PROCESSOR j PROCESSOR k

:

:

v
DATA BUS
GLOBAL
RESOURCES
-
PROCESSOR i -
MICRO- PROGRAM
PROCESSOR I MEMORY
) ACTIVITY
i I POINTERS
I I ACTIVITY 2
LOCAL DATA ACTIVITY b
O MEMORY ACTIVITY o

FIGURE 6-1 CENTRALLY CONTROLLED ARCHITECTURE
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the appropriate subordinate processor on the contrel bus. The
subordinate controller would then £ind the starting address of
the activity in a table and jump to this location. There is no

need to download the code of the activity to the subordinate

processor because it is stored in its local ROM. -

Whenevar .a cantrally ccntfullsd architecturs is mantioned,
the system designer is Ffaced with two potential problems:
reliability and communication bottleneck -bstweeﬁ the central
précsssor and its subordinates. The reliabilitg problem arises
?BCBUSE the entire system rests on the central controller; if it
fails the system fails. To solve this problem,  in a system where
rsl;abiliﬁg is important, the central processor could have a hot
standby ready to taks aver in case of failure. Alternatively, one
of the subordinate processor modules could be a cold standby to
save on hardware:ccst. On the cther hand, the communication
bottleneck preoblem is dependent on the data traffic between the
central controller and fﬁé sﬁbctdinate processors. Tag avoid_this
problem, the communication between these units should be kept t&\_'/“
82 minimum. This is the approach that will be taken inm this
design. If the system requiges much inter-processor
communications, a separate data bus connected to_a éﬁared memory

(shown in figure 6.1) could be used to share informaticn between

processors.

B.2 MULTI-ACTIVITY EXECUTIVE

Now that the hardware architecture of the system has been
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outlined, the multi-activity executive can be dgsigned. En the
same way as a system is partitioned intoc processes which are
broken down into sub-processesand so on, thS'egecutive will be
broken down into modules to Eacilitaté the design process. The
three main modules éﬁat were chosen are the system manager, the
ASN managers and the activity schedulec [KRIE B61. Each one of
these modules  have well defined responsibilities and they Vuark
together to prcvide éll the services of the multi-activity
ex%cutive. Note that in this conceptual view of the executive; it

is ¢ assumed that these three modules are being executed

concurrently. Their interrelations are_ shown graphically in

Figure B.2. Y

The 'system manager has general knowledge of the state nf the
system: it is informed of occcurrences of external events, it is
responsible for initiating ASN’s (processes) in response to these
egternal events, and i; alsgo knows which ASN’'s are “awakened”
(sxecutingi and which are “dormant”. The systsem manager, ﬁowsver,
is not responsible for coordinating the activities of the ASN;
this is the role of the éSN managers. For each awakened process’
in the system, there is’an ASN manager responsible for Finding
out which activities are ready to cun. Thé scheduling of these
activities ;s not the respcnsibilrﬁg of thé individual ASN
manégers since it requires knowledge about the state of all the
various precessors in the system. A module that can centralize
thisl information ig gasier and safer to implement than it is to
devise a mechanism to share this information among all the ASN

™

managers. This is the Function of the activity scheduler which
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will assign (when possible) a processor to execute the various
activities in the ready to run éctivitg queue. Each of these

modules will now be presented in more detail.

§.2.1 The System Managsr

The system manager module receives twe differant types of
information: external events From  activities orvvznterrdpt
routines, and precess completions from the varicus ASN managefs.
Usiﬁg‘this information, the system manager.will keep track of the
state ©of all the processes in the system. It has =z table
indicating which external event is the starting event for hll.thg
ASN’s and when such an event occurs; it will "creaté" an  ASN
manager to take .care of‘this process. t will also. inform any
awakened ASN manager of the occurrence of any external. events
that are relevant to the process it monitors. UWhenever a precess
comﬁletion is received from an ASN manager, it 1is the
re;pcnsihilitg of the system manager to "kill” this ASN manager.
. Note that in the case -where a starting event for a processToccurs
while the ASN for a previcus occurrence 1is still awakened
(situation discussed in the previcus chapter), it is up to the
system manager to decide if the évent is to bé ignored or if =
new instance of an ASN manager must be created to respond to th:s
event.

N\
E.2.2 The ASN Managers

* .
Conceptually, there is an ASN manager for each awakened ASN,
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which is dynamically "created” and "killed” by the system manager

because it is only needed when the ASN needs toc be executed. .In

e

the actusl implementation, as will\ be seen in the next setti:n,

" there may be a single ASN manager & kang «care of all the awgkaned

v

ASN's.

An  ASN manager would racei. € input external evants from

the system manager angd activity campletions from the activity
scheduler. Using this informatiop, the ASN manager can inform the
activity scheduler of which activities must be executed as

. N .
governed by the sequencing relations in the ASN. To avoid writing

B ' sepzrete ASN manager program -for each different RSN, _the .

sequancing relaticns expressed - by, the ASN should not be

explicitly programmed in the ASN ménager.'_lnstead, a general QSN

. ’ ~J
manager preogram  which would take the ASN as input data'uill be

xmplementéd. In this case}* the information contained in the ASN

£l

mgft be transiated in a form éasilg manipulated by- the ASN

manEger program. The representation chosen is a matrix which is
- .o
illustrated. in table 6.1. This example shows the ASN matrix

correspending to the ASN in figure 65.3. It was chosen because it

. : t N
has all+the ASN nodes except for the wait node.-

The columns of this matrix represent the variocus nodes OEILhe

network, one column for eachr node. The rows represent the events

associated with this netwark, both intermnal and external events.

There are four possible entries in the ASN matrix. If event i is

an tmput trigger to node ), then the entry in position (1,37
-+ .

would be "I for Input trigger. If event i is an enable input to

node 3 (a gate or timcr/ccunga; neode) then the éntrg in position
. ‘ !

1u8 <
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FIGURE 6-3 ASN WITH ALL BASIC NODES
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" ASN MATRIX

¥ M1 Al T G A2 A3 B M2 E
M1 0 1 E E 0 0 o] 0 o]
Al 0 0 D 1 o] 0 0 o} 0
T 0 0 o} D 0 0 o] I 0
G 0. -0 0 0 I 1 .0 - © 0
A2 0 o] 0O 0 0 0 I 0 0
A3 0 0O o 0 o] 0 I o c
B(CT) O o] 0 0 0 0 o] I 0
BENXC F) 1 0 0 O 6 . 0 o} o} 0
M2 fo) 0 0 o] 0 0 0 I
El I o} 0 o} o '\ O o 0 0
g2 o] o I o] 0 ~0 0 0 0

.Note: B (C T) means branch with condition C true.

B (C F) means branch with condition C false.

TABLE 5.1 ASN.MATRIX CORRESPONDING TO ASN OF FIGURE.B.B.

(1,33 would be "E”. In the same way if it is a disabla input,

then the\ entry would be "O07. 1If event i and node J are not

~

connected, then a "Of-mouid be entered in position (i, 3).

The «algorithm used by the ASN managers to properly scheduﬁ?

the activities according to the ASN matrix can be briefly

described as follow: whenever an internal or external event

cccurs, an event vector is generated for that ASN. The event
vector has the same format as az cclumﬁ of the ASN matrix. It will

have a "1” in position i if event i occurred, a "0” otherwise.
\

Each active ASN manager will have a state matrix which will have

exactly the same format as the ASN matrix, but it will be

initialized to "0” in gl11 entries. The purpose of this state
matrix is to ramember the state of the ASN, i.e.' the past
triggers of all nodes, sxcept the merge node which is memoryless.

- S
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The state matrix’is updated svery time thé svent vector changess,
This is simply accomplished hy pérfnrming the following opamration

on each element of the state matrix S: .
Siy = ¢ Ei AND Aij ) OR Siy

-

where E is the event vector and A is tha ASN matrix. Note ‘that

> . -
all non-zero entries in the ASN matrix are considered to be
one's. B ’ ' =

o

The state matrix is then verified, column by column (i.e.

nade by nodé) to see what action should be taken. The procedure

to check the column is different depending on the type of node:

- In the, case of the activity initiater node, the activity
asspciated with the node will be placed in the ready-to-run gqusue

if all its input triggers have been activated.

- In the case of the end node, if all its input triggers have

been activated, the system manager will be advised so that it

«can "kill” this ASN manager.

- In the case of the wait node, a new event vector indicating
that the output trigger(s) of the wzit node are activated will be

generated if all its input triggers have been activated.

- In the case of the branch ncde, when all-the. input triggers
have been activated, e condf%ion variable (its location heing
specified pg a pointer) is checked and cnlg-ths lintarnal event
corresponding to the ccndition variable is generated. Hs.ésen in

table 6.1, there is a different. internal event for each condition
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of the branch node. To simplify . the implemgntation, aonly simple

Boolean conditions may be allowed.

- In the case o©of the harga node, a neaw event vector indicating
“that the output trigger(s) of the merge node are activated will

be generated if any one of its input triggers has been’ activated.

= In the case of thé gate node, t&s state of the gate must he~
remembered. Thié can bea deone simply }n the state matrix aﬁ the
position co;respcnding to the enable input of the gate. When the
enable input occurs, it is simply kept in the state matrix. Input
triggers are only ramemhered‘in the state gatrix if the gate |is
enabled. If the gate is enabled and all of its input triggers
have besn activéted, a8 new avent vector will he generated +o
indicate thafﬂnﬁhé gate output trigger(s) are now active. If a
disable input occurs, the column cnrrespmnéing to the gate node

in the state matrix would simply be cleared to disable the gate

and forget all past triggers.

-

/
/
- The procedure to check_timer/counter node is similar to the

check ggfe procedure. When the timer is first enabled, a count
location is initialized witb the counter’s initial value. After
this time, any occu}fenca of the input trigger will cause the-
count to be deﬁrsmented. If it reaches zero, the proper internal
event will be gensrated. UWhen the-cnuntar is disabled, the

countsr column is simply clearsd as in the case of the gate node.

Nota that this algorithm is iterative, because a rMew event
véctor may be generated when the state matrix is checked,

requiring another pass through the state matrix. Also note that
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: =
all nodes are reset to their initial condition after ~they fire

their output triggers or, in the case of the activity initiﬁtor
node, when the activity is plaesd in the ready-to-run gqueue. This

. . ~ .
is accomplished by clearing the node’'s column in the s%;té

matrix. . /

n ‘summary, the ASN managers are responsible for putting
activities that need to be sxecuted in the "ready-to-run” queue

and for informing the system manager when the process is

terminated.

B.2.3 The Activity Scheduler

The responsibhility of the activity scheduler is to find idle
processors to execute the activities in the "rsady-to-run” queus.
Im be able to do so, it must have kncuwledge of the state of all
the processors in the system, i.e. if a processor is idle or busy
and if it is busy, it must know which activity it is executing.
The activity scheduler may also require additional information
depending on thé schecduling algcrithm‘used.

There are a number of possible scheduling algorithms that can
be wused [(BAKE 74%]. In a system consisting of’ homogeneous
processars (all the prccessoré can execute all the activities 1in
the systeml) and activities with- equal priorities, the best
scheduling algorithm is a simple First Come First Served (FCFS)
algorithm. In this algorithm, a single FIFQ queue of ready-to-run

activities is used and the fFirst activity in the quseue is simply

assigred to the First free processor. Hore‘bcmplex algorithms are
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pnssiblé by addiﬁg pricrities to activities. This would require
multiple rsadg-to-ru% activity queues, one for each priority
level. These priorities may be fixed during the design phases or
they may be dynamically assigned based on the real-time .

constraints of the process{

Scheduling algcritﬁhs will not ﬁe discussed further in this
praéentaticn as they are not the main concern of this thesis. The
important point to note is that 2 multi-activity executive based
on ASN's can provide scheduling algorithms that are able to mest.
real-time constraints imposed on processes. This is because the
executive can look at the ASN’'s and find out ahead of time which
activities will have to be scheduled before the process ig
- terminated. It can then associate higher priprities to these
activities if the process is "running late”. This is much harder
to do in a multitasking system because the sequencing
relationships between the activities of a process are hidden in

the tasks.

5.2.% Inter-Activity Communication

So far in this section, only the problem of control flow
betueen the activities has besn addressed. But data Flow is alsg
present betwsen the activitias. When an activity is started, it
needs its inﬁut paramaeters, and when it terminates, it mgst know
what to do-with its results. As mentioned in previous chaptérs,
the data flow in ASN’s can be closely associated with the control

flow by showing the data along the'tfiggers in the ASN (Eigﬁre
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FIGURE 6-4 SIMPLE ASN WITH DATA FLOW INDICATED
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§.9). In a similar manner, the multi-activity executive can add
data flow\infcrmaticn in the ASN matrix. However, since data oﬁlg
élows between activity initiator ncda; Qon the diagram, the data
may pass thfough a number of nodes, but data is only “produced”
and “consumed” by activity initiator nodes), a simple matrix
indicating the flow of data betuween activities can be used bg the

exscutive to corractly route the data betwsan the activities. For

sxample, the data flow in the ASN of figure 6.%. is shown in

table 6.2.
Input Sink .
Al Z]= A3 - ﬁﬁ
El a - &
Data . Al i b d c
Source A2 | ' e
A3 = £
A ’

N\

TABLE 6.2 DATA FLOW MATRIX FOR EXAMPLE IN FIGURE B.4.

This table would inform the exacutive, Ffor insténce, that
activity A% requires data "c” "e” and "F", From activiiies Al,

" A2 and A3 respectively. Note that input data for activities may
alsé-come Erom‘external events (e.g. a reading from an 0/A portl.
In figure B.%, a trigger is sxplicitly shown to carry the data
item “"c” from activity Al to A4. This trigger is not really

nesded because it is esvident from the seguencing rules in ASN’s

that Al will be completed when A2 and A3 are completed.
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The data Elcwfhatrixaindicates the source and destination(s)
of a piece of data, but the executive designer must still decide
how to send this information ﬁo the processor which will exacuts
the activity. Note that the responsibility of transmitting input
data to activities will have to fall on the actiQitg scheduler,
because it' is tﬁs only mcduia aof the executive that knows on
which processor an activity will be executed. A number of schemss
can be wused to transmit this data between édtivities without

congesting the control bus betweasn the activity processors and

the central contreoller: -

- If the data to be transmitted is relatively small (a few
bytes), the data can be sent directly on the control bus between
the central processor and the subordinate processor. In  this
case, uwhen the subordinate processor completes the activity, it
weuld send the resuiﬁs (output data of the activityl) to the
central controller along with its activity completion message. In
the same way, when the activity scheduler requésts a subordinate
processor to start an activity, it would send the data directly
along with the activity identifier. It would be  the
respensibility of .tﬁe céntrallcontrcl to store these results

until they would be sent to other activities.

- If the . data to be transmitted is relatively large, it should
not be transmitted on the control bus as this will affect the
perfarmance of the entire égstem. Ome solution to this problem is
to use a shared meﬁcrg with an arbitration unit. In this case,
only a data identifier or an address will be transmitted on the

control bus instead of the data itself. It will then be the
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responsibility of the subordinate processor te regquest the
information from the shared memcry arbitration unit. Note that.
this will reduce the traffic on the control bus, but the problem -

might simply be transferced to the data bus.

- Anpther solution to large data transmission prablaﬁ is simply
nct to transmit the data at all. The output data of the activity
can simply be lsft in the local RAM of the subordinate processor
and the activity scheduler can make sure that the activities that
need this information as input data are executed on the same

subordinate processor.

- A& combination of the above schame may also be used, where the

data is left in the local RAM of the subordiﬁate processar ;nd it
will only be transmitted when the ﬁsxt activity that needs it is
assigned a processor. In this manmmer, if the next aé%ivitg is
assigned to the same processor, the data will not be transmitted
for nothing. °

Thesa are not the only solutions to the inter—-activity
communicaticn)prcblem in a multiple processor environment, but a
thorough discussion of this problem is beyond the scope of this
thesis. It should bDbe pointed out that the problems asscociated
with inter-processor communication are not unique to the multi-
activity system but also exist in multitasking multiple processor
sgstsms. Hence, solutions used in these cases can also be applied

to this problem.
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6.3 MULTI-ACTIVITY EXECUTIVE SIMULATOR

fis diécussed‘in the first chapter, the design effort can be
greatly reduced if a system can be simulgted before it is
implemented. In this section, a‘simulator program based on the
multi-activity executive described in the previous section will
be discussed; The purpose of this simulation is really tc Ffind
out if the system’s real-time censtraints can be met- under a
particular activity to processor allocation. fhe simulation was
implemented on a.personal computer using a version of PASCAL. The

program listings of the simulation are included in the appendix B

of this thesis.

Three main programs make-up the simulation package: the
System Specification Program, the Activity to Processor
Allocation Program and the ASN Simulator itself.

L

£.3.1 The System Specification Program

e

Before using the simulator. program, tﬁe designer must specify
the system using ASN’s. These ASN's ‘must then he translated 1ﬁto
ASN matrices and entered in the computer. The Sgstam'
Specification Program enables the designer to enter the system
specification simply by answering a series of questions on the:
cennectivity of his ASN’s. 1t does not provide any editing
capabilities, hence if a modification needs to be made, the
entire system must be re-entered. The output of this program is a

File containing the ASN matrices. This file will be read as input

data by the simulataor.
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Presantly, a program is being written which will let the
designsri enter the specification directly in the ASN matrix
format and edit it at will. If a commercial implementation of the
simu{;t;on system were to be done, theses programs would have to
be replaced by a graphical editbr which would permit the user to
enter the vaficus QSN nodes direc;lg_on the' screen. A syntax

checker would also be added to such a system to verify if all the
rules concerning the connectivitg of modEs—Th ASN's have been

ocbayed.

6.3.2 The Activity to Processor Allocation Program

Cartain imﬁlementatiun details mqst also be entered before
the simulation program can be run. These datails relats to the
nuﬁber and type of processors in the system, and are referred to
as the activity tec processor allocation ©of the system. The
activity o processor allocation consists of: the number of
processors in the sgstem,' the activities that sach processor may
exacute and the time it would take to execute sach activity . on
that- particular processor. A number of different activity to
proceésor allocations can be entered Ffor the same system
specification. This enables . the designer to try out various
allocation schames and compare their simulation results. The
resultind allocation is saved in a file which will also be read

by the ASN simulator.

6.3.3 The ASN Simulator Program
The reasons En:,implementing the ASN simulator were twe fold:
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one, to wverify if a multi-activity sxecutive for ﬁ centrally

controlied multiple processor system could be implemsnted, and.

two, to examine the feasibility of a design tool based on  this
executive mhics can chec® if a system’'s real-time constraints can
be met bhefore actually implaﬁanting thé system. Since this is
reallg a feasibility study, =a number of assumpticons were made to
éimplifg the problem and a number of features where added toc show

.the beshavior of the executive:

- Like the FSM simulator, the ASN simulator operates in discrete

time units. This means that all systems events (external event, -~

activitg- completion, etc...) can only occcur at one of these

discrete time slices. *

- All the activities, external events, and processors are simply
identified by consecutive numbers, not names (e.g activities 1

through 11). Only condition and counter variables may be labslled

using a single letter.

- The simulator has two modes of operation: lnteractfve and

continuous.

- In theiinteractive_mmde, the status of the sS%tem is displayed
at each discrete time unit and the user 1s responsible Ffor
"simulating” the system’'s environment by entering the external
events. Presently, only one external event can be entered at each
time unit. The purpose of ;hg interactive mode is really to show
thé behaviar of the 5gstgm under certain conditions. It would not

be used to gather statistics on the system’s responss.

i1
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-'in the ccontinuous mode, all simulation parameters must be

*

initiaslized 1n the 'sat—up phase &and the simulation runs

continucusly until sbme prespecified time. Hence, the program

-
-

‘must aimulate the occurrence of external’ events. The arrival rate

of these events is then assumed to be Poisson; and the user must

a:mply sntar the arrival rate of the different extarnal events-in:

the sat-up phase.

-"Ihe  branch modes are restricted to have only Booiean‘

ccnd:tlons.-_ln_tha \tifzéctlve mode, the status of the condition
variable (true or False) must be entered by the uder’ when the

node 1s reached in the ASN. In the- continuous mode, each

condition ‘variable 1is assigned a probability that it is true.

-
+

when the. branch node 15_%eacﬁed. a uniform random number is

“genarated which is used to decide on the state of the condition

variable.

. ‘ o
- The timer/counter'’'s ﬁnitlal count can ke entered when the-

"sxmulatlon ié 1n1tidllg éét—up; or in the interactive mode, ‘the

-

" user may choose to enter the :nitial count each time a

timer/countar -node 1s reached.

.

71 The :;nter—activi;g- communication requirements are totally

" ignored. Data transfer times should thus be included &n the

axecution times. °

£

. - P —-":
- There is no congestion on the control é%s\betmeen the central

.
4

processor and the subordinate processors, hence when the activity |

scheduler requests the execution of an activity, it is _étarﬁed

]

immadiatelu.

- -

&
I *
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.-~ The occurrence of a starting event for 2 process will ba

ignored if it occurs while the process is still running due tc a

-

previous occurrence of that starting event. Hance multiple

instances of the same ASN are not allowed.

- Statistics are'ccnstantlg being updated during the simulation

and are only displaged at the end of the simulation run. Tha
types' of statistics gathered will be discussed in -the next

n

section. R N

The structure of the ASN simulator is shown in figure B.S.
The Ffirst step\EH the simulation is-to get the systam hams. and
allocation identifier to be able to read the: specification and
allocation files. . Then a numbe} of 1nitialization‘pﬁrametafs are

requested from the wuser in the "set-up -'simulation” procedure

- {mode of operation; event and branch probabilitiegk.iﬁitial timer

values, etc...). The simulation can then be properly started by
ccntinuduslg'running the "system ménagsr"; the, "ASN managers” and
the - ”activity scheduler” procedures in sequence wuntil the

simulation i1s complete. The "display system status" procedure may

'also "be called .in this loop to show the status of the system at

each time unit. If an error occurs during the simulation, such as
a ready to run gqueue overflow or too many active timers, thé-

3

simulation is stopped and the procedure "display srror  message”

is executed. If the simulation ends properly, then the "display

statistics” procedure is executed, letting the user see

L)
‘

. statistical resuylts of his simulation run. Each of these

procedyre will be briefly deScribed in the next sbb—secticns.

B e
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65.3.4 Tha'Sgstsm Manager Procadyre ‘ ~

The "system manager” procedure, as 1its name implies,
simulates the sgsteh' manager module of the multi-activity
executive., The block diagram of this procedure is shown in figure
6.6. The system mahager must be inforfed of occurrences ‘of
extarnal events; this is done by calling the procedure "get
extarnal event _Erom user” when the simulation 18 run in the

interactive mode or “get random external event” uwhen in

b
continuous made. Note that these procedures could be modified if

the external event arrival process is not Markovian., ‘The ASN

manager will awaken ASN’s if their respective starting event
ceccurs, provided the ASN was "dormant”. If an external event
needs to be passed on to anm ASN manager, the "set-up external

event wvector” procedure is called to update the =2vent vector of

the ASN concerned.

§.3.5 The ASN Managers Procedure

The "ASN managers” procedure is\ used to simulate the
execution of ALL the ASN managers: It simply calls the "ASN
manager” procedure for sach ASN that is awakened in the égstem
gnd that has a new event vector that needs to be processed. The
ﬁlocg diagram of this procedure is shcwn in fFigure 8.7. Note that
the "ASN manager” ﬁrccsdure has an input parameter identifying

which ASN is being ceonsidered. After updating the process state

~matrix of this ASN, it simply checks the matrix, column by

-

column, by calling' the appropriate procedure depending on the

type of ncde represented in the celumn. Tne "all input +trigger
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SYSTEM MANAGER

GET EXTERNAL
EVENTS FROM
USER

GET RANDOM
EXTERNAL EVENTS|

{
SET-UP EXTERNAL
EVENT VECTOR

FIGURE 6-6 BLOCK DIAGRAM OF SYSTEM MANAGER
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ﬁtesant” function is used by all the "check nodes” procedure that
perform an "and” function of their input triggers to verify if
all their input triggers hava'ocﬁurrsd. All the “check nodes”
ﬁéocadures, except those for the activitg initiator and end nods,
may also call “"generate new svaﬁ; vector” if a node needs to
activate 1its output triggers: (i.e. an internal event has
cccurredl). Note that to simplify the implementation of the
executive in the simulation, the "cbeck end node” procedure takes
U~ cars of terminating the ASN iffgll the input t;iggers éf the end

S node are present, instead of the systam manager. This was

\\\; necessary because the three modules of the executive, the system
= ;
/ manager, the ASN managers and the activity scheduler are run in
\ sequence, not concurrently.
y .
/

'6.3.8 The Activity Scheduler Procedure

fj‘ ' Ihg "activity séﬁeduler" procedure -in ;he simulation (figure
N §.$3j implements mc:é~pﬁan the activity schedulsr'ﬁodule in the
_multf—éctivitg axqéﬁtiVe: "It is also rasponsible for simulating
-tﬁa‘»'actiyitiéé Sb tha_‘suborginafe‘ processors by = simply
down'Eounting their{éféchticn time. This is done iﬁ the "simulate

-

aCthitg exscutxon” procedure When an activity is ccmpleﬁed,

.. .
\ (actuallg Sdg% before bec?use'of the sequential nature of this
“ﬁimplemantation) thq procedure "generate new event . vector” s
- - qal}sd ;c nctifg the ASN manager of this internal event. The
scheduling algorithm is part of the ”trg to assign activity to
,\\ o ; procéssbf”.xpyocedhre.‘ Different schéduling algorithms could he

tried by thanging this.procedurs accordingly. At this time, only
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ACTIVITY

SCHEDULER
SIMULATE *TRY TO ASSIGN RESHUFFLE
ACTIVITY ACTIVITY TO - '
EXECUTION PROCESSOR QUEUE
3

GENERATE
NEW EVENT
VECTOR

FIGURE 6-8 BLq:K DIAGRAM OF ACTIVITY SCHEDULER
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the simple FCFS algormithm discussed in the previous section uwas

implemented.

5.4 SIMULATOR RESULTS
-ﬁ,///

The purpose of simulating a system is tm'gathsf statistical
result on its behavior to.vafifg, ‘hafore hand, if it can be
implemented successfully. In this section, the .statistical
issults that are produced by the ASN simulator prcgt&m will be
prasaﬁfsd; To discuss these resultsl an example system will be
simulated. It will consist of the process dapictad by the ASN in
Figura B.3 which will bs labelled ASN 1, and thres other

processes illustrated in figure 6.3.

Two differsnt activity to processor allocations will be used.
In the fist one (table 6.32, there will be only one subordinats
processor while in the second (table E.%), there will be four. In
this example, the execution time of a particular activity is
aluwsys the same regardless of which prccessof it is running bn.
Allocation 2 was chosen in such a way that coﬁcurrent.activitiss
are assigned to different processors. For example, activities A2
and A3 will always be sxecuted conmcurrently in ASN 1, Ffor this
reason  they -msre assigned to different processors; A2 to
processors 1 and 2, and A3 to processors 3 and 4. These tm?
activities were alsoc assigned to more than one processor because
both of them are present in other ASN’s; A2 is part of ASN 1 and

3, while A3 is part of ASN 1 and 2.

~
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FIGURE 6-9 ASN'S 2,3 AND 4 OF EXAMPLE SYSTEM

171



Processor " Activity 1D Execution time

¢
1 1 b 4
1 = 3
1 3 - 5
1 4 2
1 S e
1 B B )
1 7 < 4
1 8 3
1 S S
1 10 ) 1
TABLE ‘6.3 ACTIVITY TO PROCESSOR ALLDCATID& 1.
Processor- fActivity 1D Execution time
1 1 E
1 = 3
1 B B
1 8 3
. = c 3
/ 2 4 2
J 2 : :
L e . S 5

3 3 S
3 . 4 2
3 B 5]
% 1 b
4 3 S.
4 7 Y-
4 10 1

TABLE 6.% ACTIVITY TO PROCESSOR ALLOCATION 2.
In these simulations, the Following values will be used for

the set-up of the simulation:

= The event arrival rate will be.0.02 pef‘time unit for all -the
events, except El1 which is the clock esvent and will thus occur at

each disdreta time unit (probability of occurrence 12,

~ The condition variable ”"c” of the branch node in ASN 1 will

/ A7e



have a probability of 0.8 of being true, hence the feedback path

would dn;g ba exscuted one out of every ten times.

- The branch variable "d” in ASN 3 will have equal probability of

being true or false (0.5).

= The counter variéble "£” in ASN 1 will always start at 10.

- The duration of the simulation will be 30 000 time wnits.

-

Using ‘the first activity to processor allocation schems

{table &.3), the simulation produces the results shown in table

5.5.

The First group of statistiecs in fhe table ‘shows the
processor gtilizatisn, i.e. Qhat was each processor doing during
the simulation pericod. _Bg looking at these statistics, the
activities that consume most of the processor time can be found
and if necessary, théir execution time may be speeded-up by using
Faster precessors. The percentage of idle time may alsc be a

useful Eigursitc fFind out if any processors are under-utilized.

_- -

i Tha next set of statistics aré relaﬁed tc the external
events. It gives the actual number of cccurrences of the events
during the simulation. Statistics are also kept o©n external
events thaé are "rejected”. This would happen if no ‘QSN is
waiting fFor them (in our example, if the clock event occurs while

ASN 1 * is dormant), or if they are starting events for an ASN

which is already awakened.

The most importani: output of the simulator i& ‘probably the’
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STARTISTICS OF PROCESSOR 1:

$17.

ACTIVITY NUMBER OF TIMES EXECUTED PERCENTAGE OF TIME
IDLE : 38.30 %~
1 399.5 : 5,33 %
2 §12.0 6.12 %
3 B44 .0 14.07 %
% 6S2.0 4.61 %
S 230.0 - 2,07 %

5 §47.0 12.94 % _

7 223.0 3.05 % '
8 $17.0 $.,17 %
) $17.0 - 6.95. %
10 0 1.39 %

EVENT STRTISTICS

EVENT NUMBER NUMBER OF NUMBER OF PERCENTARGE QF ~

OCCURRENCES REJECTIONS - REJECTIONS
1 30000 23373 | 77.91 %
2 a 557 142 | 25.49 %
3 578 118 . 20.07 %
4 505 146 24.13 %
5 %

. S74 157 _ 27.35

PROCESS STATISTICS

ASN 1D NUMBER OF COMPLETION TIME~

‘ TIMES AWAKENED MAXIMUM . - RAUERAGE
1 415 B4 . 16.9
2 4e2 , 41 ' ' 14.1
3 4S9 43 , 14.9
4 o}

417 . 4B 21.

INER/COUNTER STRTISTICS
TUIMER "t”: STARTED 445 times .
EXPIRED B3 times or 14.13 % of the time.
QUEUE STATISTICS

BEFORE SCHEDULING . AFTER SCHEDUL ING

AVERAGE SIZE 0.862 ’ 0.638 .
MAXIMUM SIZE , 7 ’ . B -

<

TABLE 6.5 SIMULATION RESULTS FOR ALLOCATION 1.

L]
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process statistics. Thase give, for each ASN, tha number of timms

it was awakened, and the average and maximum axebutionftime of

the entire péoceés, that 1is, the tima elapsed betusmen the

occurrence of the external starting event and the time the end
node of the ASN is rsached. These statistics are used to verify

if real-time constraints on cssponse time can be met. K

. %

The simulator also produces statistics on timer variable and

ready-to-run activity queue length (average and maximum).. In this
éxample,"tha timer statistics shows how many times activity 1 in
ASN 1 timed-out. The gqueue statistics are divided inte hefore and

after” the. activity K scheduler -is executed to show how many
: N . ‘

-

activities are scheduled in one run of the scheduler.

. -

To see the effect of adding more processccs to the system,
the system was simulated.again with the same input data, except
for the activity to prdgesscr allocétlén. Fcur'ﬁrccesscrs are now
used according to the allocation :in table 6.4. The simulaticn

results are shown in tables 6.8 and 6.7.

¥

Comparing the results from simulation with allocat10n§\l and
2, a feaw remarks Ean be made:
2 - |
- Ther individual processcr utilization in allocation 2 is much

lower (Higher percentags of time, spent doing nothing, :dla).

= In allocation 2, the idle processor-time generally. 1ncreases

from processor 1 through 4. This is due’' to - the schedglxng

/ ‘ o
algorithm used: when an activitg'nq;Es to be executad, the ssarch

For an idle processor that can exscute the. activity always stacts

. : _ - AN .
- .
: . AN

o | . TS - CEs

e

)



STARTISTICS OF PROCESSOR »

LACTIVITY NUMBER OF TIMES EXECUTED
IDLE
1 451.5
2 707 .0
B 480.0 -
8 482.0

STATISTICS OF PROCESSOR 2:

ACTIVITY NUMBER OF TIMES EXECUTED

IDLE
= SQ.0.
b 473.0
5 2g4. 90
3 482.0 .

STATISTICS OF PROCESSOR 3:

ACTIVITY NUMBER OF TIMES EXECUTED
IDLE
3 860.0
4 306.0
5 276.0

- STATISTICS. OF PROCESSOR %:

RCTIVITY NUMBER OF TIMES EXECUTED
IDLE
1 62.0
3 i5%.0
7 . 266.0
0

10 w8e.

PERCENTARGE OF

72.28
5.02
7.07
9.80
$.82

'\. .\l h' }" }\l

i

PERCENTAGE OF

g4 .08
.90
.18
.79
.03

mwwo
NN NNN

" PERCENTAGE OF

78.11
14.33
2.04
S.Se

NN NN

PERCENTAGE QF

81.45
.83
.57
.55
.B1

WMo

NN N NN

TABLE 5.8 PROCESSOR UTILIZATION FOR ALLOCATION 2.
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EVENT STATISTICS
:

EVENT NUMBER NUMBER OF NUMBER OF PERCENTAGE OF
. . DCCURRENCES REJECTIGNS REJECTIONS

1 30000 25353 ' B8%.51 %

2 Se3 71 13.58 %

3 Se8 87 11.8B0 X

4 B33 83 13.11 =

\ 5 S88 107 18.17 %

PRDCE&S STATISTICS

ASN 1D NUMBER OF ' COMPLETION TIME
TINES AWAKENED MAX IMUM AUERAGE
1 4s2 28 11.3
2 501 ‘ 11 8.0
3 S50 17 , - 8.3
4 482 18 12.4

TIMER/COUNTER STATISTICS

TIMER "t": STARTED Sl4 times )
EXPiRED 0 timas ar 0.00 % of the time.

QUEUE STRTISTICS®

BEFORE SCHEDOULING AFTER SCHEDULING
AUERAGE SIZE 0.225 0.028

MAXIMUM SIZE 6 3

TABLE 6.7 OTHER SIMULQE}DN RESULTS FOR ALLOCATION 2.

at procsssor 1. Hence if preceessor 4 is assigned an activity it

means that processors 1, E.and 3 were not able to do it.

- Since more processors are available, the maximum and awverage

process completicon time is much lower with allocation 2.

- The event rejaction rate is lower with allocation &, because

the avsrage cnmplsticn'time of the processes is lower raducing
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the chances of a starting event cccurring whilms the rasponsa  to

the previous svent is still)l being carried out.

- Because thers can be more idle processors to execute  the
activities, the average and maximum leangth of the ready-to-run

activity queue are much lower with allocation 2.

- The timer "t” did not expire in the second case because it took
] .
less time on the average to complets activity 1, since it did not

need to spend so much time in the gueue.

By wusing these statistics properly, the system designer can
fFind an activity to processor allocation that can meet his real-

tima; constraints while keeping the harduware cost of his system

down.

6.5 CONCLUDING REMARKS

If an actual system were to he impleﬁented under the multi-
activity executive described in this chapter, the executivé wauld
have to be implemented on the central controller. As in the cas=s
of many popular operating sgstems,- 1t would be possible to code
the executive for various hardware configurations and have it
auaiiable as an off-the-shelf component. The system designer
would then simply have to download the various tab&es required by
the executive (tables which are the outputs cé- the wvarious

specification programs) and write the code for the activities

themselves.
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T%e simulater

program discussed in this section was

Amplemsnted ehlg to verify the feasibility of such a priogram. 1IfF

~

a commercial product were to be made out of ™it, a number of
4 : -

important modifications would have to be made:

- The external event gansraﬁcr procedure would have to be

medified to be able to gsneréte gvents that do not follow a

Markovian process.

For instance,

in many real-time systems

external events are depsndent on one ancother.

- Multiple instances of ASN's may be needed (i.e. starting event

that occur whils the ASN is stidl awakened due to a previous

occurrence of the event should not always be rejected, instead =

new instance of the QSN'mag be startedl.

- Tha intsr-activity

communication

process may nesed to be

accurately modelled in the simulation.

-

- A number of activity schedulers

algorithm should bDbe

implemented.

designer choose which algorithm

particular system.

179
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. CHARPTER 7

CONCLUSION

-

This concluding ;haptaf is divided into two sections. In the
First section, a brief. summary of the .thesis ié presented,
emphasizing what ‘mas achieved in this research. In the second
section, some of the parallel work being done in this area 1is

discussed and some suggestions for future work and research

directions are made.

7.1 THESIS SUMMARY

This thesis has addressecd the prpblem of designing event
driven microprocessor-based sgstéms. TD design simple seguential
gvent’responsé systems, a tool based on finite étate machines was
pressnted. This tool can provide a complemaﬁt to the.traditional
Flowcharts when a system has to respond to external events by
axecuting different activities whose selection depernds on the
state of the system. In these cases, FSM's are used to represant
the response selection while Flowcharts can be used to design the
activities., A table look-up executive is then used o coordinate
ﬁhe execution of the activifies in response to external events.
One advantage of this type of executive is that it adds wvery

little overhead to the system’'s operation. A simulation program
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“was written to analyze the behavior of such systems and verify

their performances in tarms of missing events and ressponse time.

When it is'not possible to meet real-time requirements with
ssquential event response systems, concurrent event rasponsea
systems must be used. It was found in chapter 3 tﬁat there are no
dasign tools suitable for system AESignsrs whe ars ;ct computar
specialists. These tools were found too complex for sucﬁ users
for two main reasons: either they are specifically tafgetad for
use in a multitasking eﬁvironmsnt, and hence rsguires experienqg—
in dasigning with multitasking operating system; or, they are too
general and do not provide a proper framework for .inexperienced
usars. To help these desigrners, a new graphical tool for tﬁe
design of concurrent systems, Process Activity Diagrams, was
introduced in chapter 4. This tool, through Activity Sequence
Nets, expresses the system's response to extarnal events (the
system’s praocssses) in terms of tha sequencing relationships
betwean activifles. As in the case of the FSM tool for simpls
’sgstems, an sxecutive is required to coordinats the execution of
the wvarious activities of the system. This multi-activity

exacutive was chosen to be based on a centrally controlled

multiple microprocessor architecture far the Following reasons:

- Only a multiple processor system may provide true concurrent
exeacution of activities and hence meet stringent real-time

constraigts.

- A centrally controlled system made the implementation easier

because the executive requires knowledge of the sequencing
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relationships betuwsen the activities (the ASN's) and the current
state of each of tﬁa processes. Since this information nseds to>
be continuously updated, it is simpler to héve it availabls only
in a central leocation rather than distributing it-cvar all the
prcceséors as this would increass thea inter-processar

communication requirements.

- As was mentioned in chaptar S, a centrally controlled system
can be a gch design choiba, provided that the proper stepé are
taken te solve the problems related to relisbility and
communication bottlenscks hetueén the central controller and .the

subordinate processors.

- A centrally controllsd system may alsc offer some advantages

over a distributed system in the Pollowing areas:

- They are simpler to simulate making it possible to
<

verify system performance before implementation.

- When knowledge on the state of the processors is
available at a central site, it is possible to implemant
better scheduling algorithms which can provide

guaranteed real-time respcnée, load balancing, etc.

To show the feasibility of this multi-activity executive, the
ASN  simulatcer described in chapter € was implemented. The
performance measures chtained from the simulation can be used by
the system designer to find an activity to processor allocation

which meets his needs.

In certain cases, a designer who has experience with

iB2



multitasking operating systems may choose to implement his system

in thi=s environment. As was shown in chapter S, PAD’s could he

used in thé. design process as they can bhelp the dssigner
partition activities into tasks in such a way as to minimize
intsr-task communication and/or,mgﬁimize concurrency. It is thus
possible to let the product deéignqr, which is mast familiar with
the sustaﬁ to be designed, Ffirst specify it using PAD’'s and then

lst the -éﬁmpgtaf spaecialist maﬁ these requirements anta’ tasks.
The ccmputer spe;ialist may then use tools devalcpéd for
multitasking systams, with which he is Familiar, to.assist Rim in

the implementation of the system.

7.2 PARALLEL AND FUTURE WORK

The purpose of this thesis was to introduce PRO's and shouw

their applicability as a design toal for concurrent systems. At

"this level, only a feasibility study was reguired. The neit\ftep

would be to design the proper toolset which would consist of the

Following:

A program to enter the system.specifications in the computer

A pregram to verify the syntax of the ASN in the specifications

ﬂ'program <0 obtain an initial activity to processor allocaticn

A simulator program te verify the performance of the system

The "System Specffication" program discussed in chapter & is
much too ruedimentary for any practical use beceuse it does not

.

provide any editing. facllity to the user. A program with such =a
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feature is currently being written. It.psrmit§ the entry of the’
ASN in matrix notation and lets the user edit fhs 'specificatién
at will. To make a product out of this tooiset, a graphical
editor would be essential as it would allow the user to see the

diagrams directly on the scraen.,

A program is also being written to check the syntax of the
ASN  which was entered in the computer by one of the previous
programs. It can detect such errors as multiple triggering and
deadlock situations, and issue warnings in other cases such a&s an

4 4
&
enable input missing on a gate or timer node,

Té implement the system using the multi;activitg executive,
an activity to precessor allocation must be defined. % fFirst
allocation could be found using the ATC's and it could be fine-
tuned wusing the simulator program. A feasibility study is
currently under way to determine if a program can be uwritten
which will automatically find an initial allocation which can

meet certain requirements imposed by the user. The possibility of

using an expert system to implement this program is alsoc being

investigated.

-~

The ~ASN simulator program would also require same

enhancements to make it more useful For the simulation af real

——

systems:

- The random svent generator could be modified to allow

For dependent and non-Markovian events.
- Multiple instances of the same ASN could be permitted.
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In this case, the occurrence of a starting event could
start & new instance of ‘an ASN if the response to &
previous occurrence of this event is still being carried

on.

- The exscution times of certain activities could be

random instead of Ffixed to model data dependeﬁt

execution times.

- The intar-processor communication reguirements could

be modelled in the simulation to show their effect on

system performances.

- Differant schadulihg algorithms could be implemenitad
to lef the user try them out and Ffind out which
algorithm results in _the best - performance for his
particular system. This 1is currently being dane to
verifg certain scheduling algcrithm wused in Job shop

scheduling problems.

If systems are to be implemented under the multi-activity
executive, the executive will have to be implemented on an actual
multiple microprccessof system. ote that, in this case, part of
‘the simulatar ‘arogram  could be ed directly to code the’
executive ' because the simulator was divided intml modules

corresponding to those of the executive.

If the system is to be implemented under a multitasking

operating system, tools could be developed to automate the
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process of mépping activities to tasks. The feasibhility of this
program is currently being considersd and agsain, sxpart.sustams.-

r:%providé an interesting solution to this problem.

Current research 1is also being carried out in apS%ication
areas of PAD's as they are being considered for the design of

IElaxibla manufacturing'sgstsms (FHS> CPICH BB1.

To conclude this thesis, two Fipal remarks should "be mads

about ASN's:

- The set of nodes that were defined does not represant a closed
set. It més chosen in this fashidn to maintain‘gﬁpelativelg small
set Df‘ncdeg which would still provide same inEZré;ting features
EEE_the specification of many control type sgstems.zunang-sgstems
could be specified using only activity initiator, branch; merge,
wait and end nodes. Cn the other hand, the description of other
systems may be greaflg fFacilitated by defining more complex nodes
thaé _the anes presented herea. Iﬁ is conceivahle that different
sets of nodes may be available to the user depending cn the type

of system that will be designed.

- PAD’'s may not be suitable for the design of all event driven
systems. For instance, 1in cases yhsre processes are very
interreléted and require much écmmunication betwéen themselves,
PAD's may be inadequate because they do nat explicitly show these
interrelations. More research needs to be dcng to find the
limitations of PAD’'s and possiﬁlg add some features to them to

overcome these limitations.
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APPENDIX A

FINITE STATE MACHINE SIMULATOR

This appendix contains the program listing for the finite
state machine simulator written in TURBO PASCAL (c) for the IBM

Personal Computer (cJ.

TURBO PARSCAL (c) is a trade mark of Borland International
Inc., IBM Personal Computer (c) is a trade mark of Intermnational

Business Machines Corp.
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PROGRAM FSM_SIMULATOR (input, output);
{SR+2 '

CONST .
max_n_pf_states = 39;
max_n_of _events = 3;
max_n_of _activities = S;

{ Include files 2

{sI TABLE.PARS}
{$I FSRSIN1.PRS2
{81 FSMSIM2.PASY

VAR . o=
answear: char;

BEGIN (FSM_simulator?

{Check for color monitorl
write(' Do you have a color monitor? L[Y/N1: 'J;
read(kbd, answer); ’
if upcaselanswerl = 'Y’ then _
begin - , .
TextColor(yellowd); . | - e
TextBackground(Blue); ’
end; '

P

repeat

{Display menul -7 . N . !

clrser; . - : - .

answer := '0’; . . ' ' c

gotoxy(3.,7); i R A . :

writeln(’MENU D, . ' -

gotoxylea,10); . .

writeln('l : ‘Create of Edit FSM Table'3; - T

gotoxycea, 1e); ',

writeln('2 : Simulate Event Checking System’');

gotoxy(ae, 14); . : T .

writeln(’3 : Simulate Interrupt Oriven System’);

gotoxy(ee, 167 Co

writeln('4 : Quit’'); _ .

repeat , : .
gotoxy(22,197; . : -
writa(’Enter Selection [1-43: '3,
read(kbd, answer); " ’

until answer in E'l’,'E','ﬁ\{'%’J;

-

4+



case answer of

'l': state_table_sntry;
'2': event_checking_simulator;
'3':  interrupt_driven_simulator;

end;

‘until ansuwer = e S
clrscr;

END.



{This procedure is used to enter the state table and the activity
execution time in a fFile which will be read by the FSM simulator.z

PROCEDURE STRTE_TABLE_ENTRY;

VAR

ch: char;

num_of _events: integsr;

num_aof_states: integer;

num_of _activities: integsr; _

state_table: array [1..max_n_of_states,l..max_n_of _events,1l..2]
of char; .

activity_table: array L[l..max_n_of_activities] of integer;

x_table, y_table: integer;

return: char; -,

‘Filename: stringll4];.

£: text;

Procedure display_help;
begin {display_help}

writeln;

writeln; .

writeln(’ Upon entering <C>, to create the state table, you will’,
' be asked’);

writeln¢® for the number of states, events, and activities. You’,
''will then’J; '

writeln(’ he given a blank table to f£ill in. You may only’,
' enter wvalid’);

writeln(’' characters to describe each cell in the tabkle, Ffor’
' example, ');

writeln(’ s2/al. If an event causes no activity to be’,
' executed, then’Jl;

writeln(’ label the activity a0. If you choose <E> then you will’,
' be sble’l;

writeln(' to edit an existing state tahle. Leave no blanks in’,
' any of the’l; -

writeln{' cells. Use the arrow keys on the keypad to move in the’,
' table.’);

writeln(’' Press '’'X’’ at any time te exit table creation. You’
"'will then be');

writeln(’ asked for =activity executicn times, “note that the’,
' default’l;

writeln(' valus for these times is indicated in brackets.');

writeln;

write(’ Press any key to continue’?d;

while not keypressed do {nothingl;

1

end;



Procedure'create_table;

var
i,J,.%x,4: integer; =
cell_string: stringlB3J;

begin {create_tablel

{This procedure simply displays the state table on the screen?
clrscr;

Yy = W

gotoxyl7,y7J;

for § := 1 to num_of_events do write(' E',j:2,° "3
goetoxydl,y+17;

write(’ AP

for §J := 1 to num_of_events dc write(’' ——=-=-- HID N

y_table := 5;

L]

y := y_table + 1; {to get to input linre
gotoxyll,y?; :
for 1 := 1 to num_of_states do

begin
write(’' S',1i:2," '),
x_table := 5;
For J := 1 to rnum_of_events de {write(’' s /a !');2
begin
cell_string := concat(’ s’,state_tablefi,j, 11, -
. '/a’,state_tableli, 5,23, |'J;
. write(ecell _string?; -
i end;
- !
g =g + 1;
gotoxy(l,yJl;
write(’ HER B —_—
For 4 := to num_of events do uwrite(’'------- I I
g =y + 1;
gotoxy(l,yl;
end;
end;
»

Procedure fill_tahble;

var
left_lim,right_lim,up_lim,down_lim,x,y: integer;
event,state,side: integer;

Procedure where_in_table;

{this procedure gives the position of the cursor according to:
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current state, event and which side of /1%

var
- x_offset,modval: integer;

begin {(where_in_tablel}

state := (y—-(y_table-1)) div 2;
x_ofFfset := x - x_table ;

avent := x_offset div 8 + 1;
modval := x_offset mod B;

if modwval < 4 then
side := 1

glse
side := 2;

Procedure check_for_error;

{Check For blanks in the state takblel

var
i,J: integer;
error: integer;
n,code: integer;

begin {check_for_errorl

return = "X’
ecrraor := O;

i = 0; :
while (error = 0) and (i < num_of _states) do-
begin :
i:=1i+1;
J = 0y
while (error = Q) and (] < rnum_of_events) do
begin
=3 + 1;
if ((state_tahlefi, 3,11 = ' ') aor
{state_tableli,j,23 = ' 'J3

then ercor := 1

else

begin

val(state_tableli,),13,n,codel;
if (n > num_of _states) or (n < 1) or (code <> 0)
then error := 2; -
val(state_tablelli, 3,22,i,codel;
if (n > num_of activities) or (n < 0) or (code <> O)
then error := 3;
end;
end;



end;

gotexy(l,down_lim + 3J; et
if error <> 0 then
begin
case error of
1: write(’' Missing entry in’)J;
2: write(' Invalid state in');
3: writeC’' Invalid activity in’'J;
end;
write(’' state ',i:1,' arnd event *,3:1,"'. 'J;
urite('<A>bort or <F>ix: 'J;
repeat
read(kbd,returnl;
until return in C’at,'A’,'F','F'3;
LEﬂd;
end;
begin {(fill_tablel}
left_lim := x_table + 3; { leftmost linez .
right_lim := x_table + num_of _events*8 - 2; { rightmost linel}-
up_lim - := y_table + 1;
down_lim := y_table + num_of_states*2@ - 1;
repeat
gotoxy(l,down_lim + 3J;
writeC’ Press ''X’'' to exit .
' -);
x ;= left_lim;
y := y_table +I3
gotoxylx,yl;
while not keypressed do {(nothing2 ;
read(kbd,chl;
F
while upcase(ch) <> 'X’ do
begin .
if ch IN L’0'..'8’] then i
hegin o ]
where_in_table;
state_tablelstate,event,sidel := ch;
writel(chl;
end
else
if ch = #27 then
begin

read{khbd,ch);
where_in_table;
CASE ch of '
#72 : if y <> up_lim then £ - 32
4 =y -c; |



#80 : if y <> down_lim then
y :=~y + 2; {down?

#77 : iF x <> right_lim then
if side = 1 then
X 1= X +/3
else
X 1= x + 5;

#7S : if x <> left_lim then
if side = 1 then
X := x - 8
else
X 1= x = 3;

end;
end;

{ curscr now validated and updated 3
gotoxyix,yd;

while not ‘keypressed do {(nocthingl;
read(kbd,chJ;

end; {whilel

chéck_Ecr_arrmr;
until ceturn in £'a’,'AR’,'x’',"X'7J;

and;

var i,J: integer;
nl,n2: integer;

BEGIN ({state_table_entryl

writeln;

{down2

lw

For i := 1 to max_n_of_states do ({initialize array to all blanksz

For j:= 1 to max_n_of_events do
begin
state_teblelfi,),131 = "' 'y
state_tableli, 3,23 := " '3
end;

fgr i := 1 to max_n_of_activities do
activity_tablelil := O;

num_of _states := 0O;

num_gf _events := 0;

repeat
clrscr;

),



gotoxy(31,22;
writelnc’ STQTE THBLE ENTRY ' J;
writeln;
write(' Enter <C>reate table, <E>dit, <Hrelp: ');
read(kbd,chl; )
: if upcase(chl) = 'H’' then display_ help.
until upcase(ch? in C'C*,"E"];
writeln;

if upcasel(ch) = 'C’ then {(request all parameters from’ user?
hegin )
repsat
writeln;
write(’' How many =vents (1-->8): 'J;
readln(num_cf_events);
urrtil (Cnum_of _events >= 1) and
(num_of _esvents <= max_n_of events)?;

repeat
writeln;
surite(’'. How many states (1-->8): ')J;
readln(num_of _states);
until &(num_cf _states >= 1) and
{rium _of states <= max_n _of statesl);

repeat
writeln;
write(’' How many activities (1--2>9) . '),
readlninum_cf_activities}; )
until ({(num_of_activities >= 1) and
tnum_af _activities <= max n_gf activities));

writeln; ,
write(’ Under what filename will you store this takle: 'J;
readln(filename); - =
assign(f,fFilename):
end

else {edit existing table, hence read state table filel
begin

wrriteln;
write(’ Under what filename is your state table stored: )
readlncfilenamel; & —_—
assigni(f,filename);
reset(fJ;
readlin(f,num_of states,num_of _events,num_of activities);
if ((num_of _states > 9) or (num_of _events > 8)) then

writeln(’ *+*+ state table is too large for screen'?
else

begin -
for i := 1 to num_of_states do
Fecr 3 := 1 to num_of_events do
begin
read(f,nl,n2J;
state_tableli, 3,13 := chr(%8 + nlj);

f/\ A-10
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state_tableli,,2] := Cho(4B « nel;
readlin(fd;
end;

for @ := 1 to num_of _acirvities dc
read(f, activity tablelili);
ernd;
end;

1€ ({num of states <= 9) or (num_of events <= S)) then
begin ‘

(draw table orn screen?
create tabie;

{let user edit tabled
Fill table; '

1 return = X' then

hegin .
1f upcase(ch) <> 'C’ then
Cbegin
clase(f);
assign(f, FLlenamel;
end;

rewrita(f);

woiteln(f, num_of -states,’ ’',num_cf_events,' ',
num_of activities);

for 1 = 1 to nem_of _states do

hegin
for J:= 1 te num _of _events do
begin .
wrrte(f state_tableli, 3,13, ',state_tableli,),23);
writeln(fl;
end;
end;

clrser; (now obtain activity times, do for <E> or <C»32
writeln; to
for & := 1 tec num_of_activities do
begin
write(' Enter time fFor activity ',:,°'C",
activity_tablel:], "2, ": '2;
readln(activity_tableli]);
write(f  activity tablelfal, " "2
wratelin;
end;
and;
end;

close(f); \

end:

D
I
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PROCEDURE EVENT _CHECKING_SIMULATOR;

VAR

4

num_of _states, num_of _events, num_of activit:es: i1nteger;

state_table: arrayll..max_n_of_states,l..max n _of events,l..2]

cf integer;
act _time_table: arrayl0..max_n_of activities] of amteger;
simulation_time, time: real;
e»ent_osc_ccunt, event _det_count: arrayfll..max n of events)

. af real;
prob: arrayll..max_n_of_events] of real;
event _same_priority: boolean;

-activity_count, activity time _count: arrayl0..max n of activities]

of real;
current_state, next_state, act:i:vity, event: integer;
processor_busy: boolean; '
processor_busy_time: integer;
display, return: char;

f: text;

Filename: stringll4);

Procedure cutput _display;

var
i
ch:
cho
dis

integer;

char;

ice: char;
play_stat: boclean;

percent det: real;
busy time: real;

Prc

heg

cedure display_event stats;

in {display_event stats:?

clrscr;

g

otoxy(32,2);

write (TEUENT STATISTICS');

gotoxy(l, 43, .

writeln(® TIME: ' ,cime:10:0); . -

writeln;

writeln(' Current State: ',current _state,’ Act:vity Executing: ,
. activityl; .

writeln;

write(' EVENT NUMBER OCCURRED DETECTED *J;

if display_stat then {add headings for final stats?

write(’ PROB OCCURRENCE . % DETECTION'D;
writeln;
wr;teln;



Faor 1 := 1 to num_of_events do
begin :
write(' ',i:65,event_pcc_countlil:18:0,event_det count(il:15:0,°
'y,
if display stat then {give final percentagesl
begin
if event_det_countlil] = O then
percent_det := 0O
elsa . .
- percent_det := event_det _countlil/event_occ_count(il*100

write(event occ_countlil/time:6:5, ' '
percent_det:7:3); ~
end;
writeln;
end;

if display_stat then
begin
getoxy(l,20);
write( ' Hit any key to continue ’')J;
while not keypressed do {(nothingl;
end;

end;

Procedure display_activity stats;
begin {display_activity_statsl

clrscr;

gotoxy(31,2);

write ("ACTIVITY STRTISTICS');

gotoxy(l,4); : :

writeln(® ACTIVITY', "ACTIVITY TIME .17, '# OF TIMES': 13,
'TOTAL TIME':15, '% OF PROC TIME':207;

writeln;

busy_time := 0;

for 1 := 0 to num_of_activities do

begin -
busy time := busy_time + activity time_countlil;
writeln(’ ',1:3,act_time_tabhlelil:18,
activity countlfi]:13:0,activity_time_countl13:15:0,
' ':13,Cactivity time _countfil/time)*100:7:3);
end;
writeln;
writeln(' TOTAL ',° ":34%,busy_time:10:0,." ':13, .

(busy_time/time)*100:7:3);
gotoxy(l,20); .
writel' Type any key to continue 'J;
while not keypressed do (nothingl;

.
8N



! .begin (display_output? ®
if C(time = simulation_time) or (return = 'X') then
begin
display_stat := true;
repeat
clrscr;

gotexyl(32,73;
write ('STATISTICS MENU');
gotoxy(25,103;
write ('1 Display Event Statistics’); }
gotoxy(as, 1a);
write ('2 Display ARctivity Statistics'),
gotoxy (25, 143;
write ('3 Exit');
gotoxytas,17); .
write ¢('Enter Selection [1-31: 'J,
choice = ' '; :
repeat .
read (kbd,choice?; )
until choice n 017,727, 73" ];

case choice of N
'1': display_event_stats;
'2': display_activity_stats;
end;
until choice = "3°';
end

else

begin

" display_stat := false;
display_event_stats;
gotoxy(l,20);
write(' Type <X> to exit, any other key to continue '),
while not keypressed do {nothingl;
read (KB8D,ch); ' '
if upcasel(ch) = 'X' then

return := 'X' <{abocrt program executionl
else
return := 'C'; {cantinuel
and;
end;

var i,J: 1nteger;
ch:..char;
lastzevent, event_count: integer;

begin {event_checking_simulatorl

o~

e
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clrscr;

gotoxy(a7,27;

writeln('FSH EXECUTIVE SIMULARTOR 1°);
writeln; )
write(' Enter State Table filename: ')
raadln(filenamal;
uriteln;
assign(f,filenamal;
reset(f);

{read state table filel
read(f, num_of states, num_of_events, num_of_activities);
fFor i := 1 to num_of_states do :
fFor J := 1 to num_of_events do
begin o :
read(f,state_tableli, ),1],state_tableli, 3, 233;
readlin(fl;
end;
act_time_tablefQl := O;

for i := 1 tc num_of_activities do
read(f,act_time_tableli1l);

writeln(’ PROBABILITY ASSIGNMENT');
for 1 := 1 to num_of_events do
begin - —
probli] = -1;
repeat
write (' Probability of event
readln (problfil);
until (probfil >= 0) and (probLi] <= 1J;

y 1, ccocurring: "

end;
writeln;
simulation_time := O;
repeat
write(’ Enter desired simulation length: *J;

readln(simulation_timel; ‘
until (simulation_time > 0) and (simulation_time < 1elQ);

for 1 := 1 to num_of_events do
begin
event_occ_countfil] := O;
event_det_countlil := O;
end;

For i := C to num_of_activities dao -
begin
- activity_countlil := 0;
activity_time_countlil := O;

end;
writeln; —_
repeat

write(' Enter current state of system: '3
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readlnfcurrent_state)l;
until (current_state > 0) and (current_state <= num_of _states);

writeln;
repeat
"write(' Do you want a timecount bg timecount display? L[Y/NI: ',
readlnldisplayl; -

display:= upcasel(display);
until display inm C°Y', 'N’1;

event_same_priority := false;

writeln;

repeat .
writeC’ Do zall events have the same priority? TY/NI: '2;
readln{chl;

until upcase(ch) in £'Y','N"1;
if upcase(chl =~ 'Y’ then event_same_priarity := true;
if display = 'N' then
begin :
clrscr;
mrite;n;
writeln(’ Processing...'J;
end;

time := O;
return := ' 7
activity := 0;
last_event := 0O;
processor_busy := false;
processor_busy_time := 0;

while (time < simulation_time) and (return <> 'X’') do
begin

if display = 'Y' then
output_display:

if return <> X' then
begin

time = time + 1;

{Check for occurence of all events?
event := last_event + 1;
if event > num_of_events then event = 1;
event_count = num_of_events
while (event_count <> 0) do
‘begin
if probfeventl > Randcm then
begin .
event occ_countleventl : = event_occ_countleventl + 1;

(Process event only if processer is "idle”}
if processor_busy = false then
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begin ‘ : -

activity := state_tabletcurrent_state:nvgnt,E];
next_state := state_tablelcurrent_state,event,1l];
gvent_det_countleventl := event_det_countleventl
+1; .~
activity_countlfactivityl :=‘activity_count
¢ Cactivityl + 1;

if activity <> 0O then
begin
{Remember -last event detected if all events
have the same priority, for a round cobin
type polling.2 ‘
if event_same_pricrity = true
e then last_svent := event
a2lse last_event := 0;
{Assign activity to processorl
processor_busy = true;
processcr_buﬁi_time := act_time_table
Cactivityl;
end
else {Only update state if activity 03>
current_state := next_state;

and;

end;
event := svent + 1;
if event > num_of_events’ then event := 1;
event_count := event_count - 1;
end; . ¥

{Simulate activity executionl
if (processor_busy = trusel) then
begin ‘ L
activity time_countlactivityl = activity_time_count
Cactiwvityl + 1;
processor_busy_time := precessor_busy_time - 1
if processor_busy_time = O then
begin )
current_state :~ next_state;
processor_busy := false;
activity := 0O;
end;
end;

end;
end;
if display <> 'Y' then
begin

sound(720); -
dalay(150);
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- —— -

nosound;
and;

output_displagt

cend;
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PROCEDURE INTERRUPT_DRIVEN_SIMULATOR;

CONST

max_gueue_size = 1000;

URR

num_of _states, num_of_events, num_of_activities: integer;

state_tabls: arrayll..max_n_of_states,l..max_n_of_events,1l..2]
of integer;

act_time_table: arrayf0..max_n_opof_activities]l of intsger;

simulation_time, time: real;

~event_occ_count, esvent_gqueued_count: arrayll..max_n_of_events]

of real;
event_queued_time, event_service_time: arrayll..max_n_of_eventsl
of
RECORD
max: real;
total: real;
end;
prob: arrayll..max_n_cf_events] of real;
activity_count, activity_time_count: arraylO..max_n_of_activities]
' o of real;
curraent_state, next_state, activity, event: integer;
queuve_size: integer;
svent_guewe: RECORD
size: integer;
An_index: integer;
out_index: integer; )
gueve: arrayll..max_gueue_sizel aof
RECORO
entry: integer;
time: rezl;
end;
end;
gueue_stat: RECORD
max: integer;
size: real;
end; .
processor_busy: boolean; .
.processor_busy_time: integer;
display, return: char; -
£: text;
Filename: stringll4];

Procedure output_display;

var
i:
ch:

integer:
char;

choice: char;
display_stat: boolean;
percent_queued: real;



busy_time: real;

Procedure display_event_stats;
begin {display_event_stats

clrscr;

gotoxydl32,27;

write (’EVENT STATISTICS');

gotoxy(l,4);

writelnd’ TIME: °,time:10:03;

writeln; .

writeln(’ Current State: ’,current_state,’ pctivity Executing: °,

activity,’ Queue Size: ',event_gqueue.size);

writeln;

write(' EVENT NUMBER OCCURRED QUEUED '3,

iF display_stat then {(add headings for final stats?

write('’ PROB OCCURRENCE % QUEVED '),
writeln;
writeln;
. \
for i :='1 to num_of events co
" begin :
write(’' ’,i:5,event_ocs_countlil:18:C,event_gueued_countlil:15:0,

Ty,
if display_stat then {give final percentages’
" begin :
if event_queued_countlil = O then
‘percent_gueuad := 0
else '

percent_quzued = event_gueued_countlil/event occ_countlil

= 100;
write(event_occ_countlil/time:6:5,
’ ',percent_quewed: 7:3);
end;
writeln;
end;

if display_stat then
bzgin
"gotoxy(l,20);
write(’ Hit any key to continue statistics’);
while not keypressed do {(nothingl;
end;

Procedure display_activity_stats; -

begin {display_activity_stats?



clrsecr;

gotoxy(31,2);

write C'ACTIVITY STATISTICS');

gotoxg(l,43;

writeln(® MAXIMUM QUEUE SIZE: *,queue_stat.max:%,' ':8,
‘AVERAGE QUEUE SIZE: ', (gqueuve_stat.size/time):7:33;

writeln;

writeln¢’® ACTIVITY','ACTIVITY TIME':17,'# OF TIMES™:13,
'TOTAL TIME':15,’ % OF PROC TIME':203; :

writeln; .

busy_time := O;

For i := 0O to num_of_activities do

begin
busy_time := busy_time + activity_time_countlil;
writeln(’ ',i:3,act_time_tablel[i3:18B,
activity_countlil:13:0,activity_time_countlil:15:0,
' 13, Cactivity_time_countlfild/timel*100.0:7:3);
end;
writeln;
writeln(' TOTARL ', ':3%,busy_time:10:0,' ':13,

(busy_time/timel*100.0:7:33;
gotoxy(l,21);
write(’' Type any key to exit’'l;
while not keypressed do {nothingZ;

end;

Procedure display_response_stats;

-
var avg_gueued_time: real;
avg_service_time: real;
begin {display_response_stats?
clrscr;
gotoxy(e8,2);
write ('EVENT RESPONSE STATISTICS'D;
gotoxyll,4>; ) »
writeln(’' EUVENT NUMBER AUG TIME nmaxX TINE 7,
! AUG TINE nAax TIME '), -
writeln(’ IN QUEUE IN QUEUE ',
! IN SYSTER IN SYSTERM');

writeln;

for 1 := 1 to num_of_events do
begin

{Compute average times2 :

if event_gueved_timeli].total = O
then avg_gqueued_time := O
elsse avg_quseusd_time := event_queued_timeli].total

/event_gueved countfil;

if event_service_timelil.total = O

then avg_service_time := O
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. else avg_service_time := event servic il.total

/event_queued_countl(i

writeC' ',1i:6,°' ‘':l1lg2, _
avg_gqueued_time:7:3,' ':5,
avent_queued_timelil.max:5:0,"' ':10,
s avg_service_time:7:3," ’:7,
™ event_service_timelil.max:5:0);
writeln;
end; ~

if display_stat then
begin
gotexy(l,203; S
write(' Hit any key to continue statistics’);
while not keypressed do {(nothingl;
end; ‘

begin {output_displag}

if (time = simulation_time) or (return = 'X’3 then
hegin .
display_stat := true;
repeat
clrser; ) .
getaxyl32,73;
write C(’STATISTICS MENU');
gotoxyl(2s,107; - .
write (’1 Display Event Statistics');
gotoxyl2s,127;
write (’'2 Display Activity Statistics’);
gotoxyc(2s, 14J;
write ('3 Display Response Time Statistics');
Jotoxyl(2s,167;
write ('Y Exit’');
gotoxy(25,19);
write (’'Enter Selection {1-%3: '),
choice := ' ';
repeat
read (kbd,choice):
until choice in C'1’,'2','3","'%"1;

case choize of
'1': display_event _stats;
'2’: display_activity stats;
'3’: display_respaonse_stats;
end;
until choice = '4°;
end
else
begin :
display_stat := false;



- display_event_stats;
gotoxy(l,203;
write(’ Type <X> to exit, any other kesy to continue’l;
while not keypressed do {(nothingl;
read (XBD,ch’;
if upcase(chl) = 'X’' then
return := 'X’' {abort program executionl’
alse * ’
return := 'C’; {continuel
end;

" end; o ‘ .

var i,J]: integer; ’ -
ch: char;
queued_time: real;
service_time: real;

begin {interrupt _driven_simulatcr?l

clrcscr; |

gotoxy(a7,273;

writeln('FSM EXECUTIVE SIMULATOR I1°);
writeln;

write(’ Enter State Table filename: '
readln(filenamel;

writeln;

assign(f,filenamel;

raset(f7;

{read state table fFilel
read(f, num_of states, num_of_events, num_of_activitiesl;
for i := 1 to num_of_states do
for 3 := 1 to r um_of_events do
begin )
read(f,state_tableli, J,13,state_tahleli, 1,233;
readln(f);
end;
act_time tablelfQ] := O;

for i := 1 to num of_activities do
read(f,act_time_tablelil);

J

o~

writeln(’ PROBABILITY ASSIGNMENT'J;
for L := 1 to num_of_svents do
begin ‘ -
probfil :g -1;
repeat :
write (’ Probability of event ',1, ' occurring: '3
readln (preblil); :
until (problfil >= 0) and (probLil <= 132;
end; .



writeln;

simulation_time := 0Q;

repeat .
write(® Enter desired

( simulation length:
regdln(simulation_time); '

Yy

until (simulation_time > 0). and (simulaticn_tima < 1e10):

writeln;
queue_size := -1;
repeat

write(' Enter desired queue length (max '’

readln(queue, sizel;

,max_queue_size

R

until (queue_size >= 0) and (quece_size <= max_gueue _size);

Fer i := 1 te num_of _events do

begin

event_occ_countlil
event_queued_count(il]

.- é;

event_qgqueued_timelil.max

event_service_timeli].max

end;

for i
begin
activity countli]

end;
writeln;

repeat
write('’

= O
activity_time_countlil

readln{current_state); .
until C(current_state > 0) and (current_state <= num_of states);

writeln;

repeas
write(’
readlnl(display);
display:=

iF display =
begin
clrscr;
writeln;
writeln(’
end;

'N® then

time := O;

return = ' ’;
activity := 0O;
event_queue.size := 0O;
event_queue,in_index

= 1

= Q0

upcasel(displayl;
until display in L’Y’, 'N’J;

Processing...');

.
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event queue.gut index = 1,

queue_stat.max = 0;

Queue_stat.size := 0;

processor _busy :~= false; -
processor_busy_time := 0; . .

‘while (time < simulation_time) and {return <> 'X') dc
bagin .

1f display - "Y' thaen
sutput display;

1€ return <> "X’ then
begin

time := time + 1;
event := 0;

{(Check for events and queue themd
o for L = 1 to num_of_events dc
! bagin .
// iFf preblil > Random then
begin ’ ]
a - event _occ _countlil := event occ _countlil -+ 1;
1f event_queue.size < gueue_-size then
Lagin - . =~ A
event _gueued countli] := event_queued_countlil]
. 4-1; ‘
event_gueue.queuelsvent _gueue.in_index].eniry
. = i _ .
——— event _queve.gquecvelevent _queue.in_index].time .=
' time;
event_gqueue.in_index := event_gueue.in_index + 1;
- 1€ event_queue.:in_:index > queue_size
than event_queue.in_index := 1;
event_queue.slze = eventi_gqueue.slze *_]1,;
end;
end;
end;

(Execute an activity 1in the gueue 1f possiblel
while (processor_busy ~ false) and (event_gueue.size <> 0) do
begin

{Unqueue event)

gvent = event_gueue.gueuvelevent _gqueue.out_index].entry;

{(Update queue time statistics?
queued_time = time - event_gqueue.queus
' [event_queue.out_index].time;
if event_queued timefevent].max < gqueued_tima
then eveni_gqueued_t:mefevent].max := queued_time;
event _queued_timeleventl).total :=~ event_gueuved_timeleventl
. .total + queued_time;

[y

(Update out pointerc?
event_queue.ocut_index := avent_gueue.cut_index + 1;
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if svent_queue.out_index > gueue_size
then event_queue.out_index := 1;

event_gueue.size := gvent_gueua.size - 1;

{Find out which activity to executeal

activity := state_tablelcurrent_state,event, 2]l;

activity countlactivityl := activity countfactivityl + 1.
next_state := state_tablelcurrent_state,event,1];

{If activity is 0, simply change state, 'slse assign .
to processorl )

if activity <> 0 then
begin
processor_busy = true; .
processor_busy_time := act_time_tablelactivityl;

service_%time := queued_time + processor _busy time;
end

. else
begin
current_state := next_state;
service_time = queued_time;
end:

~{Update service time statistics?
if event_service_timeleventl.max < service_t:me
then event_service _timelevent].max := service_time;
event_service_timefeventl].total := event_service_timelevent]
) .total + service time;

end;

{Simulate act:ivity execution?
1f processor. busy = true then .
begin - v -
activity_time countlactivityl = activity time count
} factivityl +.1;
processar_busy_time := processcor_busy _time - 1
if processcor_busy_time = .0 then

begin .
current_state := next_state;
processcr_busy := fFalse;
activity := 0O;,.

end;

end;

{Check gqueue statistics)
if eveént_gqueuve.size > gqueue_stat.max

then gqueue_stat.max := avent _gueue.s1ze;
gueue_stat.size := gqueue_stat.size + event_gueue.size;

end;

?

“ end;

if display <> 'Y' then



begin

. sound(720);
delay(l150);
nosound ;

end;

DuEBut_displag;

end;



APPENDIX B

ACTIVITY SEQUENCE NET SIMULATOR

This appendix contains the program listing for the activity
smguence nmt simolator written in TURBO PASCAL (c) for the IBM

Personal Computer (cl.

TURBO PARSCAL (c) is a trade mark of Borland International
Inc.. IBM Personal Computer (c) is a trade mark of Internat:onal

Business Machines Corp.
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{Activity Sequence Nets System daclarations}

CONST max_number_of _nsts = 10; - ’
max_number_of_activities = 50;
max_numbar_of_ext_svents = 20;

max_number_of nodes_per_net = 20;
max_number_of _events_psr_net = 30;

{Valid entries for ASN tables?
not_connected = '0°
input_trigger = I’
enable - 'E’
digable - D’

{‘--Q.-.--Il'--.‘C‘.-'..I“.CCOQIQI-QI-II..I‘..O...I-.-.I.I- .-‘.‘-.I-.}

TYPE node_type = (activity_initiator, wait, merge, branch, gate,

counter, tarmlnatorJ

event_type = (int_event, ext_svent); {internal svent (nods trigger)
v ' or sxternal esventl}

counter_status = (counter_expired, counter_disabled);

node_definition = RECORD

CASE node: node_type of

activity_initiator:
Cactivity_id: 1..max_number_of_activities);

wait: ¢); -
merge: ();
branch: (branch_variable_id: strangl1]3J;
gate: (J;
counter: (countser_variable_id: stringCl11):
terminator: (J;

end;

event_definition = RECORD
' CASE event: event_type of
ext_svent: (event_numbar:
1. .max_number_of_ext_events);
; int_ewent: (noda_number:
1..max_number_of_nodess_per_net;
CASE node: node_type of
activity initiator: (2;
wait: (J);
merge: (J; _
branch: (branch_condition:
boolean);
gate: (J;
counter: ()J;
terminator: ()3;
end; '



numbear_of _avents:

1l..max_number_of_ avents_per_net;
number_of _ nodsas:

1. .max_numher_of_ nodes_per_net;

: array [l..max_number_cof_sevents_per_net,

. 1. .max_number_of _nodes_par_net]
of stringlild; -

matrixjfpfinition = RECORD

‘ . matrix

end;
{-----.‘--'-‘.--.‘-...-‘.-"““-‘.““--‘...ﬂ.-‘....'-..ﬂl-‘--.-..-"'-}
{ Global varimble declarations 2

VAR system_name: stringfB3;

numbar_of _nets: 1..max_number_of_nets;
number of _activities: 1..max_number_of_activities;
number_of_ext_avants: 1..max_number_of_sxt_events;

asn_starting_event: array (1l..max_number_of_nets]
of 1..max_number_of_ext_events;

asn_node_definition: array El..max_ﬂumber_of_neté,

1. .max_number_of _nodes_per_netl
of node_dafinition; o

asn_esvent_definition: array (1..max_number_of_nsts,
’ 1l..max_number_of events_per_net]
of event_definition;

asn_matrix: array [1..max_number_of nets] of matrix_definition;



{Activity to Processor Allocation declarations?

CONST max_number_of preocessors = 10;
max_n_activities_per_processor = 20; s

'c..Il".'l.‘.‘l."l-“‘ﬁ-"..---..ﬂOO‘I.‘I'...Il..I.‘l.l.“..l.‘..‘....}

TYPE processor_activity_ table_def = RECORD
' .activity_id:
' 1..max_number_of activities;

activity_sxscution_time: intmsger:
- : end;

{lll‘t‘..llll“‘l.l.l‘..‘..’l.l.llt“l..II‘IGD.-ﬂ....q....‘.ll..‘.“‘..}-
{ Global vériablg declarations 2

" UAR number_of _processors: 1..max_number_of_ processors;
allocation_idantifiar: stringll];

processar_activity_table_size: array [1..max_number_of_ processocrsl
of 1..max_n_activitises_per_processor;

processor_activity_table: array El..mgx_number_pf_processors;
l..max_n_activities_per_processocor]
of processor_activity_tabls_def;

—— - p—

o



{ ASN Simulator declarations 2

Ay

CONST max_simulation_time = 30000;
max_ready_to_run_gqueus_lsngth = 30;
max_numbar_of _counters = 10;
max_number_of branch_nodes = 20;
max_num_of _simultaneous_svents = 10;

{'.-'..I--‘-..-..--.‘.I-.“"-...'-‘C.‘CCI-I..-...-‘I.‘U.CI‘-..‘-‘.I-.‘}

TYPE error_type = (no_error,
ready_queus_averflow,
no_enable_input,
no_internal_ewvent,
too_many_simultanecus_events,
toco_many_branch_variables,
too_many_counter_variables,’
branch_prob_not_found,
counter_variable_ndt_found);

network_state = (dormant,awakse);
trigger_state = (off,ond);
processor_state- = (idle,busy’;

network_information = RECORD
— , state: network_state;
state_table: array
£1..max_number_ of events_per_net,
1. .max_number_of_ nodes_per_net]
of trigger_stats;
end;

ready_to_run_info = RECORD
activity_id: 1..max_number_of_activities; -
network_id: 1..max_number_of _ nets;
node_number: 1. .max_number_of _nodes_per_net;
end;

”{I--.l'..-.--.-'-II.‘.I-".“.-.l.l.II-‘II-.-II‘-“.IIIIOIHQI'QQQHQI'I'}

VAR time: O..max_simulation_time;
simulation_time: O..max_simulation_time;
simulation_state: (started,finished);
simulation_srror: error_type;
simulation_mode: {(interactive,continucus);
display_ flag: bhoplean;
display_delay: integer;

clock_svent: 1..max_number_of_ ext_svents; ¢
{Probability of event for continuous mode of operation cnlg}
probebility of event: array [1l..max_number_of sxt_sventsl of real;



{Event vector and state tables associated variahlas)
svent_vector_state: array [1..max_number_of netal

of (no_changs,updated);
event_vector: array [1..max_number_of_nets,
1. .max_number_of _avants_per_ netl
of trigger_state;
network_info: array [1..max_number_of _nats] of

network_information;

{Branch nede variables for continuous mode of operation?

- fiumber_of _branch_nodes: integer; -
branch_probability: array [1° .max_number_of_branch_nodes] of
RECORD |
network_id: 1..max_number_of nets;

nodea_number:

1, .max_number_of nodes_per_net;
prob_true: real; .
and;

{Counter variables asscciated variables}
number_of _counters: 0..max_number_of_ counters;
counters_initialization: (prompt_user,once_at_begining);
counter_variables: array [1l..max_number_of_ counters] of
RECORD
network_id: 1..max_numbsr_of_ nets;
node_number:
1..max_number_of nodes_per_net;
status: (not_initialized, initialized);
initial_wvalue: integer;
value: integer;

and;
countar_stat: array [1l..max_number_of_countersl of
RECORD ‘

n_times_started: integer;
n_times _expired: integer;
end;

{Ready to rumn gqueue variables) -

ready_to_run_guewve_length: 0..max_ready_to_run_gueue. length;

ready_to_run_gueue: array [1..max_ready_to_run_queue_lengthl
of reeady_to_run_info;

processor_info: array £1..max_number_of processorsl of
RECORD
state: processor_state;
activity_id: 1..max_number_of_activities;
network_id: 1..max_number_of_nets;
node_number: 1..max_number of _nodes_per_net;
execution_time_left: integer;
end;

{ Variables used for statistic gathering purposes 2
‘processor_activity stat_time: array [1..max_nomber_of _processors,
1..max_number_of_ activitiss]



of integer;

event_statistics: array C1..max_number_of_sxt_sventsl of
RECORD '
number_of _occurrences: integer;
number_of_rejections: integer;
end;

network_statistics:

array [1..max_number_of nets] of
RECORD -

number_of times: integer;
cumulative_completion_time: integer;
max_complation_time: integer;
completion_timse: integer;

snd;

cumulative_gueue_length_before: real; _
cumulative quevue_length_after: real;
max_queus_length_before: integer;
max_queue_length_after: integer;



)

PROGRAM SYéTEH_SPECIFICQTIDN Cinput,cutput);

{Compiler Directives} "
{SR+2 ’

{.-‘.-I....III.‘I--.-----."‘----..‘I-Q-'I.-'..‘---...--‘-‘I-.--.I‘.I-I-}

{$1 DEFASN.DEC2
UAR color_display: hoolean;

R b e LI R LS L R LI L LR LT L Y L L LY L T P L T
PROCEDURE GET_SYSTEM_PARAMETERS;

UAR answer: stringfl3J; )
number: integer;

BEGIN { Get_system_parametars >

color_display :~ false;

writeln;

write ¢’ Do you have a celer monitor C(Y/N) 7 ')

read (kbd,answer);

if C(answer = 'Y') or (answer = ’'y’) then
color_display := true; .-

if color_display then
begin
TextColor(yellow);
TextBackground(blue);
end;
clrscr;
writeln;

writeln (' DEFINE ARCTIVITY SEQUENCE NETS PROGRAM’);

writeln ¢’ written by Robert Joannis’);’
writeln;
writeln C° This program permits entry of the description of’,

' ~ the’l;

writeln (’ system specified using. activity sequence nsts, This’),

writeln (' description will be used as input to the ASN’,
' .’ pxecutive');

writeln (’ simulator.’);

writeln;

write (' Enter system name (maximum B characters): ');

readln (system_name);

number := 0; .
write C° Enter the number. of activity sequence netmorks in’
' the system: ’J;
readln (number);
while (number > max_numbasr_of nets) or
(number <= 0) do



bagin .
writeln (' The number of natworks must bs between 1 and °*
max_number_of_nets:2,°.°'3;
write (' Ra-snter number of nestworks: ’J;
readln (number);
and;

nymbes;sgppafgﬁ?a number;

numbsr := 0;
write C° Entar the number of activities in the 5ustem ')
raadln (number);
while (rnumbher > mex_number_of activities) or
(number <= Q) do
begin
writeln ¢’ The number of activities must be between 1 and °’
max_number_of _activities:2,'.');
write (' Re-enter number of activities: ’J;
readln (number);
end;
number_of _activities := number;

number := O;
write (' Enter the number of external events in the system: 'J;
readln Cnhumber?;
while (number > max_number. of_ext_svents) or
Cnumber <= 0J) do
begin )
writeln {(* The number of external events must be between 1°’,
' and ’,max_number_of_ext_events:2,’.’J;
writs ° Ra—sntar number of extsrnal svents: 'J);
readln (numhber);
end;
numbsr;cf_ext_evants ;= number;

END;

{'.I.I....".......‘..‘.""l..II'.II..‘I...“."l'G".....-.“ﬁ..‘.i-.}

PROCEDURE GET_ASN_MATRICES;

UAR net_number: 1..max_number_of _nsts;

PROCEDURE GET_STARTING_EUVENT;
UAR number: integer;
BEGIN { Get_starting event 2

clrser;
writeln;

numbar := O;
writs C° Entsr starting svent For activiipy seguence network 7,
net_number:2,’': *1; -

b

)
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readln (numberl;

while (number > number_of_eaxt_svents) or
C(number <= 0} do

bagin ‘ -
writeln (’ Invalid event number. Must be bestween 1 and *,
numbar_of _ext_svents:2,' .'); ’
write ('’ Re—enter svent number: °);
* readln (number);
end;
asn_starting_epventinet_numberl := number;
END;
{ ——————————————————————————————————————————————————————————————————————
PROCEDURE GET_NODE_DEFINITION;
UQR node_number: 1..max_number_of _nodes_pser_net;
character: .stringll];
- number: integer;
answer_status: (invalid,valid);

PROCEBDURE DISPLAY_UALID_NODE_TYPES;

BEGIN { Display_valid_nades 3.

clrscr;

writeln;

writeln (' The valid node tuypaes are: J;
writeln;

writeln ('’ A: Activity Initiator’);
writeln ('’ W: Wait'y;

writeln (' M: Merge’);

writeln (' B: Branch’l; *

writeln (¢’ G: Gate');

writeln ¢’ C: Counter’);

writeln ¢’ E: End’);

writeln;

window (1,13,80,25);

END;

BEGIN { Get_node definition 3

number := 0;

writeln;

write ('’ How many nodes in ASN of activity sequence nstwork '
net_number:2,' 7 'J;

readln (number);

while (number > max_number_of nodes_per net) or
(number <= 1) do

B-11
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bagin : .
writeln (' Invalid number of nodes. Must be batmaen 2 °*
‘and" ’,max numbar _of _nodes_pear_neat: E Y
write C' Re-enter number of nodes: "33
readln (numbsr;
and;
asn_matrixfnet_numberl.number_cof _ nodas := numbar;

{Gat dascription of each node in the nat?
display valid_node_types;

for node numbor := 1 to asn_matrixCnst_number].number_of nodas
do

begin

 answsr_status := invalid;
while answer_status = invalid do
begin

write (' Enter type of node ', node_number:2,°': 'J;
readln (characterl; -

{Assuma answear is valid?>
answar_status : = valid;

If (character = 'R’} or (character = 's°'3) then
bsgin
asn_node_definitioninet number node_number)
.node := activity initiator;
number := 0;
write (' Enter actzvitg number: 'J;
+ reasdln {(number):
. I while (number > number_ of activ1tlas) cr.
(number <= 0) ‘do
bagin
writeln (' Invalid actiwvity number.'’
' Must be ', "between 1 and ’
.number_of _activities:2);
write (' Re-enter activity number: '3J;
readln (number);
and;
asn_node_definitionlnet_number, node_numberl
..activity id :-= number;

end

glae if (character = ‘WU') or (character = ‘'w') then
bagin
asn_node_definitioninet_number, node _number]
.ncde := wait:
end

Blsé if (character = 'M’') ar Cchpractar - 'ﬁ') then
begin

asn_node_dafinitioninet_number, node numbar]
.Node =~ merge;
=nd
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glam-if (character = 'B') or (character = 'b') then
begin
asn_node_definitioninet_numbear, K node_numbar)
.node := branch;
write (' Enter variable name (1 lsttec): '),
readln (asn_node definition(net_numbar,

node_numberl.branch_variable id);
and

else if (character = "“G’') or (character = 'g') then
‘bagin
asn_ncd=_definitionlnat number noede_numbar)
.Ncda := gate;
end -

e2lse if (character = 'C') or (charactar = ‘c') then
bagin
" asn_node_definitionlnet_number, node_numberl
. .nocde := counter;
wcite (' Enter variable name (1 lettet) '
readln Casn_nodea_definitionCnet_numbeasr,
i node_number].counter_variable_id);
end
L4 . T
else if {(charscter = 'E') or (character = ‘'e’') then
begin
asn_node_definitioninet_number, node_number]
.node := terminator;

and "
. 2 else

{A valid node type was not enteredl
begin
answer_status := invalid;
writeln ¢' Invalid node type.');
end; .

snd;
end;

{ Resst window 2
window (1,1,80,25);

END;

PROCEDURE GET_EVENT _DEFINITION;

VAR event_number: 1l..max_number_of events_per net;
node_number: 1l..max_number_of_nodes_per_net;
node: node_type;
space_left: l..max_number_of_svants_per_nst;
ext_svent_number: 1..max_number_of_sxt_events;
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n_of ext_sasvents_For_this_net: 1..max_numbar_pf_ext_ﬁyents;
numbear: intager;

BEGIN { Gat_mvent_definition 2

avent_number := 1;
for node_number := 1 to asn_matrixCnet_numberl.number_of_nodes
do

hegin

node := asn ncda _definitipninet_number, node_number]
Lnode; -

{Do not include terminator node in event definition?
if node <> terminator then
begin
asn_event_definitioninet_number, event_number]
.avant := int_avent;
- asn_event_definitionlnet_number, event_numberl
.Node_number := ncde number
asn_svent_dsfinitionfnet_number, event number]
.Node := node;

if node = branch then
begin .

{Setup true branch conditionl
asn_sevent_definitionlnet_numbar,event number]
.branch_condition := true

{Setup fFalse branch condition?
if event_number < max_number_of_esvents_per_ net
then event_number := svent_number + 1
else writaln ('’ WARNING: too many events...'J;
asn_event_definitioninat_number, event number]
.avent := int_svent; :
asn_event_definitionlinet number event numbar]
.node_numbeac := node_pumber
e . asn_event_definitionlnet_number,event_number
.node = branch;
asn_eveant_definitionlnet_number,event number]
branch _condition := falsa
and;

if event_number < max_number_of_ events_per_ nst
then event_number :=- svent_number + 1
elag writeln ('’ UWARNING: too many events...’J;
end;
end;
number := 0;

writeln;
write (’ Enter number of external svents for this network: ’);
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" readln (number);

'{Find out maximum number of events for this netuwork?

space_lsft := max_number_of_events_psr_nst - svent_number + 1;
{(Make sure it doms not exceed number of events in syustem
if space_left > number_ of_ext _avents than

space_left := number_of ext_avants;

while tnumber-> space_left) ar

(number <= Q) do

begin
writeln (' The number of events £br this network must ',
' be between 1 and ',space_left:2,
urite (' Re-enter number aof external svents: ');
readln (number?);
end; o
n_of _ext_events_for_this_net := number;

{(Setup event definition of starting event)

asn_svent_definitioninet_number, event numbserl
.evant := ext_event;

asn_event_definitionfinet_number,svent number]
.event_number := asn_starting_eventinat_numberl;

event number := evant_number + 1;

writeln (' The starting event has been antared in the’
' " definition.’);

ext_avent_number := 2;
while ext_event number <= n_of _ext _events_for_this _net do
begin
number := 0O;
write C° Enter extarnal event number (excludlng n
'starting event): '3J;
readln (number);
while (number > number_of _ext_svents) or
(number <= 0) do

bagin ‘
writeln (’ Invalid event number. Must be between’,
" 1 and ’,number_of_ext_events:2,°'.');
write (' Re-snter external event number: ’3J;
readln (number);
end;

{Setup event definition for external esvent using event
number
asn_svent_definitionlinet_number, event number]
.event := axt _asvent;
asn_event_definition{net_number, event_number]
.event_numbar :=~ number;

event_number := event_number + 1;

ext_event_number :~ ext_event number + 1;
end;

asn_matrix[net_numberl.number_of _events := event _number - 1;
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PROCEDURE GET_MARTRIX_ENTIRIES;

VAR rous: 0.. max_number_of_events_per_net;
column: 1..max_number_of_nodes_per_net;

———— ————— s ke ol S s ks e e e o ey Al B ML SN S S . A S e = T = P W SEF S S Y S S S S S T . = - —

PROCEDURE DISPLAY_VALID_TRIGGER_TYPES;
BEGIN { Display_welid_trigger_types 2

clrscr;
writeln;
writeln (' The valid input trigger types are:’'3;
writeln; .

writeln (' E: sxtmrnal svent');

writeln (' N: node cutput trigger’J;
writeln (' X: na more input triggers’3>;
writeln; ) :
window (1,10,80,2%52;

END;
PROCEDURE GET_NEXT_TRIGSER; .
UAR answer_status: boolean;

char: stringCl];
event: event_type;

—————— — o ——— — T T T o T T T o T T o o o O o T . T . . . il i

PROCEDURE SEARCH_EVENT _DEFINITION;
UAR search_index: integer;
search_flag: boolean;
number: intsger;
BEGIN { Search_svent_definition 2
number := 0;
write (' Enter event or node number: 'J;
readln (numhbher); :

search_flag := False;
search_index := 1;

while (search_index <= asn_matrix[nst_number]
.number_cf _events) and (search_flag = false) do
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bagin

{Check. For proper event typel .
if asn_event_definitioninet_numbar, search_index]
.event = svent than -
bBegin
case event of
ext_eavent:
begin
{Check for proper event number, if a
match set search flag to true to mxit
ths -loop2
if asn_avent_definition{net_number,
search_index].event_number = numbar
. then ssarch_flag := trus;
. end; ' '

int_avent:
begin
{Check for proper node number, if a match
set search flag to true to exit the loop}
if asn_svent_definitionlinet_number,
search_index].node_number = number
then :
begin
search_flag := true;
{If branch node check for true
or false conditionl
if asn_event_definitionCnet_number,
search_index].node = branch
then B
begin
write (' Enter "T” fer true’,
' or "F" for false’,
branch condition: °'J;
readln (char);

{If true condition then it must
be the next entry in evant
definition2

if (char = 'F') or (char = 'f')

then search_index :=
search_index + 1;
end;
end; :
end; {and case of event_typel

end;
and;

search_index := search_index + 1;
end; {end while’

{Check if the input trigger was found in the event
definition?




-

if search_flag = true then
{the ansuwer was 0K and the row is found2
begin
ansuer_status := true;
row := search_index - 1;
end

else
writemin (' INVALID trigger. Re-snter.’);

END;
BEGIN { Get_next trigger 2

answer_status := false;
while answer_status = false do
begin :
write ¢’ Enter input trigger type: ’J;
readln (char);

if (char = 'E’) or (char = 's’) then N
begin -

event := ext_event;
search_event_definition;

end

elsa if (char = 'N’) or (char = 'n’J then
begin
event := int_svent;
search_event_definition;

end
glse if (char'- *X') or (char = 'x’') then
begin
row := 0;
answer_status ;= truea;
‘ and
elssa
bagin

writeln (" INUARLID trigger tupe’'l;
and;

PROCEDURE GEI_NORMAL_NODE_COLUMN;

BEGIN { Get_normal_node_column 2}
repeat
get_next_trigger;
if row <> 0 then
asn_matrixCnet_numberl.matrix{row,columnl
:= input_trigger;

¢
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until row = 0; ‘ - n —
END; '

PROCEDURE GET_GATE_NODE_COLUMN;
BEGIN { Get_gate _node_column 2

writeln ¢’ Enter ENABLE trigger for the gate ')
get_next_trigger;
while row = 0 do
hegin A
writeln (' You must have an ENABLE trigger');
get_next_trigger;
end;
‘asn_matrixinet_number].matrixfrow,columnl := enable;

writeln (' Enter DISABLE trlggar for the gate. )
get_next_trigger;
while row = 0 do
begin
writeln (’ You must have a DISABLE trigger’');
get_next_trigger;
and;
asn_matrixfnet_numberl.matrix{row,column] := disable;

writeln (' Enter INPUT trigger for the gats ')
get_next_trigger;
while row = 0 do
begin
writeln (' You must have an INPUT trigger’?;
get_next_trigger;
end;
asn_matrixCnet_numberl.matrixfrow,columnl := input_trigger;

END;

FROCEDURE GET_COUNTER_NODE_COLUMN;
BEGIN { Get_counter_node_column 2

writeln (° Enter ENABLE trigger for the counter.');
get_next_trigger;
while row = O do
begin
writeln ¢’ You must have an ENABLE trigger’);
get_next_trigger;
end;
asn_matrixfnet_numberl.matrixCrow,columnl := msnable;

writeln ¢’ Enter DISABLE trigger for the counter.’);
get_next_trigger;

9
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while-row = 0 do

begin :
writeln ¢’ You must have a DISABLE trigger’3l;
get_next_trigger; - .
.Bnd; .
asn_matrixCnet_number).matrixfrow,column] := disabls;

‘writeln (* Enter INPUT trigger for the countar.‘);
gest_next_trigger; ¢

= while row = O do

begin , .
writeln ¢’ You must have an INPUT trigger’);

get_next_trigger;

end;

asn_matrixCnet_numberl.matrixlrow,columnd := input_trigger;

END;

BEGIN { Get_matrix_entries 3

{Initializes ASN matrix to not connectsd>
For row := 1 to asn_matrix{net_numberl.number_of_svants do
begin
for column := 1 to asn_matrixCnet_numberl.number_of_nodes
do :
asn_matrixCnet_number].matrix{row,columnl :=
not_connected;
end;

dispiag_valid_triggsr_tgpss;

{Prompt for entry column by columnl
for column := 1 to asn_matrixCnet_numberl.number_of _nodes do
begin
writeln;
writeln (¢’ Enter input triggers for node ’,column:2,°'.’'J;
CASE asn_node_definitionCnet_number, calumnl.node aof
activity_ initiator: get_normal_node_column;
wait: get_normal_noade_column;
merge: get_normal_node_column;
branch: get_normal_node_column; -
gate: get_gate node_column;
counter: get. counter_node_column;
terminator: get_normal_node_column;
and;
end;

{ Resst window 3
window (1,1,80,25);

END;



v - __}
BEGIN { Get_asn_matrix 2
fFor net_number := 1 to number_of_nets do
begin

gat_starting_event;

ggi_ncde_definiticn; . "
. get_event_definition;
R get_matrix_entries;

’ end; -

END;

——
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PROCEDURE SﬂUE_SYSTEﬁ_DEFINITIUN;

VAR char: stringlfl];
File name: stringlfi4];
£: text;
net_number: intsgsr;
i: integer;
J: integer;

BEBIN

clrscr;
writeln;
writeln (’ Insert data disk in drive B.'):

write (' Do you want to save the system definition on disk’,
P CY/NI? )
readln (char);

if (char = 'Y’) or (char = 'y’) then
begin

{Form flle name using system namel
file_namg := 'b:’ + system_name + ’.,asn’;

{Open the filel
ASSIGN (fF,file_name);
rewrite (£);

{Save the system definitionl
writeln (f,number_of_nets);
writaln (f,number_of_activities);
writeln (f,number_of _axt_svents);

for net_number := 1 to number_of_nets do
begin '

{write starting svent?
writeln (f,asn_starting_eventinet_numberl);



{write asn matrix}
writeln (f,asn_matrixCnet_numberl.numbar_of nodes)

writaln. (F,asn_matrixCnet_number]. number_pf_events)
for i := 1 to asn_matrixtnet_numbar].numhsr_pf_pvants do
bagin .
for § := 1 to asn_matrixinet_numberl
‘ .numbar_of _nodes da
write (f,asn_matrixinet_numberl.matrixCi, J37;
end;
writeln (£J;

{urite asn node definition
for 1 := 1 to asn_matrixfnet_number].number_of_nodes do

begin
writeln (F, integer(asn_node dsfinition[net _number, 1]
.nodell;
case asn_node dafinitinn[nst number il .node of
activity initiator:
writeln (f, asn_node_deflnltlontnet_number,
il.activity_idj;
branch: writeln (f,asn_node_dsefinitioninst_number,
il.branch_variable_idJ;
counter; writeln (f,asn_node_definmitioni{inet_number,
il.counter_variable_id);
and; '
end;

{write asn svent definition?
for 1 := 1 to asn_matrixCnet_numberl.number_of events do

begin

writeln (f, integer{asn_event_definitionlnet_number, il
.eventd);
case asn_svent_definitioninet number il.event of
axt_avent: writeln (F asn_gvent_ﬂsflnitinn
Cnet_number, i].event_number);
int_avent: :
begin
writeln (f,asn_pvent definitionCnet_numbar,
il.node_number3l;
“writeln (f, lntager(asn evsnt dBflnltlﬂﬂ
Enet_number,il.nodel);
if asn_pvent_ﬂsfiniticn[nst_number,iJ
.node = branch then
writeln (f, integer(asn_event_definition
Cnet_number, il
hranch_condition));
end; !
end; {end casel}

end;

end; {end for loop on net_number)



CLOSE (F3J;

writaln; .
writeln ¢’ The syatem definition has beesn savad in tha’', _

o File: ' ,file name);
writeln; )

end;

END;

cQ#..“Q‘."‘..‘.‘-."“‘#.'I"-'--.'.-II-.II-.-'.Q.I...“COQQQ-‘..-“.'I.}

BEGIN { Main Program 2
get_system_parameters;
get_asn_matrices;
save_system_definition;

END.



\ .
PROGRAM ACTIVITY_TO_PROCESSOR_ALLOCATION Cinput,output);

{Compilér‘niractives}.
. {SR+2

(POEBBBUBERR BB NG P BB BES S SRS R EERER GRS EE PR SR DS S RO RD SRS RBSREENBBBNSBEENEES")

{$I DEFASN.DECY} .
{$I DEFALL.DEC2>

UAR color_displag: boolean; ~ i

c‘“..“‘.‘.‘C‘.‘.I..-‘.I"I.'III““C.".'.“".‘l"...."ll‘...“".‘.}

-

PROCEDURE BET_SYSTEM_NAME;
UAR answer: stringlfl]; ]
BEGIN { Get_system_paramsters 2

color_display := falss;

writeln; '

write (’ <o you have a color monitor CY/N) 7 'J;

read (kbd,answer); ?

if Canswer = 'Y’') or (answsr = 'y’') then
color_display := true;

if color_display then

begin
TextColor(yellowl;
TextBackgrcund(blue)
and;
clrscr
writaelin;
. writeln (' ACTIVITY TO PRDEESSOR ALLOCATION PPDGRQM‘?»
) writeln (' ~ written by Robert\ugannis J;
writeln; '
writeln (' This program permits entry of the allocation of’,
* the’); =
writeln (° activities to processors of a system which has’
'  already ’);
writeln ¢’ besn defined u51ng DEFASN. " J;
writeln;
write ¢’ Enter system name (maximum B characters): °J;
readln (system_name);
writeln;

write (' Enter allocation idendifier (only 1 character): ’J;
readln (allocation_identifier);

END;
QLI TSI T I L PP Y AT R T TR T T

-
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{ EXTERNAL PROCEDURES 2
{sI RDASN.PAS}

{.I'...-.'I..II.‘lI..‘.C'-'C‘.‘...I.C““"--.--.I...I....I.l"...'.‘.-)

PROCEDURE EET_PRDCESSDR_hCTIUITY_IRBLES;

URR processor_number: 1..max_number_of_processors;

max_activities_per_processor: l..max_n activitias_par_procassor
activity id: 0..max_number_of actlvitiss

numbear: intsger;

index: integer;

BEGIN { Get_processcr_activity_tables 2}

clrscr;

{Find out number of processors ln the system?
number := 0;

writeln;
write C’ Enter the number of Pruocsssors in the system: 'J;
readln (number);
while (number > max_number_of processors) or
(number <= 0) do %"
begin .
writeln (' The number of processors must bs betmesn 1 and ]
max_number_of_processors:2,'.°');
write (' Re-enter number of prmcsssors: ’);
readln (number);
and;
number_of _processors := number;

{Find cut maximum number of activities that can-be executed
by a processorl
if number_of _activities > max_n_activities_per_ processor
then max_activities_per_processor :=
max_n_activities_per_processor
else max"activities_par_prccessqr := number_of _activities;

processor_number := 1;

while processor_number <= number_of processors do
begin

{Find out how many activities can be exscuted by that
processorl
number := 0;
wricaln; _
write (’ How many activities can processor '
processor_number:2,’ execute 7 ’);
readln (number3;
while C(pumber > max actlvxtlss_per“procsssor) ar
(number <= 0J do
begin
writeln (' A processor must he able to execute’,

k]

’
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' bestween 1 and ’,
max_pctivitias_par;procassor:a,
-activitiss,’):
write (°’ Re-snter numbar of activities: ');
raadln (number);
and;
procassor uctivitu tabls_sizelprocesscr_number)
:= number; -
{Find ocut the activity id (actfvitu numbar) of the activities
that can be sxascutsd on that processorl
index :=.1; . -
while lndax <= number do ~
begin :
activity_ id := 0O; .
write (' Enter activity id of executable activity: 'J;
readln (activity_id);
while (activity_id > number_of_activities) or
Cactivity_id <= 0J) do
begin .
writeln (' Invalid activity *d Must be a number’
' batween 1 and °*,
number_of _activities:2,° .'J;
writae (' Re—-enter actiwvity 1d '
readln (activity id);
spd;

prcdessor_activitu_table[processcr_number,index]
.activity id := activity_id; -

write (' Enter exscution time of activity '
activity_ia:2,': 'J3; .
readln (processor_activity_ tablelprocessor_number, index]
.activity_execution_time);
index := index + 1; '
end; -

g
processor_number :=Pprocessor_number + 1;

end; 2 P
» r \

END;

e

{.-.....---.-.‘.I--.--"‘--.....-.‘Q."."'...’U..C..‘...O.-'..-C-.“-A....'}m‘

»

PROCEDURE SAUE_ALLOCATION_DEFINITION;

UAR char: stringlfll; . -
file_name: string[l”]

£: text;
- 1: integer;
J: rinteger;
BEGIN

g5 T



clrscr;
writeln; ' '

writeln (' Insert data disk in drive B.'); .
write (' Do you want to save the allccation definiticn on disk’,

P POCY/ZNDT? ), ' )
readln (char); 5;

if C(char = 'Y') or Cchar = 'y') then
begin

iForm file nams usind system name}
file_nams := ’'b:’' + system_namea + '.al’ + . .
-allocation_identifier; ' N

(Open the file)
ASSIGN (F,fFile_name);
rawrite (£);

writeln (f,number_of processors);

for J := 1 to number_of_processors do
begin : :
{urite.processor activity tables?
writeln (f,processor_activity_table_size(31);
for i := 1 to processor_activity_table_sizel 3] do
begin .
writeln (f,processcr_activity_tablelfj,i3]
.activity_idJ; o
writeln (f,processor_activity_tablelj, il
.activity-execution_time);

end;
i end; N
CLOSE (£);
writeln; )
writeln (' The allocation definition has heen saved in”,
' the file: ',fFile_name);
writein;

end;
END;

{.-“-.-..-..--‘-.-.I.‘-.---.--.'.Oﬂ.“..-.."C"Cl..'.ﬂ'.‘.".“.".'ﬁ}

BEGIN ¢« Main Program 2

get_system_name;
read_system_specifications;
get_processcor_activity tables;
save_allocation_definition; ;o
O’V

ENG.



PROGRAN QCTIUITY_SEQUENCE_NETWQRK_SIHULRTDR (input,ocutput);

{-..‘..P'-I“..-'I‘..‘-"...I‘.-I..."lI..-I.“'.-..‘.‘-I-‘-.-‘I.'I--..}

{ Compiler directivas 2
(SR+2

c-I-OC.---.“.“C.‘.“.‘C.“O'C‘.-l-...“I.Oll."“‘-‘.‘.“...I.'C‘C.-.}'
{$1 DEFASN.DEC 2 - ‘
(S1 DEFALL.DEC 2 :

{S1 ASNSIM.DEC 2

VAR color_display: boolean;

answer: char; o -
first_tims: boolean; - .
: Y |
cOC.I.Q.OI.00".‘.'."""...'...".II..-I--.l.llll.d‘.l.“.l.‘l..“-.C}

PROCEDURE GET_SYSTEM_NAME;
VAR answer: stringlCl];
BEGIN { Get_system_name 2 -

if fFirst_time-then
begin
color_display := false;
writeln;
write (¢’ Do . youw have a color monitor (Y/N2.-7? 'J;
read (kbd,answer);
if (answer = 'Y') or (answer = 'y')
then color_display := true;

if color_display then . {
begin
TextColor (yellow);
TextBackground (blue);

end;
clrscr;. .
writeln; .
writeln (' ASN SIMULATOR PROGRAM’D; .
writeln (' . ‘ written by Robert’,
' Joannis'); _ : 5
writeln;
writeln (’ This program will simulate the behavior of a’
system’);

writeln ¢(* that operatas with an event driven executive’
>’ based on’);
writeln (' Acktivity Sequance Nets, The definition of the’
. ' system’');
writeln (' -must first be entered using the program: DEFQSN'
' and the');
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- &

-writeln (' allocation specified using the prngramﬁ DEFALL. *);

writeln;
end;
write (' Entsr system name (maximum 8 characters): ');

readln (system_nama)l;

END; -7

bl

{Q.‘-....-------.‘-."I.I.'--.Il'.....'l..‘------....-.-.0-...‘-..'--.-}

{ EXTERNAL PROCEDURES >

{5I-

sl
{s1I
{51
{51
{SI

T (%1

{sl
(51

‘RDASN . PASY

RDALL . PAS3

DISSTS.PAS)Y

DISSTA.PAS) S : .
DISERR.PAS)Y : NS
GENVEC.PRS} .

SYSMGT . PAS)Y

'ASNMGT . PARSY

ACTSCH1 .PAS}

{l.l.l.---.-.--‘-..'.-'I-.."-IHﬂl“l“‘l‘l'.‘..‘.I‘".“II...I"..I.“-}

PROCEDURE SET_UP_SIHULQTIDN;

URR answer: char;
i,J,k: integer;

PROCEDURE SET_UP_CONT INUOUS_SIMULATION;

UAR prob: real;

BEGIN \ _ 7
clrscr;
writeln;
simulation_time := O; .
write (' Enter simulation time: ’);

readln (simulation_time);
while simulation_time > max_simulation_time do

begin ) .
write (’ Maximum simulation time is ', max_simulation_time,
', Re-enter: '); ' a
readln (simulation_tims);
end; ’

-
e

{Find out the probability of each external sventl
writeln;

For i := 1 to number_of ext_events do
begin
if i <> clock_svent then,
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begin

{Find out probabilities cof all tﬁé branches?2
writeln;

number_of branch_nodes := 0O;
:= 1 to number_of_nets do

begin

probability of _sventC[il := -1;

write (' Entar probability of event °',i:2,’': *J;

readln (probhability of event([il):
while (probability _of event(il > 13 ar
(probability_of_eventl[il < 0) do
begin

write (' INMALID. Must be bétween Cand 1.7,

Re-enter: 'J;
readln {probability of sventlil);
end;

and;

:= 1 to asn_matrix[il.number_of nodes do

if asn_node_definitionfi, jl.node = branch then
begin’

number_cof _branch_nodes := number_of_branch_nodes

if number_of_branch_nodes <=
max_number_pf_branch_nodes
then
begin

branch_prcbabilitgEnumbsrlof_hranch_nodssj

-network_id := 1i;

branch_probabilityCnumber_of branch_nodes=?

.node_number := j;

write (' Entsr probability that branch’,

—

' variable ”’',asn_node_definitionli, 33
.branch_variable_id,’” is true:
prob := -1;

readln (prob);
while {(prob > 1) por {(prob < 0 do
bagin

write (' INVALID. Must be hetween O and 1.7,

: ' Re-Bnter: ’J;
" readln (prob)l;
and;

branch_probahilitylnumbher_of _branch_nodesl

.prob_true := prob;

.

end
elsa :
simulation_error := too_many_branch_wvariables;
end; ‘
end; h_

{Initialize random number generator?’
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randomize;

Y
i

Lo~
{Find out if user still wants the display? //’
clrsecr; '
writeln; )
write (' Do you want to se= a display after each time unit’,
*CY/NDY 7PN, ~ E
readln (answer); J :
if (answer = 'Y') or (answer = 'y’J) than
begin '

display_flag := true;
{Find out speed of displayl

writeln; :

writeln (' You may select one of the following display’,
' speed: '); -

writeln;

writeln. (' S: Slow (every 7 seconds)’);
writeln ' M: NMedium (every 3 seconds)’):
writeln (' F: Fast (no delayd’);

writeln;
write (' Enter speed choice: ')J;
repeat _
read (kbd,answer); . - -

answer := upcass(answer);
until answer in £°S’,’'R",'F'2];

if enswer = 'S’
then display_delay := 7000 - g
else -
if answer = '’
then display delay := 2500
else display_delay := O;
end

else
display flag := falsa;

PROCEDURE INITIALIZE COUNTERS;
UAR value: integer;
BEGIN

{Find all counter variables and initialize them?
clrsecr; .
writeln;
number_of cpunters := 0;
for £ := 1 to number_of_nets do
bagin
for g := 1 to asn_matrixlil.number_of_nodes do
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: -w® .
begin .
- if asn_node_definitionCi, jJ.node = counter then
begin .
numbar_of _counters := number_of_counters + 1;
if number_of counters <= max_number_of_ countars
then ‘ .
begin ) -
counter_variablesCnumber_of _countersl
.network_id := i;
countasr_variablesCnumber.of _counters]
' .noda_number := J;
counppr_yariablss[nudbar,ofﬁcaunters]
.status := not_initializad;

if cownters_initialization = once_at_begining -
then '
begin
write (' Enter initial value of counter’,
' variable "', ,asn_node_definitionCi, 3]
. .counter_wvariable_id,'”: 'J;
value := 0O;
readln C(valued; -
while value <=~ 0 do
begin
write (' INVALID., Re-ghter: 'J;
readln (value);
end;
counter_variablesCnumber_of counters]
Jinitial_wvalue := value;
end; .
end
else
simulation_error := too_many_counter_variables;
end;
end;
end;

BEGIN { Set_up_simulation 2

{Find out if thers is a system clock sventl
writeln;
writeln (' You may have one clock event in the system.’,
* This event’');
writeln (' will be generated automatically at svery time unit.');
writeln; ) -
write (' Enter clock event number (”0" for no clock event): 'J);
readln (clock_event);
while clock_svent > number_of ext events do
begin
write (' INUALID CLOCK EVENT. Re-snter: ’);
readln {(clock_event);

-
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end;

{Find out mode of operation of the simulationl
clrsecr;

writeln;
writeln (' The valid simulation modes are:');
writeln;
writeln (' I: Interactive’);
writeln ('’ C: Continuous®);
writeln;
write (' Enter simulation mode: '),
repeat
read (kbd,ansuer);
answsr := upcase(answer);
until enswer in C°1°,°'C"3J;
if answer = *1°'. )
then“simulation_mode := interactive - .
else simulation_mode := continuous;

if'simulatinn_mcde - interaéiive then

begin
display_flag := true;
clrscr;
writeln; _
write (' Do you want to initialize the counters immadiately’,
P CY/NY ? ),
© rapeat

read (kbd, answer);

answer := upcasesl(answer);
until answer in C'Y’,'N"];

if answer = 'Y’

then counters_initialization := once_at_begining
else counters_initialization := prompt_user;

-

and
else
begin
set_up_continuous_simulation;
counters_initialization := once_at_begining;
end; )
initialize_counters;

if display_flag = true then set_up_display;

{Initialize a2ll nets related informationl
for L1 := 1 to number_of_nets do
begin
{Initially all nets are dormant2
network_infolil.state := dormant;
{Initialize their state tablel
For § := 1 to asn_matrix(il.number_of_ events do
for k := 1 to asn_matrixCil.number_of nodes do
- network_infolil.state_tablefj,k] := aoff;



{Initializa =1l svent_vectors state toc no change and all
the componeants of the vactor to off}

event_vactor_statel[i] := no_change;

fFar J := 1 to asn_matrix(il.number_of_events do
event_vectorfi, j] := off;

and; :

{Initialize ready_to_run_gueue to émptg}
ready_to_run_queus_length := O;

{Initialize all processors to idle}
For i := 1 to number_of_procaessors do
processor_infeolil.state := idle;

{Initialize =211 processor statistic variables?
for i := 1 to number_of_processors do
for J := 1 to number_cof _activities do
processor_activity stat_timeCi, j3 := O;

(Initialize all event statistic variablesl
For 1 := 1 to number_of_ext_svents do
begin
event_statisticsCil.number_of_occurrences := 0;
event_statisticsCil.number_of_rejsctions := 0O;
end;

{Initialize all process statisticad
For 1 := 1 to number_of_nets do
begin
network statisticsCid.number of _times := O;
network_statisticslCil.cumulative_completion_time := O;
network_statisticslCil.max_completion_time := O;
network_statisticsCil.completion_time := O;
end; : L
{Initialize all timer statistics)
for 1 := 1 to number_of_counters do
begin ,
counter_statlLil.n_times_started := O;
counter_statlfil.n_times_expired := 0;
end; '

{initialize all queue statistics to zerol
cunulative_queua_length_before := 0;
cumulative_gqueue_length_after := 0;
max_gqueus_length_before := 0O;
max_gqueue_length_after <:= 0;

END;

{..".II..'I---‘I-C'.C".‘---‘IIIII.I.-..-‘QHQlﬂﬂﬂﬂﬂl-lﬂlﬁﬁlllﬂﬂﬂ‘l‘..‘}

BEGIN { Main Program 2
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First_time := trus;
repeat

{Initialize to no simulation error2
- simulation_error := no_sarror;

get_system_name;
read_system_specifications;
read_system_allocation;
set_up_simulation;

time := 0Q;
simulation_state’ := started;
if display_flag = true : -
then display_system_status
alse
begin
clrser;
writeln;
writeln (' Simulation started...’);
writeln; . ’ :
{writeln ¢’ Time: ');2
end;

while (simulation_state <> finished) and (simulation_error = no_srror)
do

begin

{The system manager "continuously” monitors the environment for

axternal svents, and "sends” these events to ths proper process
manager .2

systam_manager;

{The process managers are responsible for the sequencing of
activities within a process. For the simulation purpocses,

there will only be one process manager, which will take cars

of all active nets. The process manager will also be responsible

for simulating the execution of the activities by the various
processors of the system. 2
asn_managers;

{The activity schedller is rsépcnsibls for assigning activities
to processors hased on a predetermined priority basis.?
activity_scheduler;

{Increment the "system time”.2
time := time + 1;

if display flag = true then display_system_status
elsea
begin
{GBotoXY (38,4%7;
writeln (time:6);2
end;



if simulation_mode =~ continuous then
if time >= simulation_time then
begin f

itSimulation has ended, inform user by soundl
simulation_state := finished;
Sound(720);
Delay¢l100);
NoSound;

. end;

end;

if simulation_srror <> no_error
then display error_message

elas display_statistics;
answer := ' ';
writeln; -
write (' Run another simulation C[Y/N3 7 'J;
repeat

read (kbd,ansusr);
until upcasefanswer) in [’'Y’,’N’];
first_tims := false; i
clrscr;
writeln;

until upcase(answer) = 'N’;

END.
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PROCEDURE READ_SYSTEM_SPECIFICATIONS;

VAR char: stringlf1]; - . -
File_name: stringll4]; s ;
£f: text; .
net_number: integer;
i: integer;
J: integer; N
number: integer;

BEGIN

writeln;

writeln (’ Insert data disk in-drive B.');
write (' Press Return when ready.’);
readln;

{Form file name using systsm namel
file_name := ’'b:’ + system_name + ’.asn’:
{0pen the filel}

ASSIGN (F,file_namal;

reset (£)J;

{Read the system definition2
rsadln (f,number_of_nets);
readln (f,number_of _activities):
readln (f,number_cf_ext_events);

for met_number := 1 to numbsr_nf_nats do
begin

{read starting event?
readln (F,asn_starting_eventinet_numberl);
1

-{read asn matrixl S
readln (f,asn_matrixCnet_numberl.number_of_nodas);
readln (f,asn_matrixinet_number].number_of_svents);
for i := 1 to asn_matrixinet_numberl.number_of_events d
begin . -
for 3 := 1 to asn_matrixiLnet_number]
umber_of _nodes do
read (f,asn_matrixCnet_numberl.matrixCi, 11);
end;
- readln (£2;

{read asn node definitionl
for i := 1 to asn_matrix(net_numberl].number_of nodes do
begin
readln (f,numbserl;
asn_node_definitioninet_number,il.node := -
node_type(number);
case asn_node_definitienlnet_number,il.node of
activity_initiater:
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readln (f,asn_node_definitionCnet_number,i]
activity_idd;
branch: readln (f,asn_node_definitionCnet_numhber, i]

branch_yariabla_id)
countar: readln CE,asn_nnds_ﬂefinition[nat_numbar,13

.countar_variable_id);
end;

end,;

{read asn event definition?

for 4 := 1 to asn_matrix{net_number].number_of_events do
begin

‘readln (f,numbser?;
asn_svent_definitionlnet_number,il -
.avent := event _typsl(number);
case asn_egvent dsEinitiannat _numbaer,il.event aof
ext_svent: readln (f asn_avent_ﬂeflnltiontnst_numbsr

‘ . ,11.avent_number);
int_ewvent:

begin

readln (f,asn_svent definitioninet_number, il
.node_numberl;
readlr (f,number);
asn_event_definitionlinet_number, il
.node :=~ node_type(number);
if asn_event_dsfinitioninet_number, il
.node = hranch then
"begin
readln (f,number);
asn_avent dsfinltlontnat numbar il
.branch_condition := honlsan(numbsr);
and;

and;
end; {end case’}
end;
‘end; {end for loep on net_numberl

CLOSE (£);

END;
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PROCEDURE RERD_SYSTEM_ALLOCATION; ' / 

UAR char: stringlll];
File name: stringfCi4l;

F: text; N
1: integer;
J: integer;
number: integsr;
BEGIN
writeln;

-+ write ¢’ Entér allocation identifier: ’3J;
readln (allocation_identifiser);

writeln;
writeln C’ Insert data disk in drive B.’);
write (' Press Return when ready.’);

readln;
{Form file name using system namel =
file_name := ’b:’ + system_name + ’.al’ + allocation_identifier;

‘{Dpen the Filel
ARSSIGN (f,file_nams);
Taeset (F); ’

readln (f,number_of_processors);

For J := 1 to number_of_processars do
hegin e
readln (f,processor_activity_table_sizel j1);
for i :~.1 tg processor_activity_table_size(3l do
begin !
readln (f,processor_activity_tablelJ,il.activity_id);
readln (f,processor_activity_tablelj, 13
.activity_execution_time);
end; : -
end; !

CLOSE (F);

END;

ay
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FRDCEDURE B*NERRTE _NEW_EUENT_VECTOR (network_number: intaga%;
node_number: integer);

VAR anawer: char;
condition: boglean;
1: inteager;
 branch_variable_found: boolean;
row: integer; ™
avent_found: boclean;

BEGIN
event _found := false; : \f*‘f
{(Check if it is a branch nrodel

if asn_node_ deflnxtxonthetwcrk numbar node_number ] .nocde - brancﬁ
then .

begin

if simulation_mods = intesractive then

hagin - )
{Ask user for-the condition of the branch)
rapeat .
.write (' Is the branch variable ™', asn_nods daflﬂitlcn'
Enetwcrk_numbar nada number] branch varlable _id,
. '® true or false (I/F3 7?7 ');
. readln (answear);
until answer in L°'T',°'t’','F’,'F"1;

-ifF Canswer = 'T') or (answer = 't'3

then condition := true <
alses condition := false; '

and )

else : . T

'begin
{Find probabzlltg of branch variablel
i = 1;
branch vnriable _found := false; : :

_ mhilg {branch variabla _found = false). and T =
. . (1 <= max_number of_ branch_nocdes) do
. beg:in
\ - if (branch_prcbabil‘cg[ij network_id = netmork’numbar)
and (branch_probabilityfil. node _nhumbear =
© nodes_number)

then . : - o %
e é%xw ‘
branch_variable found z-

. ) if random < branch_probabllltgtzl prob_true
then condition := truse

else conditign := falsse; .

aend ) -

~
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elsa
i = i + 1;
end; '
if branch_variable_found = False
then simulation_srror := branch_prob_not_found;.
end; '

row := 1
while (avent _found = false) and
(row <= asn -matrixinetwork_numberl.number of-ﬁvents) do_
begin
iE (asn avent deflnltlontnetwork _nhumber,row].avent =
int event) and Casn_event deflnitionCnatmork number
,Tow] .node_number = node_number) and
(asn_even;_daf1niticn[network"number rowl
.branch_ceondition = condition)

~ - then
event_found := true
: alse
[’— row := row + 1;

Bnd; ~—”
end
glse {Not a’branch node? ' . )

begin
row ™ 1;
while Csvsnt _found = Ealss) and
(row <= a=n matr;x[nstwcrk _number]. numbsr _of _events) do
begin -
if (asn_eveant dafln;tlcntnstwcrk _number,rowl.event =
int_event) and (gsn_event_definitioninetwork_number

R : ,rowl .node_number = node nuTPer)
then i
event_found ;= true . ;
eluse R

~OW = row + 1;
end; ’
end;

if event_foupd = true then
begin i
{Set event vector? .
event_vector_statelnetwork_number] := updated;
event vector[network number,rowl := on;
end '

else P
simulation_error := no_internal_event;

:



PROCEDURE SYSTEM_MANAGER;

UAR number_of current_sxt_events: integer;

external_svent: array [l..max_num_of _simultansocus_svents]

of integer;

discard. _svent Elag array El..méx_numbsr_pf_netsJ of boolean;

{-I.-I-.........-I..-l.....“...D.‘-...‘ﬁ......-‘II.QHQI---“l..‘-..-..} )

PROCEDURE GET_EXTERNAL_EUENT_FROM_USER;

UAR answer: stringl33;
answer_status: boolean;
numerical_valua: integer;
return_code: integer:

BEGIN ¢ Get_external event from user }

- { The user can enter only one event at a time,

simul taneously in the interactive mode 2
number_of _current sxt _events := 0;

_answer_status :~= fFalss;
- write (¢’ Enter sxternal event le ang) or "Qr,

' raturn '3 : .

-

while answer_status = false do

no events can occocur

then press’
: s

begin -
readln (answer); N
if answer <> X fﬁen .
. begin
if Canswer[1] = '0') or Canswerfl] = 'g’) then
begin .
simulation_state := finished;
.- ' answer status = true;
end :
-elsa
. bagin . Y
- val(answer,numerical _value,return_codel;
if return_code = 0 then
if numerical_value <=~ nuwbsr of ext _evants then
. begin’
) number_of current _ext evsnts c- 1

external_event{l]) := numerical value

answer_status : = true
end
else .

. alse

- B=4e

write (' INVALID EVENI. Re-enter: ')

_write (* INUALID RESPONSE. Re-onter: '3;



and; _

end
. v . \_/
{A carriage return alone is a valid answar2
alse ’
ansuwer_status := true;
end; ‘

END; .
- '
LTI LT LI L L L L S L L T T T L T

PROCEDURE GET_RANDOM_EXTERNAQL _EUVENT:
VAR 1i: integer;

BEGIN { Get_random_external asvent )

~
number_of _currant_ext_events :~ 0O;
for i := 1 to number_of_ext_events do
begin
if i <> clock_event then .
‘begin :
if random < probability of _eventCi] the
begin )
if number_of _current_ext _svermts <
max_num_of_simultaneous_events
then
bagin
T number_of _current_ext_events : -
number_of current_ext_svents + 1;
external eventinumber_of current_ext_events]
> - i;
end
else
simulation_earroc : =
too_many_simultaneous_events;
and; K
. » end;
end;

END;
C.--\_C---ll‘ll.II.--.II.;‘.-..-“‘.....--.O-...I-.II--..--"-‘...'.-..----}
PROCEDURE SET_UP_EXTERNAL_EUENT_UECTOR (event: integer);

UAR k,1l: integer;
event_rasjected_flag: boolean;

BEGIN'

J

{ For statistical purpose, count event occurencs and sst flag 2
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event_statisticslevent].number_of _occurrences :=
evant_statisticsCeventl.number_of cccurrences + 1;
event_rejesctad_flag := true;

{ Set-up mvent vector for all auwaksn process that-are waiting
for this sveant 2
for k := 1 to number_of_nets do
begin :
if (network_infolk].state = awake) and
(discard_event_flaglkl = false) then
hegin :
{ Find out if this esxternal event is part of the svent
definition 2
for 1 := 1 to asn_matrix(kl.number_of_ events do
begin: .
if (asn_svent_definitionlfk,l].event = ext_svent) and
{asn_svent_definitionlk, l].avent_number = avent)
then

begin
event_rejected_flag := falss;
event_vsector_statelk] := updated;
gvent_vectorlk,13 := on;

end; TN

end;
end;
end;

{ If event was rejected, i-e not accepted by any ASN, update event
statistics > __ .
T if avent_rejected_flag = true then )
svent_statistics[svent].numbervpf_rejections =
svent_statistics[evsnt].numbe;_cf_rejectinns + 1,

END;

{--.'-----.I-.-.-.-----O-I'.---.----.-I.‘--‘.-..I-ﬂ.D'.‘--'OC---..-.---I}

UAR i: integer;
event_index: integsar;

BEGIN ( Sgstem_manager 3

{ Set discard_event_flag to false on all nets 2
For { := 1 to numbar_of_nets do
. discard_event_flagli] := fFalsse;

{ If there is a2 system clock event, update svent vector }
if clock_esvent <> 0 then set_up_external_svent_vector (clock_event);

{ Check for external events 2

if simulation_mode = interactive
then get_external everit_from_user
else get _random_external_svent;
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{ Process all simultaneous external avents 2}
gvent_index := 1;
while number_ of current_ext_events <> C do
hegin
{ Awaken any dormant procass that will start ocnt this event 2
fFor i := 1 to number cE _nets do
begin o
if asn_starting _eventl[il = axternal_eventlevent_index] then
{ IF the process is already awaks, the axternal eveant will

be discarded. This restriction could be taken out... 2
if network_infFolil.state = darmant then
begin

network_infolfil.state := awaks;

network_statistics{il.number of _timgs :=
network_statisticstil.number_of _times + 1; .

network_statisticsCil. complation time := 0O; :

end
gslse
discard_event_flaglil := trus;
end; #\
{ Now that all the proper process are amaken set up the event
vector 2

sat_up_ external evsnt _vector (extarnal _everntlgvent _indmx1);

number _of _current_esxt avents := number_of _current axt -svents - 1;
event_index := event index + 1; .

end;

END;
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PROCEDURE ASN_MANAGER C(network_number:integer);

VAR 1i,1: integer;
node_number: integsasr; .

FUNCTION ALL_INPUT_TRIGGERS_PRESENT: boolean;

UAR row: integer;
prasent_flag: boolean;

BEGIN ¢ All_input_triggers_present 2

row := 1; .
present_flag := true;’

while (row <= asn_matrix[(network_nrumber].number_of _events) and
- (present_flag = true) do
_ begin .
if (asn_matrixCnetwork_number].matrixfrow,npde_numberl] -
input_trigger) and
(network_infolnetwork_numberl.state table[row node _number ]
= aff)
then :
present_flag := false
else
‘ row := row + 1;
end; T

all_input_ttiggers;prssant i - prssent_flag;

"END; ' R -

PROCEDURE CHECK_ACTIVITY INITIATOR NODE;

VAR row: integer; -
start_activity flag: boolean;

BEGIN { Check_activlty_initiator node 2

if all_input_triggers_present then
begin

{Clear the column of the process state table (Ecrgst past
triggers)l
for row := 1 to asn_matrixCnetwork_number].number_of events do
network_infolnetwork_number].state_tablelrow, node numbar]
Hid fo'

{Fut the activity in the ready to run queuel

if ready_to_run_gqueue_length -< max_ready_ to_run_queuve_length
. :
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then
begin .
ready_to_run_gqueus_length := ready_to_run_gqueus_langth
+ 1;
ready_to_run_gqueuslrsady_to_run_gueus_langthl
.activity_id := asn_noda_ﬂefinitiontnatmcrk_nymbar,
node_numberl.activity id;
ready_to_run_gqueuelready_to_run_gueus_lengthl.nstwork_id °
:= network_number;
ready_to_run_gqusuelrseady_to_run_gueue_lengthl.node_number
:= node_number; '
end :
else

{Set a simulation error, which will stop the simulation?
simulation_error := ready_queue_overflow;

end;

PROCEDURE CHECK_WAIT_NODE;

UAR row: integer; -
wait_completed_flag: boolean;

BEGIN { Check_wait_node 2

' if all_input_triggers_present then
begim .

{Clear the column of the process state table (forget pést

triggersi2 ’

for row := 1 to asn_matrix{network_number].number_of_svents do
. network_infolnetwork_numberl.state_tablalrow, node_numbar]l
Hia fo;

{Prepare 2 new event vectorl
generate_new_event_vector (network_number, nods_number);

end;

PROCEDURE CHECK_MERGE_NODE;

URR rpow: integer; .
merge_completed_ flag: boolean; .

BEGIN { Check_merge_ncde 2

row := 1;
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' marge_completed_flag :~ false;

{Check if any input trigger is present?
while (row <= asn_matrixCnetwork_numberl.number_of_events) and
(merge compleated_flag = false) do
begin
if C(asn_matrix[network numbsr] matrix[rom node numbsr] -
input_trigger) and
(network_infolnetwork_numberl].state tabla[rom node_number]

= on)
then .
,ﬁﬂ///’ merge_completed_flag := true
else

row := row + 1;
and; :

{If the Elég is set then the merge is coﬁpleted}
if merge_completed Elag = true then
S begin

{Clear the column of the process state table (forget past
triggers)l
for row := 1 to asn_matrix(network_numberl. number _of _svents do
network_infolnetwork_number]. state_tabla[rcm node_number]
:= off; '

{Prepare a2 new event vectorl}
generate_nsw_event_vector (network_numbsr, node_number);

end;

PROCEDURE CHECK_BRANCH_NODE;

VAR row: integer;
branch_rsady_flag: boolean;

BEGIN { Check_branch_ncde 2

if all_input triggsrs_prasent then
begin

{Clear the column of the process state table (forget past
triggers)
for row := 1 to asn_matrixCnetwork_numberl.number_of_svents do
network infctnatwcrk _numbarl,.state_tablefrow, node_number]
s cff

{Prepars 2 new svent vector?
generate_nsesw_svent_vector (natwork_nuomber, node_number?;

end;
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PROCEDURE CHECK_GATE_NDDE;

UARR row: integer;

disable_input_found: boclean;
enable_input_found: boolean;
n: integsp;

BEGIN { Check_gate_node 2

{€heck disable input fFirst2
row := 1;

disable_input_found := falss;
while (disable_input_found = false) and

(row <= asn_matrixinetwogk_number].number of events) do
begin -

if‘asn_matrixtnatmork_ﬁumber].matrix[ram,}ode_numbarj -
disable '

v
then
begin
disable_input_found := true;

if network_infolnetwork_numberl.state_tablelrow,
node_numberl = -on
then

{Clear the column in the process state table}
for n := 1 to asn_matrix{network_numberl

.number_of _svents do
network_infolnetwork_numberl.state_tabls

Ln,node_numberl] :=~ off;
end

else

row := row + 1;
end;

{Check if gate is enabled}

Tow := 1;

enableé_input_found :~ falss;

while (enable_input_found = false) and

(row <= asn_matrixinetwork_number].number_of events) do

if asn_matrixCnetwork_number].matrixlrow, node_numberl] = snab
le :

then

anable_input_found := truse
else
Tow := row + 1;

if enable_input_found = false
then“simulation_srrc; := no_enable_input;-

'
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{If gate is enabled and all input triggers are present generate
an evant vector
if network_infolnstwork_numberl.state tab{s[rnu node_numberl] = on,
than
if 8ll_input_triggers_prasant
then generate neaw_eavent_wvector (network_number,
: nede_number)
alss . ,
{Bate is not enabled: clear the column to forgst
input triggersl
fFor n := 1 to asn matrlxtnstmork _number].number_of _svents do
network inEoEnatmcrk numher] state_tablae
[n,node_number] := cff

PROCEDURE CH&CK_CUUNTER_NDUE;

UAR row: integer; -

PROCEDURE DISABLE_COUNTER_NODE;
UAR k: intager;

f/ BEGIN { Disable_counter_nods 2

L
{Clear column in process state tablel
for k := 1 to asn_matrix(Cnetwork_numberl.number_of _svents do
network_infolnetwork number] state_tablelk, node_number3
:- fo
tResat counter variablel
for kK := 1 to number_of_countars da :
if (counter_wvariablesl[k].network_id = network_numberl and
(countaer_variables(kl.node_number = node_number)
then counter_variablesfk].status := not_initialized;
END;
----—————————— e e 3

PROCEBURE CHECK_ENABLED_COUNTER;

VAR counter_index: integer;
counter Ecund boolean;
value: integer;

BEGIN { Check_enabled_counter 2

{Find the counter. variablasl
. counter_index := 1;



counter_found := false;

while (counter_index <= number_of counters) and
(counter_found = False) do
begin .
if (counter_variableslcounter_index].network_id =
network_number’) and (counter_variableslcounter_index3
.node_number = node_number)
then counter_found := true \
else counter_index := counter_index + 1; -
end; )

if counter_found = true then
begin
if counter_variablesfcounter_index].status =
not_initialized then
- begin
if counters_initialization = prompt_user then
hegin
{Ask user for initial value of variable}
write ¢’ Enter initial value of counter '
asn_node_definitioninetwork_number
,node_numberl.counter_variable_id,
' for procsss number ',network_numbsr:2~
l: I); B
value := 0;
readln (value):
while value <= 0O do
begin
write ¢’ INUALID., Re-enter: ’)J;
readln (value);
and; .
counter_variableslcountsr_index].initial_valus
= VQ&EB;

end;
counter_variableslcounter_indexl.valus :-
counter_wvariableslcounter_index].initial_ value;
counter_variablesfcounter_index].status := initialized;
counter_statlcounter_index].n_times_started :=
counter_statlcounter_index].n_times_started + 1;
end )

else (counter is initialized, check for input triggers?
begin
if all_input_triggers_present then
begin
counter_variableslfcounter_indsexl.valua :=
counter_variablesl{counter_index].value - 1;
if counter_variableslcounter_index].value = O then
. begin

counter _statlcounter_index].n_times_sxpired :=
counter_statlcounter_index].n_times_expired

disable_counter node; .
{And generate the output trigger?
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genarate_ new event _vector (network_number,
node_numberl;

end;
end;
end;
end

alse
simulation_ercor

:= counter_variable not_found;
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' UéR enable_found: boolean;

BEGIN ( Chsck_;cunter_nods 3

4

{Check for disable input}
for row := 1 to asn matrix[netmork _numberl].number_of events do

if (asn_matrix[nﬂtmcrk_numbar] matrix{row, node_numberl =

disable) and
(network_infolnatwork_numberl. state table[rom node_number]

= anJ
then disable_countser_node; -

.

{Check if counter is anabledl}
enable_found := false;

row := 1;
while (enable _found = false) and .
(row <= asn_matrix[network_numberl]. number cE _avents) do

begin
if asn_matrix{network_number]. matrlxtrcw node_number] = snable
than
begin
anable Eound := true;
if network_infolnetwork_number].state_tablelrow,
node_number) = on -
then {counter is esnabled
: check_enabled_counter;
-end ‘ '
elss . _
row := row + 1;
end;

{Clear column except for en=able inputl} .
r row := 1 to asn_matrixCnetwork_numberl.numbec_of_ esvents do

if asn_matrix[network_numberl].matrixf{row, node number] <> snabla
then netuwork_infolnetwork_numberl. stats _tablelrow,
node_number] := off; .

END;

~

g~ -—-
PROCEDURE. CHECK_TERMINATOR_NODE;
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VAR row: integer; -

) column: intsger;
network_completed_flag: boclean
index: 1nteger

BEGIN ¢ Check_network_tecminator_node 2

row := 1:

network_completed _flag := true;

{Check if any input trigger is presentl ~

while (row <= asn_matrix[Cnetwork_numberl.number oE _avants) and
(network_complested_flag = true) do )

begin . - %
if (asn matrixinetwork_numberl.matrix{row,node_numberl) -
input trlggar) and

(network_infolnetuwork_number]. state tabla[rom node_number)
= off> .

.-theh .
network_completed_flag := False
glse o .

Cow :* row + 1;
and;’ :
{If the flag is set then the process is completad}
if network_completed_flag = true then '
begin

{Set process state back to darmant? : /,ﬂJ
network_infolnetwork_number].state := dormant; y
) "
{Ciear the entird, process state tabled
for row := 1 to asn_matrix(network_number].number of -events do
for column := 1 to asn matrlena*mork numher]

.number_of _nodes do ' )/"
network_infolnetwork' number]. state _tablelrow, columnl
:= off; L .
[y - i /\

{Clear the svent véctor -as a precautionl
event _-ector_statelnetwork_numberl := neo_change;

For index := 1 to asn matrlxtnatwcrk _Numberl .number_of events
do '

@ event_vector[natmork_n_umber,:mdex:l = pff;

{Reset any counter variable in this procass)
for index.:= 1 to number_of tounters do
if (counter_variableslindex3. status - tnitialized) and
(counter variablas[index] netuork _id = netuwork numberl
then counter_variablesCindexl].status
:= not_initialized;

, ,
{Keep track of ccmpleticnatima for étatisé)cs}- :
network_statisticsinatwork_numberl.cunulative_completicn_time -

= network_statisticsinetwork numberl :

. " b
: . . A
\ P \ , ) .
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~ . ) -
: .cumulative _Completion_time + network _statistics
{network_numberl. completion_time;
if netuork _statisticsinetwork _numberl). complation _timm >
netuork_statisticsinetwork_numberl.max completion _time than™
network_stsiisticsinetyork numberl.max _completion_time :=
network statistlcstnetwcrk _numbearl] .completion_time;

BEGIN { asn_manager 2

{Update processor state table using event vector?

- For i := 1 to asn_matrixCnetwork_numbsarl.number of events do

begin
if event_vectorinetwork_number, il = on then
begin ~
for J := 1 to asn matrlxtnetmork _numberl .number_of nodss do
1f asn_matrix{network_numberl.matrix{i, 3] <> not_connected
then network_infolnetwork _number]. state_tablsti J3
1= 0on; '

end;

end;

{Event vector is . no longer usefull)

event_vector_statelnetwork_numberl := no_change;

for i := 1 to asn_matrixCnetwork_number).number_of_events do
event _vectorlinetwork_number,i] := off;

-

{Check every node in the asn table accordlng to the process stete
table2

for node_number := 1 to asn_matrix(network_number].number_of nodes do
begin
case asn_node_definitioninetwork_number,nade_number].node of
activity_initiator: check_activity_initiator_node;

wait: check_wait_node;
merge: check_ merge_node;
branch: check branch_node;

- gate: check_gate_ node;
counter: check_counter_node;
terminator.: check_terminator _node;

end;

end;
END;
{-I.-.-II‘-Q-.-.-....--I..-I------.‘-.‘.-‘--IO.-““.-‘..‘.--.‘--..-'-.}
PROCEDURE ASN_MANAGERS;

UAR network_number: integer;
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BEGIN { asn_managers 2

Y
{Run asn manager for sach active process in the systeh}

for network_number := 1 to number_of_nets do
begin

{Increment process_campletion time for stetistics?

- if network_infolnstwork_numberl.state = awake
then network_statisticsinetwork_numberl.completion_timg
natuwark_statisticsinetwork_numberl .completion_tim

{Run process manager for all awaksen process until there is n
meore changs in the event vector, or it goes to sleep... ’ ‘f}
while.(nestwork_infolnetwork_numberl.state = ao=xke) and

Cevent_vector_statelnetwork_numberl = updated) do
asn_manager (network_number);

end;

END;
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{ This is the first version of the activity scheduler. It assigned
activities in the queue in a FIFO fashion to the first procassor
available. IF it can naot find a free’ processor that can axecuta
the Ffirst activity in the queue, it will try the second one in
the gueue and so on... T }

PROCEDURE ACTIVITY_SCHEDULER; .

UAR quewe_index: integer;
activity_assigned: boolean;
processor_number: integer;

{I-.“.-Q.-‘.I..'.-I...--.*-.*...-.-..“-‘--‘...l-II..IC‘-.I..I‘C-...-.}

PROCEDURE SIMULATE_ACTIVITY_EXECUTION;
UAR i: integer;
BEGIN { Simulate_activity_exscution 2

{Dacremant execution time left for activity on every busy processor}
for i := 1 to number_of_processors do
‘if processor_infolfil.state = busy then
if processor_infolil.execution_time_left <> O then
bagin

processor_infolil.execution_time_left :=
procassor_infolil.execution_time_left - 1;

{Incrament cummulative execution tima of that activity
For statistical purposesl
processor_activity_stat_timeli, processor_infolil
.activity_idl := processor_activity stat _time
£i,processor_infeolil.activity_1idl + 1;

~

{If activity is almost Finished prepare output trigger?2
if processor_infolil.execution_time_left = 1

then
generate_new_event_vector (processor_infolil
.network_id, processor_infaolil
.node_numberl
else

{If activity is completed free processorl
if processor_infofil.execution_time_left = 0O then
processor_infolil.state = idlse; ‘

end;

END;

{III.---O-I-".-".'..““..-“-.‘.‘--...--..‘.-‘--...l-.--‘--..--.‘-..}

PROCEDURE TRY_TO_ASSIGN_ACTIVITY_TO_PROCESSOR;
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UAR activity_ index: integer; ~
activity found: boolean;

T m——

BEGIN

{Find out if this prcéessor can sxecute the activity in the gqusues?
activity index := 1;

activity_found := Ealse

whilse (activitﬁ‘indsx <= processor_activity_ table_sizse

Cprocessor_numberl) and (activity_found = Falss) do
begin

if processor_activity _tablelprocessor_number,activity_ 1ndsx3

.activity_id = readg_tc_run_queue[quaua_index] activity_id
then

activity_Ffound := true .
alsa 3
activity_index := activity_ index + 1;
end; ‘

{If the procéssor can execute the activity, then assign it to it?
if activity_found =~ true then
begin

processor_infolprocessor_numberl].state := busy;

processor_infolprocessoar_numberl .activity id :=
ready_to_run_gueuelqueue_index].activity_id;

processor_infolprocessor_numberl.network_id :=

ready_to_run_gusesuelqueus_indexl.network_id;
processor_infol processor_numberl .node_number :=

» ready_to_run_guedelqueve_index].node_number;
processor “infolprocessor_numberl.execution_time_left :=

processor_activity_tablelprocessor_number,

activity_ index].activity_execution_time;
activity_assigned := trus; .

{If the activity only requires one execution time unit to
run, generate output trigger, as it is "almost” finished. 2
if processor_infolprocessor_numberl.execution_tims_left = 1
then generate_new_svent_vectar
(processor_infolprocessor_numberl.nstwork_id,
pracessar_infolprocessor_numberl.nade_number);

end;
END;
{l..'ll"“.‘..l.'.'...O"‘I.‘l-'.l.‘l.“..'l'.l...-..ﬂ"ll..ﬂ'll'..‘l.}
PROCEDURE RESHUFFLE_QUEUE;

UAR move_index_1: integer;
move_index_2: integer;

BEGIN
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move_indax_1 :=~ gqusue_index;
move_index_2 := gqusue_index + 1;

while move _index_g <= ready_to run queua _length do
e —bEgin

ready_to_run_queuelmove_ index_11. activitu id :=

y ready_to run_queuatmcve index_21.activity_id;
' ready_to_run_gueuelmove_index_13. network_id :=

ready_to_run quauatmovs index E] network_id;
ready_to_run_gqueusimove_index_13].node_number :=

ready_to_run_gqueuslmove_index_g2J.node_numbar:
move_index_1 := move_index_1 + 1;
mave_index_¢& := move_index 2 + 1;
end;

{Aadjust gqueue size and gueus index accordingly? .
ready_to_run_queue_length := ready_to_run_queue_length - 1;
queue_index := queus_index - 1;

END;
{....."lb.'.'l‘ll‘l‘--..&.¢¢¢.¢-.¢-.¢.¢..C.l.ll.‘.'.l.OIOICGCQOOOQCIOI}
VAR i: integer;

BEGIN { activity, scheduler 2
simulate_activity_sxecution;
{"abort” any activities running for a dormant processl}
for 1 := 1 to number_of_ processors do

if (processor_infolil.state = busy) then

if (network_infolprocessor_infolil.network_idl.state = dormant)

then processor_infolil.state := idle;

{Clean up queue: take out activities associated with a dormant

process? i
queus_index := 1; ‘
while gqueve_index <= ready_to_run_gueue_length do

begin

if network_infolready_to_run_gueuelqueue_ 1ndex] network ld]
.state = dormant
then reshuffle_queus;

queue_index := gueue_index + 1;
end;

{For statistical purpose add queue sizel
cumulative_gqueue_length_before := cumulative_gqusue_length_before +

ready_to_run_queue_length;
if ready_to_run_queue_length > max_queue_length_before then
max_gueue_length_before := ready_to_run_gqueue_length;

if ready_to_run_queue_length <> 0 then

begin {(Iry to assign a processocr to all activities in the gqueuel
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quetie_index :*= 1; .
while queus_index <= rsady_to_run_gueue_lsngth do
bagin . -
processor_number - 1ﬂ
activity_assigned := false;
while (procasbcr_nUmbdr'%‘ number_of _processors) and
(activity assignad = false) do .

begin \

if processor_infolprocessor_numbserl].state = idle than
bagin
try_to_assign_activity to_processaor;
if activity_assigned = true
then reshuffle_gueue
else processor_number := processor_number + 17
and

alse _
) procaessocr_number := processor_number + 1;

and;
queue_index := queus_index + 1;
end;
end; —_—
{For statisticel purpose add queue size after assignment of activities
to processarsl :
.cumulative _queue_length_after := cumulative_gueue_length_after +
ready_to_run_gqueue_length;
if ready_to_run_gqueue_length > max_queue_length_after then
max_gqueue_length_after := ready_to_run_gueue_length;

END‘;
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PROCEDURE SET_UP_DISPLAY;
BEGIN { Set_up_display 2

if color_display then
begin

window (1,1,80,33;
TextBackground (mageanta);
clrscr;

‘window (1,4%,80,15);
TaxtBackground (blue);
clrscr;

£
window (1,16,80,23);
TaxtBackground (yellow);
clrscr;

window (1,24%,80,25);
TextBackground (green);
clrscr; °

window (1,1,80,25);
end

else
clrscr;

END;

{.‘-.'-“.'C‘.-'-.""'Ill“"l“."'.‘."l“"l'lll"..".-“"..‘...‘}

PROCEDURE DISPLAY_SYSTEM_STATUS;

UAR i: integer;
display_number: integer;

BEGIN { Display_system_status 2

window (1,1,80,285);
.BotoXY¥Y (S50,23;
if color_display then
begin -
TextBackground (magenta);
TextColor C(whitel;
end; -
writeln (' SIMULATION TIME: °',time:86);

{Display processor status

GotoXY (1,4%3;

if color_display then
begin
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TaxtBackground (bluel;

TextColor (yellowl; v .
and; . , :
writeln (' Processor Number Status Activity ID ASN ID ',
o Exscution Time Left’);
—_—
writeln; ,
for i:= 1 to number_of_processors do’
~ bagin ° .
if processor_infol[il.state = idle then
writeln (1:10, 'idle’:16,"' ':50)
elss

and;

{Display

writeln (i:10, 'busy’:16,processor_infolil.activity_id:11,
processor_infolil.network_id:13,
processor_infolil.execution_time_left:23);

ready to run queue infol

window (1,16,30,23);
if color_display then

begin

—~ TextBackground (yellowl;
TextColor (black);

end;
clrscr;
writeln (' Ready to Run Queus '32;
writeln; :
writeln (¢’ Qusue size: ',ready_to_run_gusue_length:2);
writeln;
if ready_to_run_qusus_length > 3 : .
then display number :=~ 3 Lﬁ\\

else display_number := ready_to_run_gqueue_length; —

for 1 :=

1 to display_number do

writeln ¢’ ARctivity ID: ’,ready_to_run_gueusfil.activity_id:2,

{Display

* ASN ID: ’,ready_to_run_gueuelil.network id:2);

counter variables, (if any)2

window €31, 16,56,23);

clrscr;
writeln ¢
writeln;

'Counter variables ’);

display_number := Q;

for 1 ;=

1 to number_of_counters do

if (counter_variablesCil.status = initialized) and
(display_number < B then
begin -

end;

{Display

writeln (’ASN ID: ’',counter_variables(il.network_id:2,
asn_node_definitionlcounter_variables(il
.network_id, counter_variablesl{il.node_numbser]
.counter_variable_id:3,*' = ',counter_variablesCi]
valus:3);

display_number := display_number + 1;

net statusl
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window (57,16,80,231;
clrscr;
writeln (’ Status of Networks 'J;
window (57,18,68,23);
BotoXyY (1,1);
{Will display a maximum of 10 net status becauss of space
limitations?
for i := 1 to 10 do
bagin _
if i = B then begin
window (63,18,80,23);
GotoXY (1,12;
end;
if 1 > number_of_nets
then writeln (i:2) .
else if mestwork_infelil.state = dormant
then writeln (i:2,' dormant’')
elsse writeln (i:2,’ awaken ');
end;

window (1,24,80,25); -
if color_display then
begin
TextBackground (green);
TextColor (hlackl;
end;
clrscr;

{Delay if in continuous mode2
if (simulation_mode = continudus) and (display_delay <> 0)
then delay (display_delay)d;

END;

B-62



PROCEDURE DISPLAY_STATISTICS;
PROCEDURE WAIT_FOR_USER; *

BEGIN
window (1,24,80,25);
if color_display then
begin
TextBackground (graen);
TextColor (black);

end;
clrscr; .
write (’ Press any key to continue. *2J;
while not keypressed do; ///“\
clrscr;
END;

VAR i: integer;
processcr_numbsr: integer;
network_number: integsr;
activity_index: integer;
display_numhber: intsger;
total_busy_tims: integer;
percentage: real;
number_of _times: real;
average: reaal;

PROCEDURE DISPLAY_PROC_STATS;

BEGIN

{Display statistics for all processors?
processar_number := 1;
activity_index := 1; .
while processor_number <= number_of_processors do
begin
window (1,4%,80,23);
if color_display then
begin .
TextBackground (blug);
TextColor (yellow);

end;
clrser;
writeln (’ STATISTICS OF PROCESSOR ’,processor_numbser:2);
writeln;
writeln (' ’':20, 'Number of times executed’,’ ’:17P
'Percentage of time’); o
writeln;
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{Find total busy time)}
total_busy tims := 0O; # —
fFor i := 1 to number_of sctivitiss do
total bhusy_ _time := total_busy times :
: + processor_activity _stat_time
Lprocessor_number, 1];

{Find percentage idle time and display it2?
percentagse :+« ((time - total_busy_time)/time)*100;
writeln (' IDLE'," ':61,percentage:6:2,' %');

display_numbsr := 1;

while (activity_index <« processor_activity_table_sizs -
’ {processor_numberl) and (display_numbar <= 14%) do
begin

(Find, number of times activity was éxecuted by dividing the
numbier of time units the processor was executing that
activity by the activity execution timel

numbsr_of _timas := '

processor_activity_stat_ timelprocessor_number,
processor_activity_table [processor_numbser,
activity_index].activity_id3]

/ procssscr_activitg_tabletprccessor_nuﬂ%er,
activity_index].activity execution time;

{Find percentage of time?

percentage := (processor_activity_stat_ timelprocessor_number,
processor_activity tablelprocessor_number,
activity_index].activity idl / time)*100;

{Oisplay this information

writeln ('’ Activity’,processor_activity table
Cprocessor_number,activity_index].activity_id:3,
' ':1B,number_of _times:6:1,' ':30,percentage:6:2,
» -/-I);

{Increment activity index2

activity_index := activity_index + 1;

and;
if activity_ index >
processor_activity_table_sizelprocessor_numberl] then
begin
processor_number := processor_number + 1;
activity_index := 1;
end;
wait_for_user;
end;

END;



- - - R 2

PROCEDURE DISPLAY_EUENT_STATS;

L 3

BEGIN

{Display event statistics}
window (1,%,80,23);
if color_display then
begin
TIextBackground (blus);
TextColor (yellowd;

W

and;
clrscr; -
writeln (' EVENT -STATISTICS ')
writeln; ,
writeln ('’ Event Number’,' ':11, 'Number of',
" ':11, ’Number of',’ ':12, 'Percentage of');
writeln (' ':23, 'Occurrences’,’ ':10, 'Rejections’,’ ':12,
'Rejections’);
writeln;
for i := 1 to numbsr_of_ext_events do
begin

{Galculate percentage of rejectionsl
if svent_statisticsCil.number_of _occurrences <> 0
then ‘
psrcentage :~ (avent_statisticsl[il.number_of _rejections /-
event_statisticsfil.number_of _occurrencses)
* 100
else
percentage := 0.0;

writeln ¢’ yi:g2,

’,ﬁhls event StatlSthSElj number_of _occurrences: &,
:14%,event statlstlcstlj number_of _rejections:§,
- ' ’:16,percentage:5:2, ' %X’)J;

end; 4 )

wait_for_user;

ENDO;

PROCEDURE DISPLAY_NET_STATS;
BEGIN
{Display statistics for all prccessas}
natwork_number := 1;
while network numbar = number _of _nets do
begin

window (1,%,80,23);
if color_display then -
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begin _
TextBackground (blus);

TextColor C(yellow); *
end; ’

clrscr;

writeln (' NETWORK STATISTICS);

writeln;.

writeln (' Network Number of ',
! Completiaon Time '),

—uwriteln C° ID times awakenad -

' Maximum Avarage 'J;

writeln;

display_number := 1;
while (display_number <= 10J) and
(network _number <= number_of nets) do

begin -
if network_statisticsinetwork_numberl.number_of times <> 0
then 3 '

average := network_statisticsinetwork_numbacl
.cumulative_completion_time /
* network_statisticsinetwork_number)
.number_of _times -~
else average := O;

writeln C° ', natwork_number:a,
’ 7:20,netuwork_statisticsinetwork_rumbeaer]
.number_of _times: 6, -_—
':18, network_statisticsinetwork_number]
.max_complation_time:f§,
':12,average:8:1);

t

network_number := network_number + 1;
display_number := display_number + 1;
end;

wait_for_user;

end

PROCEDURE DISPLAY_TIMER_STATS;

BEGIN
’
{Display timer/counter statistics
window (1,4%,80,233;
if color_display then
begin
TextBackground (blue);
TextColor (yellow);
end; °

B-6B6



clrscr; . )

writeln (' TIRNER/COUNTER STATISTICS *);

writaeln; ' . ‘ .

writeln (° ASN Number Node Number Timer ID - # Times -
H Times*,* Psrcantags’); .

writeln C° Started -
‘Expired’);

wi-italn;

if number_of countars <> 0 then
for 4 := 1 to number_of_countars do
bagin -
{Calculate percentage of expiration)
if counter_stat(iJ.n_times started <> O
then
parcantage := (counter stat{iJ.p_times_expired /

countar_stat{iJ.N_times_started) * 100

=las
parcantage := 0.0;

writeln (counter_variablesli].network_id:8,

counter_variadles(il.node_number:13,

- asn_node_definitionlcounter_variables(il.network_id,
counter_variables(i].node_number]
.counter_variabla_id:15,

counter_statl{il.n_times_started: 15,
counter _stat({ll.n_times expired:11,
. * 7 percentage:6:2, " %',
and;

“walt _for user;

PROCEDURE DISPLAY_QUEUE_STATS;

BEGIN . -

(Display queus statistics)
window (1,4,80,23);
if color_display then
begin
TextBackground (Liued;
TextColor (yellow):
and;
clracr; .
woiteln (' QUEUE STATISTICS ');
writeln;

writeln (' BEFORE assignement of activities to processor: ‘);
writeln (' The maximum Ready to Run qusue length is:

max_gueus length_befors:2);
averags := cumulative _quasus_length_before / time; :
writeln (* The average Ready tc Run queue length is: ', average:S:3);
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writeln;

writeln (' AFTER assignemant of activities tp processaor: "J;

writeln (¢’ The maximum Ready to Run quesues langth is: °*
max_queaue_length_after:2):

average := cumulative qusue_length_after / time;

writeln (' The average Ready to Run queue-length is: ',aveaerage:5:3);

({End of display?
wait_for_user;

UAR choice: char;
BEGIN { Display_statistics 32

window (1,1,80,253;
BotoXY (S0,2);
if color_display then
begin .
TextBackground (magental;
TextlColor (whitel;

end;
clrscr; £
GotoXYy (S0,2);
writeln (’SIPULATION TIME: ', time:B);
repesat

window (1,4%,80,23);
if color_display then
begin
TextBackground (bhlue) .
TextColor (yellow);

end;

clrscr;

writeln (* STARTISTIC MENU '),

writeln;

writeln (' 1 Display Processors Statistics’);

writeln (' 2 Display Event Statistics’);
~writeln (' 2 Display Network Stetistics');

writeln (' % Display Timer Statistics');

writeln (' S Display Queue Statistics’);

writeln (' & Exit')l;

writeln;

write (' Enter choice: ');
repeat
read (kbd,choicel;
until choiece in C'1°,°'2','3",'4",'5",'6"'];

case choice of



end;

1
e’
'3
.%.:
lsl:

display_proc_stats;
display asvent_stats;
display net_stats;

display_timer_stats;
display queue_stats;

until choice = '6°’;

window (1,1,80,25);

clrscr;

END;
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PROCEDURE DISPLAY_ERROR_MESSAGE;
BEGIN

window (1,1,80,25);
if color displag - true then
begin
TextBackground (hlue);
TextColor (yellow?);
and;
clrscr;
writeln;
writeln (' Simulation Error');
writeln;

case simulation_srror of

ready_queue_overf low:
writeln (' Overflow of the ready to run gqueue.’);

no_enabhle_input:
begin . , .
cwriteln (' Error in the system definition (TSD).');

writeln (' No enable input entered for a gate node.’');
end;

no_internal_event:
begin
writeln (' Error in the system definition (TSDY.');
writeln (' Can not find an internal event corresponding °*
'an output trigger of a node.’);

end;

too_many_simultaneous_events:
writeln (' Toc many simultanecus events. '],

too_many branch_wvariables:
writsln (' Too many branch wvariables for continuous mode '3,

too_many_counter_wvariables: :
writeln (' Too many counter variables.');

branch_prob_not_found:
writeln (' Program error: Branch probability not found.');

counter_variable_not_found:
writeln (' Program error: Counter variable not found.');

end;

END;
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