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ABSTRACT

- . .
The concept 9? a Task-Driven multi-microcomputer system

as an appropriate solution for a wide range. of
applications with diversified computational needs, isg

R

investigéted. In general, the pefdbr@anée‘of a multiple
. =

s

'érocessor system is governed by its architecture, the
control scheme used to coordinate the activities of the

various processors, and 1its interprocessor communi-
cation.. In this thesis, each of these .subjects is
treated separately. After introducing multiple

processor systems in general terms, . the functional
design of a mdlti—micrbcomputer system is presented.
The main characteristics of a Task-Driven architecture
are then 'highlighted. To pfovide for an efficient
control scheme, the design procedures and implementation
aspects ©f a modular two level executive, ~which is
"tailor made™ for a Task-Driven system,“are presented.
To provide interprocessor communication with a high
degree of availability and reliability, the concept o?
segmented bus 1is introduced. Following that, the
communication ' protocel and general implementation
aspécts associated with a centrally tontrolled segmented
bus are described. :
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INTRODUCTION _

This ‘chapter introduces the main problems that led to
the investigation presented in this thesis. - Next,.
thesis objectives are briefly outlined and f£finally, a
short summary’of the major chapters pf'xhe thesis 1is

. ~
given.

PROBLEM STATEMENT

The advances in Inicrpppocessdr techeology creeted thé”
proper environment for introducing digital processing in
many new and diversified areas. As the number of
aprlications with more elaborate computatlonal demands
increases, one needs to provide more processing power. .
This can be achieved at two levels: ‘ f/
“(a) At the processor level - To rely on”technological
improvements to pﬁsh the miggoprocessor beyond its
current maximum capabilities.
(b) At the system level - To extend the capabilities -of
a single microprocessor by exploiting the concept of

v

concurrent execution.

Microprocessor technological improvements are made
exclusively by the manufacturers, and even -though some
< user feedback may influence future development, they are

out of cortrol of the average user. With the existing
. | - :

.
B bl
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technology, there are definite limits to the extent and
type of improvements possible. Unless new technology is
developed, all the technological improvements can be

" regarded as evolutionary rather than revolutionary, and

as such,concentrate on the following areas:

\(i) Longer word length. i .
1 -
fii) A more extensive and powerful instruction
A Y
set,,

(iii) Addition of memory and various“input/out;:;‘?TXO)
capabilities on-the chips ‘

(iv) Higher speed of operatﬁpn and reduced power

consumption.

\
%

) ~
(v) Introduction of additionél\sontrol lines
to support multiple -microprocessor architectuke.

—
_

)

(vi) Addition of various software support on the chip.

The last two points indicate a definite trend by the
industry to move towards multiple microprocessor systems
by providing the hardware and software support to

P

facilitate their design.
L3

\‘5.
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Improvements at the system level can be obtained by
exploiting the concept Of concurrent execution thus

enhancing system performance.

Concurrency of execution can be obtained in two ways:

(i) Using a single migroprgcessor with -2 multitasking
real-time eXecutive. ‘

(ii) Using- a multiple microprocessor system controlled
by a real-time executive. ’ ‘

The £first ap?%&ach is only useful 1in small special

purposé systems as it tries to obtain maximum resource

utilization from a single microprocessor. Due to the

phyvsical limitations of thetmicroprocessor, this method

is more appropriate férﬁ pinicomputers or mainframe

i

Processors.

The second method, in general, does not attempt' to
maximize individual microprocessor utili;ation but
rather complete system utilization. By adding more
microprocessors, it can be regarded as being independent
of the microprocessor's physical characteristics.,_gpus,
theoretically, this method can be considered as haG@ng
unlimited room for expansion and. fhprovement. /)fIn
practice, this method has its own limitations whici are
indicated in terms of the following three problem 5feas:

[

-
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(i) How to define the most suitable hardware archi-
tecture\éfr utilization in a multiple micro-
processor system. .

. X . '
(11) How to define an executive £or controlling and
: coordinating = the various microprocessors

activities. . ]
.
(iii) EBow to define a communication £facility which
. connects all tge microprocessors in the system
such that the bottleneck condition associated
with the transfér of data and control information
is reduced.

-

~

"THESIS OBJECTIVE -

L

The objective of this thesis is to find soluﬁions to the
problems of Thardware architecture, executive, ‘-and
interprocessor communication as they arise in multiple
microprocessor systems. It should be mentioned that
even though this thésis considers these pdints from a -
general point of view, all are application dependent.
To achieve application independence the suggested
solutions are made flexible, so that later, they can be
fine tuned to a particular application. -

In terms of system hardware architecture, the most
important aépect is to extract the best characteristics
from the general multiple processor organizations and’
then to combine them to form a new archftecture. This
architecture must be well-suited for microprocessor
implementation and as such must exploit the posiﬁive
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feature of micrdpqocessors being low cost sources of
'compdting power. Also, it must caanteract the negaEive
aspects. of microprocessors, namely the limited TI/0
ﬁlexibility and the memory-processor bottleneck. ‘

In terms of system executive, a flexible control scheme
for ﬁultiple microprocéssor systems that does not have
high overhead, must be developed. “This can 'be done 1if
system operation can be subdivided into inde;endent
tasks, and if maximum hardware utilization is not
péiamount. The design must provide the mechanisms to
ease the system operation partitioning problem and the
allocation of its tasks to the various processing
elements. Also, a systemétic way of coordination -and
synchronization of the various activities in the system
must be developed. Finally, the system control must be
develéped in such a way that it offers system.
transparency to the user. Thus, when a new job has to
be executed, the user need not concern himself with the
actual_hardware details of the system.

n »n

The problem of the communication facility ‘'is solved
along three ., general guidelines. First, the
interconnection scheme must. be both flexible and
efficient in order to support a wide spectrum of
applications. The applications may range . from a
dedicated special purpose  system for +which the
communication needs are well defined and £fixed, to a
general purpose computing system for which the
communication needs are relatively unknown and vary with
the Jjobs being executed. Secondly, it must be able to
support a wide variety of hardware architecures. Third,



. ) - .
it must provide an efficient means of transferring both

data and control information.

THESIS STRUCTURE.

an

4 ol .
The material presented in this thesis is -divided into
five chapters. After the introduction, each of the’

above stated problems “is treated ‘separately 1In a
dedicated chapter, each including 1introduction and
conclusions. The £inal chapter highlights the most

- significant results obtained in the three chapters and

suggests related research topics. , The major ideas

presented in each of the three main chapters are
outlined below

CHAPTER 2

"The W3 of Multiple Processor Systems" deals with the
solution to the problem of defining the. most suitable
hardware architecture for nmnultiple microprocessor
systems. €Qe presentation 1is done using the "onion
peel”™ method. In the outer most layer, the discussion
attempts to shed light on the concept of mnultiple
processor systems and to clarffy some gf the
terminology. The gquestions 'What','Why' and 'When' in
regard to such systems are considered both in general,
for all processors regardless of. their size, and
spgcifically for microprocessors. In the middle layer,
a functional design of a multi-microcomputer system is
presented in terms of both physical and logical
structures. Also, the various aspects associated with
the contxol and coordination of system resources are



Kt
‘ot

. J '

Y

o

discussed. In the innermost layer, a specific multi-
microcompufer--architecture,' known as ‘a Task-Driven
system, is described.’ - ' N

CHAPTER 3 . - ' ‘ ~

"Executive for a Task-Driven Multi-Microcomputer
System", 1s concerned with the problem of defining the
design procedures and implementation aspects of an
executive for the Task-Driven architecture described in
Chapter 2. The design philosﬁph?ffgf this executive
follows the guidelines presented in the.thesis objective
sectior® (i.e. designing for maximum system utilization

and flexibility rather than maximizing " individual

resource utilization). The resulting executive cohsists
of a modular two level hierarchical 'structure whiéﬁ is
easy to implement. Also presented‘in this chapéer are
some of the relevant ideas concerning task partitioning
and allocation in multiple processor sSystems.

CHAPTER 4

"Segmented Bus Architecture For 'Mﬁlﬁi—Microcomputer
Systems”™ deals with the problem of defining a general
interconnection scheme for multi-microcomputer systems.
The scheme is- designed to facilitate interprocessor
communication activities in terms of providing a high
degree- of availability and’ reliability. The proposed
interconnection scheme is based on the segmented bus
concept which ‘can accommodate simultaneous mutually
exclusive transfers on a data bus. The basic

characteristics of the segmented bus, as well as the
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architectures associated with its control are described.
Here, distributed and centrally controlled segmented bus
architectures are presented. This Chapter ponéen’ttates
rﬁainly on the centrally. controlled segmented bus and
describes .in some detail the various functions
associated with the' central control unit and its
conceptual.design. -
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THE W3 OF MULTIPLE PROCESSOR SYSTEMS’

, < . .
OVERVIEW

The questions WHAT,.WHY and WHEN in regard to multipie

T®SsSOr systems are'.éonsidered in detail, hence the
"The W3 of Multiple Processor Systems]. The
of Multiple Processor Systems .is prese;lg‘d as an
appropriate solution to hincreasing demands for

additional computing power necessary to meet new

requirements and/or mére complex applications. The

presentation is made both in general and in specific
terms. Those ‘“aspects whick are applicable to. all
processors reg'ar'dlesg of their size are presented 1in
general. However, as the main interest here lies with
multi—microcomﬁuter systems, the aspects which are

dependent on processor power and 1/0 flexibility are

? ‘considered specifically with respect to microprocessors.

INTRODUCTION

The need for increased computing power arises in many

./systems‘ in order to meet new requirements and/or more

/ complex applications. There are a number of ways in

which one. can increase the processing power of a
computer system. The first, most obvious way is to use
a more powerful Central Processing Unit (CPU), hawever,
beyond a certain point, this approach has limitations in
terms of cost, complexity and reliability. The second
alternative 1is to include special purpose sub-systems
such as an I/0 driver or a fast arithmetic unit. This
solution 1is most appropriate for special purpose
systems,as the system enhancement is restricted to
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specific areas. The third and. most interesting option
from the point of view of *a genefal solution is to use

*,

multiple processor systems.
In a system with a single processor, _execution of the
various tasks 1is sequential, as the oprocessor can
execute . only . one " instruction at any given time.
However, by time sﬁariqg the . CPU, one c¢an obtain
apparent éoncurrency, For- true concurrency, that is the
execution of a number of coopgrating-and/or independent
tasks simultaneously, one réquires a multiple processor
system. Here, systems which contain more than ‘one
processing ‘sub-system with some sort of on-line .
interconnection will be considered.

~

“ -

Although at times multiple processor systems are
discussed in general, the main interest lies with their
applicability to microprocessor based systems. The idea
of-using more than one proceSEing element in a system in
order to achieve better performance preceded the
development of microprocessor - technology. This
technology "opened the door" for the utilization of
computing power in a wide range oOf. applications which
were out of reach otherwise, due to the cost and
physical -size of computers. The use of multiple
microprocessor systems extended the range and capabil-
ities .0of a single microprocessor to more complex areas
which were previously in the domain of large™Temputers.

As will be discussed later, they also led to other

system enhancements 1like reliability and ease of

design.
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systems and processor capabilities.

to shed light on the concept of multiple

- prokessOr systems and to <clarify the terminology

asdociated with them, the presentation 1is both in
gé eral and specific terms. Aspects which are
applicable to all processors regardleés of Eheir size
are presented in general terms. However, as the main
interest here iies with microprocessaf based systens,
aspects which- are dependent on pfoéessér pbwer and I/0
flexibility are discussed specifically with réspect to
microprocessors. '

This chapter consists of three major parts. In :.the
first pafto the questioqg WHAT, WHY and WHEN in regard
to multiple proées§or éystems are discussed in detail.
The question "What are the prominent multiple processor
architectures?®,is considered in Section 2.3 by
highlighting the-salient features of each organization.
The question Why, i.e. the motivations behind developing
these systems, 1is discussed -in Section 2.4. The

. discussion is mainly £from a general point of view, as

the aspects associated with this questioq are usually
applicable to all the various multiple processor
organizations. Final;y, the guestion "When t0o use a
multiple proceésor system?", is discussed in Section 2.5

specifically in relation to microprocessor based

'systems, due to the” strong interrelation between these

“

The second part consisting of Section 2.6, describes the
functional design of a multi;microc0mputer system in
terms of physical “and logical structures, and the
various aspects associated with the control and

71
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coordination of system. resources. ' In the last part,
consisting of.Sectiqn 2.7, the general characteristics'
of a specific multi-microcomputer architecture, known as
a :éSk—Driven multi-microcomputer system are presented. .

It should be noted that the terﬁihoibgy,used throuéhout
this chapter follows what appears consistently in the
literature. However, when experieﬁcing large
variations, the term felt to be the most appropriate was
chosen. .

WHAT IS A MULTIPLE PROCESSOR SYSTEM?

In 1966 .Flynn [FLYN 66] classified computer systems into
four categories based on the instruction stream and data

" stream. The resulting four classifications are:

¥

(a) SISD - Single Instruction Single Data

v

(b) SIMD -'Single Instruction Multiple Data

(¢) MISD - Multiple Instruction Single Data

{d) MIMD - Multiple Instruction Multiple Data

Although Flynn's classification has been accepted as the
most basic one, it is much too restrictive, as it only
considers execution at the instruction level. In order
to include neder organizatibns created by the developing
technology, a number of modificatioqs and extensions

- 12 -
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to Flynn's taxonomy aféssdggested in the litératuie[HIGB
73], [PREN 791, [BOWE 80]. In the most general form, a -
nultlple processof system capable of executlng
concurrently a number-of tasks each utilizing different
sets of data, can be considered as being a MIMD system.

* There are a number of nultiple processor organizations

such as pipeline, array, and vector which are not
necessarlly MIMD systems [BAER 761. These systems will
not be “ednsidered here, since they act effectively as a .
single fast processor adapted to specific gppllcat%ons.

- . Y
Multiple.processor systems cagfbe differentiated by tﬂe
degree of coupling . and the nature of interaction that
exist between the various processors. The two extremes
are the tightly .and loosely coupieé systems. In
general, tightly coupled systems share common primary
data memory which can be used as a communication channel
between the procéssors. On the other hand, loosely
coupled systems *do not share & common memory and
therefore must use an explicit cémmunication interface
between processors. - xa;_;\)
TIGHTLY COUPLED MULTIPLE PROCESSOR SYSTEM
CHARACTERISTICS

Tightly coupled multiple processor system, also’known as
multiprocessor system [BOWE 80] has the following
characteristics:

-

- 13 -
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{a) COMMON MEMORY - A primary memory that can be access-
ed by -all processors\in the system. - In addition
each processor may havé&iig}parate data nemory.

‘J - . .
{b) COMMON OPERATING SYSiEM.F A single common operating
-system controls and coordinates all thé interaction
between processors and processes.

(c) SHARED RESOURCES - I/0 facilities and other system
-rescources ‘are’ generally shared among - the
Processors. . However, some resources’ may be

-~

dedicated to specific processors.

(d) EQUAL PROCESSING POWER - Generally, a symmetrical
configuration with the *general purpose 'pfoééssors-
exhibiting similar capabilities.

{e) DYNAMIC LOAD SHARING - bermits uniform load sharing
across all processors by dynamically distributing
the load of an overlcaded processor.

(£) PROCESSOR AUTONOMY - ©Each of the <cooperating
processors c¢an execute significant computations
individually. ’ ‘

(g) SYNCHRONIZATION =~ fthere is a need for synchroni-
zation between cooperating processors.

A simplified Block Diagram of a tightly coupled multiple

processor system is shown in Figure 2.1. ,
£

- 14 - -—.‘."
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The'major'limitation to the application of a tigﬁtly\
coupled multiple proceésor organization is the
possibility of primary -memory access conflicts. This
restriction tends to put an upper bound on the number of
processors which can effectively be supported by a
single operéting system. Most Processor-mémory
switching struétures attempé tg:kreduce the amount of
main memory access conflietd. The three most
fundamental Processor-memnory organizétions are: the
common bus, the croésbér ggﬁtch, and the multiport
memory. Further details can be found in refergnce_iENSL
771. ’

Ba51cally, multiprocessor organization can be considered
as a collectlon of low speed processors performing the
work of a 51ngle high speed processor. In general the
applicability of this nultlole processor organ17at10n to
mlcroprocessor ‘based systems Tis limited, due ¢to the
processor—memory bottleneck which characterizes
microprocessors.

Multiprocessor organizations have been used in the

,lmplementatlon of various computer systems [SATY 80].

Example of a multiprocessor system which™ utilizes
microprocessors in its implementation is. the Stanford
University Minerwva Sys&ém [WIDD 76]1.

»
LOOSELY COUPLED MULTIPLE PROCESSOR SYSTEM
CHARACTERISTICS

Loosely coupled multiple pfbcessor organization also
known as computer network [FULL 78] has the following
characteristics:

-
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(2)

(b)

{c)

(d)

{e)

(£)

AUTONOMOUS COMPUTERS - The system contains a number
of independent computer systenis that can be located
at geographically dispersed areas. '

MUNICATION INTERFACE - The various cémputers in

the stem are interconnected via a communication
interfa
COMMUNICATIONNPROTOCOL - Intercomputer communica-

tion must follow rigid communication protocel.

SERIAL COMMUNICATION -
cation links are generally hig

intercomputer communi-

peed serial lines.

COMPUTER ACCESSIBILITY -A user at any si
the computing facilities at all other sites.

can use

ON SITE COMPUTATION - In general, the network is
only used for communication with actual computing

being done at a single site.’

A simplified Block Diagram of a loosely coupled multipie

processor system 1is shown.in Figure 2.2.
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The best known and largest Eompu%er network 1is the
L . .
advanced Research Projects Agency (ARPA) Network, which

connects over 50 major coﬁputing facilities across the
United States [SCHW 77]. °

Computer network organization, as it stands, with its
rigid interprocessor communication requirementé is not
very = applicable to .microprocessor based systems.
However, with the increasing number of applications
which require distributed computing power, it is likely
that some ' modified versions of computer network
organization® may be used. For example, the
communication protocol and other control  aspects
associated with a local loop connecting the various
computing facilities of a university may be implemented
using microprocessor based'systems. '

MULTI-MICRQCOMPUTER SYSTEM CHARACTERISTICS

The tightly coupled and loosely coupled structures are
the two extremes of nultiple processor organizations.
There are various other organizations which do not
qualify as either one and generally can be considered as
moderately “coupled multiple processor organizations.
This organization is the most suitable for
microprocessor based systems, as it combines the better
qualities of the tightly coupled and loosely coupled
systems. Microprocessor based systems designed to have
the major characteristics listed below are known as
multi-microcomputer systems [RUSS 77] and are often
called distributed intelligence microcomputer systems

(DIMS), [ANDE 75]. |



In.

a multi-microcomputer -system one first has to

\partiiion the general workload into relatively

'(a)‘

: ~
independent tasks which can then be assigned to the-

various elements in the system. Such a system has the

following main characteristics:

(b)

{¢)

(d)

(e)

(£)

o

AUTONOMOUS ELEMENTS -Each individual element
generally consists of a CPU, local program and data
memory, plus any additional. peripherals it may use
or conérol. i '

-

N
PROCESSORS DEDICATED TO A TASK -Ideally,;each

elfement is dedicated to perform a specific task
which determines its relative complexity.

£

PROCESSORS WITH VARIED COMPLEXITIES - System
configuration is not necessarily symmetrical due to
the various complexitiés of the elements.

SOFTWARE AND HARDWARE OPTIMIZATION - The hardware
and software of each element is "tailor made" to

‘£it the specific task that it has to pérform.

DATA LEVEL COMMUNICATION - The interprocessor

. communication is generally at the data level.

However, 1in c¢ertain situations data may contain
commands or include responses to specific requests.

SEPARATE APPLICATION AND COMMUNICATION PROCESSORS

- In general, each element handles both I/0 control
and system communication. In the cdse of heavy
communication activity, one of these functions may
be delegated to another processor [SPET 77), as
shown in Figure 2.3. For‘example, the various I/0

[
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functions such as device interface and software.
driver could be carried out by a special dedicated
I/0 processor.

(g) STATIC LOAD SHARING - Because of the dedicated
processors, a minimal systeh cannot support dynamic
load sharing thus proper load balance must be done
during the design phase. However, to introduce
some load sharing one could include additional

units. : N
Fm———————— ELEMENT F Y m e — — -
! ]

TO

: ” } OTHER

APPLICATION MMUNICATION ELEMENTS

1/0 == erocessor - PROCESSOR [N

| ‘ | THE
| | SYSTEM
e e e e .

FIGURE 2.3 - SEPARATE APPLICATION
AND \
S GOMMUNICATION PROCESSORS

A more detai;e§ description ©f the physical and)logical
structures as well as the control aspects associated
with multi-microcomputer systems will be presented in
Section 2.6.
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WHY A MULTIPLE PROCESSOR SYSTEM?

In ogdér to prﬁperly evaluate multiple‘ processor
systems, one must Dpostulate a .number of syétem
rerformahce measures related to: Processing Capabili-
t;éé,Réliabiliﬁy Issues, and .Design and De&elopment
Aspects. It should be noted that certain properties of
these: measures are strongly intérrelated and alﬁﬁough
the?‘ are 1included in one specific category theg ‘may

influence all othérs.

S,

. g -
* SYSTEM PROCESSING CAPABILITIES

Under measures related to the processing capabilities of
a system,cost-performance relationship, throughput, and
resource sharing will be considered.

{a) COST-PERFORMANCE RELATIONSHIP

In general, the performance of a processor on a
system level increases with cost. The guestion is
How? In the case of a uniprocessor system, the
performanée of the processor increases more rapidly
than cost. Grosch's Law [BAUM. 75] suggested that
the performance of a processor on a system level is
proportional to the square of its cost, as shown in
Figure 2.4. Thus thewguse of more than one
processor strictly for the purpose of obtaining
more raw processing power,was not very economical.
However, with the’ rapid advancement in
microprocessor technology/ we are approaching the
era of "No Cost" processing power relative to the
cost of the other system parts. In line with this,

r
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a cost/performance curve can be developed for which
the incremental cost/performance ratio is shown to
be more linear, as shown in Figure 2.4.

GROSCH'S LAW

_ UNITY CURVE
-
-

e . 3
. W CURVE
PERFORMANCE e NE

COST

FIGURE 2.4 - THE PERFORMANCE OF A SYSTEM
AS
A FUNCTION OF COST

Using the curve in Figure 2.4, one can see that it
becomes economically attractive to consider using
additional processors in order t© increase the
systen performance. Theoretically, optimum
performance of a multiple processor system is at
best equal to the sum of the optimum performance_' of
each processor. In practice, it will be less.

In order to complete the diséussion, one should consider
the other costs associated with multiple processor
systems. Ignoring software costs, it should be noted
that many hardware elements like boards and connecters
do not decrease in price as rapidily as micro-
processors and memories. Thus, the reduction in the
incremental costkperformance ratio achieved due to the
decreasing cost of microprocessors and memories may be
offset by the other system costs. '

- 23 -



(b)

»

THROUGHPUT

An appropriate indicator of system performance is
system throughput. It is defined as the reciprocal
of the time required to execute a given set of
algorithms and is measured in terms of number of

‘operations per unit time.

In the ideal situation, for.a multiﬁle processor
system, the system throughput should ;ncrease at a
rate proportional to the number of new processors
added to the system. In practice, due to the’
saturation effect, the relationship between °
throughput and the number of processors in éhe
systemn resembles the curve shown in Figure 2.5

IDEAL _ |
A A - LEVELING OFF
8 - DECAY
THROUGHPUT A B
ACTUAL
A

¥ -
OF PROCESSORS

#
FIGURE 2.5 - THE SATURATION EFFECT
The sgturation effect [JENN 77} is defined as the

degradation in throughput for incremefital increase

.in the number of computing elements. As. can be

seen from Figure 2.5, the system throughput follows
the ideal 1linear curve when the number of
processors in the system is small. As more
processors are added to the system, the system
throughput levels off and £finally starts to
decrease. This effect can be attributed to the

-
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(c)

-

fact that as the number of processors increases sO
does the amount of contention - on the shared
resources. There is also an increase’ in the amount
of overhead information which is reguired for
proper interprocessor communication.

The points of levelling off and of decay may be
different for variocus "multiple processor
organizatidns. Ideally, one would like to operate
on the linear portion of the- curve, which can be
extended if the amount  of contention and
intérprocessor communication activity are reduced. -
One way ©of achieving " this - is by préperly
partitioning the main job into smaller independent
tasks which have relatively little intercommunica-
tion needs. '

RESOURCE SHARING

Resource sharing is a general characteristic of
most multiple processor systems and is mainly
influenced by financial considerations. In certain
Situations, it may be expensive to provide a
dedicated resource to individual processing
elements, if needed for only limited time periods.
Thus, when the utilization £factor of the resource
is low, it makes sense to time share the resource
among the processing elements 1in the systen.
However, time sharing of resources must be done in
an orderly manner so as not to overload the

resources and maintain conflict free systems.

*



) The types of resources that may be shared in a
multiple processor systém range from a dumb printer
or memory module to a sophisticated intelligent
high speed math processor. '

SYSTEM RELIABILITY MEASURES ‘{-

Prior to discussing the different‘reliébility related
neasures, the various aspects of reliability will be
considered 1in general., The c¢lassical definition -of
reliability is the conditional probability that a system
has survived the interval (d,dt)l given that it was
operational at time t=0. A measure ofbreliability is
mean time before failure (MTBF).

In the case of multiple processor systems, the execution
of a given job may require the cooperation of several
processors, some of which may operate under different-
external conditions. For this case, the classical
definition of reliability is found to be too general. A
nore appropriate definition of reliability *for multiple
processor systems is: the probability of executing a
given task under a given condition for a specified time
[DAVI 77]. '

The need for reliable systems arises when repair cannot
take place due to one .or more of the follbwing
constraints: '

(a) Physical - e.g. a satellite system.

(b) Time - e.g. a life support system which cannot
be switched off. .

-,
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{e) Financial - e.g. when repair costs are equal to
or exceed system costs. ] '
For analysis purposes, most systems can be classified
under one of two general categories: Non-redundant
systems and Redundant systems  [SIEW 781. In
non-redundant systemé, each component must function
properly in order for the system to work. In redundant
systems, oﬁe can duplicate parts or all of the system to
ensure at least. limited operation in the event of a
fallure. “To obtain the reliability model of redundant
systems, one must first determine the reliability of
each ‘system module. -Based on that, one can define a
fault-tolerant system which describes the system
‘;reliability.

Due to the inherent redundancy in most multiple.

processor organizations, one. can classify them as
redundant éystems. In addition, higher reliability can
be achieved not only  via duplication of physical
elements, but also by duplicating the various tasks in
more than one processor. The following  reliability
measures will be described in detail: Fault Tolerancé,
Flexibility, Serviceability, and Availability.

(a) FAULT TOLERANCE

A fault tolerant ‘system is capable of overcoming
hardware malfunction and/or software errors without
human intervention, thus extending overail system
MTBF beyond that of individual elenents. To
_achieve this the system may employ massive or
selective redundancy [WEIT 803.

~
“J
\
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Systems with massive redundancy utilize identical
units operating simultaneously to protect against
failures and/or errors. The effects of the faulty
unit are logically masked out by ftbe remaining
properly operating units. T

Y

Systems with selective fedundancy employ real-time

recovery procedures in order to automatically
switch a standby unit to replace a faulty one. 1In
order to successfully initiate the recovery
procedures, the system must first execute the
follow;ng: Fault Detection, Fault Containment, and
Fault ﬁiagnosis [RENN 80].

~—

v
-~

Hardware faults and software errors ﬁgé; be
detected as soon as possible af;gr'l their
occurrence. During the detection latency period
{the time between fault occurrence and fault
detection) the fault containment unit must prevent
fault , damaged data from propagating through the
system and contamigating it. After detection,

diagnostic programs can be used to determine the’

extent of the failure and to localize the faulty
part. Subsequently, it 1is logibaliy isolated from
the system. Following the isolation phase, the
recovery procedures are initiated so that the

overall system operation can be restored while .

maintaining data integrity.

In order to overcome the high cost associated with
. . .
nassive redundancy, one .can exploit the inherent

redundancy of multiple processor systems to obtain

a fault tolerant system. By trading off some of .

the computing power available for continuous
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operation, a fail,K soft or graceful aegradation
operation gcan be achieved. Fault tolerance is
obtained by transferring the job responsibilities
of the faulty element to. other elements in the
system. If the system is designed tc; include a
1imited number of standby elements, then the
functions of the faulty element will be assigned to

one of them. Otherwise, the remaining, properly

functioning elements will be asked to accept

additional assignments, if possible.

If the remaining operational parts of the system
are capable .of handling the additional load, yet
mainiain system operation at full capacity, the

.system can be considered to be fail safe. If on

the other hand, only a limited number ‘'or none of
the faulty element responsibilities can be carried
oufrby other system.elements, vet the system can
maintain operation at reduced capacity, it is
considered to be in fail soft mode. It should be
noted that if ohly limited numbers éf assignments
can be passed on to other elements, a preference
should be given to those assignments which are most
vital to the system.In order to pro#ide an
uniﬁterruptéd operation at full or reducéd capacity
the system must have the flexibility'to bypass the
faulty unit and pass its workload to other elements
in reél—time and under progran contrcl;

FLEXIBILITY SR

"

e

Flexibility is a measure' of how easy it 1is to

reconfigure the system topology and reallocate the
job responsibilities of an element among the other



: " . C s I .
_system elements. This characteristic is necessary

. ()

to facilitate system recévery procedures in the
case of element failure. -

h

In order to'giﬁe the system the fail safepor fail

soft capability, a real-time flexibility 1is needed -

(that is, system reconfiguration must be done in
real-time and under program control). In‘multi?le
processor systems, the flexibility is mainly
achieved in terms of software, although the
pardware nust be able to supéort system
flexibility. However, the introduction of
ﬁlexibility into the design, generally implies the
use of more complex hardware and software which in
turn, . could reduce the individual element
reliability, if not done properly.

Finally, it  should be mentioned that the

flexibility’ <characteristic of a system may
facilitate any future system éxpansion. However,

it 1is” closely related to the degree of systen

modularity. A highly modular system is generally

capable of modular expansion in terms of hardware
and it is- the software flexibility that permits
effective system expansion.

SERVICEABILITY

Serviceability contains both maintainability and
repairability aspecté.' The former 1is concerned
with .preventive maintenance by continucusly
running diagnostics routines and by periodic
maintenance checks. The latter can be used to
-describe the ease of detecting and. locating
" hardware failures and/or software errors once the
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~Eystem is down. A measure of maintainability is
nean-time to repair {MTTR) which is defined as the.
sum of the expected nmrean-time £for periodic
maintenance and the expected time for repair aftgr
failure [POPO 79].

It follows that since éﬁrviceability~is concerned
with. repairability it complements the fault
tolerance property. Both fault tolerance and
serviceability attempt to gﬁard against total
systeﬁ failure. The former, only while the swstenm
is up and the latter while the system.is either up
or  the system 1is partially or completely down.
Fault tolerance 1s introduced into the system
during the design phase and its function is of a
logical nature as to mask out the effects of a
faulty unit. ©On the other hand, the serviceability
function is mainly of a physical nature as it is
.concerned with the physical repair of a faulty part
and attempts to prevent the occurrence of any
future failures. '

Multiple processor systems generally facilitate
serviceabilty, as the total system complexity is
broken down into simpler sub-systems. The
reduction in sub-system's complexity implies that
testing and repalr are much ea51er and occasionally
may even be partially carried out whlle the system
is operating.In some multiple processor systems,
the various processing elements hardware may be
very similar or even identical, thus eliminating
the need for large spare inventories. In the case
of a failure, the faulty unit can be replaced by a
spare, thus maintaining a low MTTR figure.
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(d) ~AVAILABILITY

Availability can be used as a figure of merit to
describe system availability to users, that is, the
probability that the system is operational at time
t. Availability can be expressed as the percentage
of time the system is up (available) and is given

by:

Availability = MTBF _ .
MTBF + MTTR .

In multiple processor sygtems, availability is

improved due to higher MTBF figures achieved by

higher reliability, and due to lower MTTR figures
. obtained by improved serviceability.

SYSTEM DESIGN AND DEVELOPMENT MEASURES

In complex applications, it is desirable to partition
the main jop into simpler units {tasks}. The primary
goal of the partitionihé process 1is to minimize the
amount ©of inter-dependency between tasks. -~ Ideally one
would like to assign each task to a dedicated processor
and in this way inter processor commundcation is Fimited
to the data level. A more elaborate discussion on task
partitioning will be presented in Chapter 3. A properly
partitioned system, when implemented using multiple
processor system, will lead to performance improvements
in terms of: system deployment, modularity, prolonged
life cycle as well as facilitating the human engineering
aspect.



e

(a)

(b}

il

SYSTEM DEPLOYMENT

One basic difference between a multiple, processor
system and a single processor system 1is the
fofmer's'potential of being useful, even though it
is only partially implemented. Furthermore, the
time required for a system to become operational is
faster in a nultiple processor system. This is due
to the fact that the development, implementation,
and installation phases can overlap. Once a
fuﬁctiénally independent sub-system is developed it
can be implemented, installed, and used. AS nore
sub-systems are implemented they may be added to
the existing section of the ‘system until the
complete system 1is implemented and operating at
full capacity.

MODULARITY

Svstem meodularity can be defined in terms of the
compactness and 1isolation o©£f all the different
elements in the system. Modular system design will
generally shorten development and debug time as
well as facilitate serviceability due to the fact

that independent hardware and software modules with

‘reduced complexity are designed and implemented.

The various units in the system are also nmnore
responsive to-their dedicated tasks. The software
and hardware of each sub-system can be optimized
to the given task £for which it is responsible.
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(c)

This allows for a faster and more efficient
response time. Consider a sub-system which may be
regquired to control a process with rapid responses
to interrupes. If the response .time of one
procéssor.is-not sufficient, .nore processors may be
added in order to optimize the response time.

System modularity may improve system versatility.
The association of software functions with specific
hardware modules, if done properly,'pay result in
the ability to control the’ software configuration
within the different end—dser systems, - thus making
the system more versatile.

L

PROLONGED LIFE CYGQLE

In terms of future development, system modularity
also facilitates system ‘enhancgﬁent. Tradition-
ally, systems designed around a single processor
have to be replaced once opt#hmal performance limits
are reached. In the case of the avérage user,
this implies a major financial investment which he
may not always be able to afford. However, using
the modularity property, a nmultiple processor
system can be upgraded to meet new reguirement at
minimal costs thus prolonging systeh life.

In general, system enhancement may be desired to
eliminate a bottleneck discovered in the exlisting
system, to add more features to the existing system
and/or to improve the existing system performance
in terms of speed and power. Also, a modular



-

systen, implemented with nultiple processor
architecture, will allow fine tuning of the
system's operation. Only one portion of the systen
- needs be modified without affécting the rest of the
systen. ] ’

(d) HUMAN ENGINEERING ASPECT ) )

Finally, one should mention the man/machine
Iinterface. There are increasingly large numbers of
applications where computer controlled systems are
being developed for use by the average
non-professional users. Such systems are generally
highly interactive and must accommodate ugers who
may have relatively 1little or no experience in
computer technology. .The human engineé%ing concept
must be used so as to provide a simple man/machine
interface which can be easily undersfood by the
average users. This reguirement can be most
" economically achieved by using a -local dedicated
processor -which will provide the proper interface.

WHEN TO USE/NOT USE A MULTI-MICROCOMPUTER SYSTEM?

As mentioned in the introduction, the guestion "When to

use a multiple processor system?” is dealt with

specifically in terms of microprocessors. The reason

- being that the application of such a system, is closely

related to the capabilities of the various processors
used in the system. In general, a microprocessor does
not have the computational power of a larger computer
{due to technological constraints), nor the
communication flexibility (due to the limited number of

+ ¢ 4 .
pins}. However, the microprocessor can provide a
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ve:&i%fle and low cost source of computing power which
can be used in applications such as data acquisition, -
measurement, and/or supervisory and control.

Microprocéssor technology has made it practical and
ffnancial;y attractive to apply ‘computer control: to
largé numbers of new applications. For some of the less
elaborate ap?lications, the use Wpf a single
microprocessor is sufficient to handle the computational
requi:éments. However, multi-microcomputer systens
should be considered for applicaﬁions which have some or
all of the following characteristics:

(a) Elaboraté pvrocess cohtrol applications having
‘ diversified computational demands coupled with
real-time constraint. For these applications, the
heavy processing requirements generally far exceed
the capabilities of a single microprocessor based
systemn.

(b) Applications with extensive amounts of I/0 process-—
ing requirements. The need to interface with a
large variety of I/O processed generally imposes
unacceptable © c¢ontrol overhead on a single
micfoprocessor and causes a severe degradation to
the system's responsiveness.

(¢) Applications which demand high reliability but, due
to financial and/or space constraints cannot afford
the use of massive redundancy.

7 In certain complex applicatiohs'it is good practice to
attempt to decompose the operation of the overall system.

S
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into a number of independent tasks. These tasks can be
executed on individual or cgoperating microprocessor
based systems. In line with this, one should génerally
avoid using multi-microcomputer systems if one or both
of the following conditions exist:

(1) If all that is needed is more raw processing
power. In this case, it is advantageous to get a
more powerful CPU,_'or add one or more dedicated
specialized processors.

(ii) If the global task to be executed cannot be
' partitioned into relative independent tasks with
minimal intertask communication -needs.

FUNCTIONAL DESIGN OF A MULTI-MICROCOMPUTER SYSTEM

Up to this point, whenever possible, multiple .processor .
systems were considered in general, without limiting the
discussion to a particularﬂ processor size. In the
following, the presentation is strictly about
multi-microcomputer systems. The functional design of a
muiti-microcomputer system can be defined in terms of
the following aspects: physical and logical structures,,
task arbitration, task allocation,and tasks interaction
and coordination.

The physical structure of multi-microcomputer systems is
considered in terms of the various interprocessor
communication arrangements and the physical
interconnection topologies. In line with this, the
possible logical designaﬁion assigned to various
elements in these systems is discussed. Note that both
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1

structures are strongly interrelated amd must be well
deflned prior to obtaining the actual interprocessor
communication protocol. - '

By using the logical abstraction of physical entities,
the various aspects associated with the_-control and
coordination of system resources are -considered.
Therefore, the analysis becomes hardware independent and
is unlform across different system architectures.

~ PHYSICAL STRUCTURE

[}
The physcial structue of a multi-microcomputerisvstem is
a function of : the - interprocessor communlcatlon
arrangement and the lnterconnectlon topology.
— |

(a) INTERPROCESSOR COMMUNICATION ARRANGEMENTS

The data transfers between processors can be
carried out either via a common nemory structure or
via a direct bus structure often referred to as
centralized and distributed structures respectively
[RAMA 77]. The common memory structure’ shown in
figure 2.6 requires a direct connection from each
element to a common menory . Memory access. is
controlled via a centralized multiple access memory
interface unit. All data transfers are done via
the common memory and elements have no direct
access to each other. This arrangement doubles the
T common memory access time associated WIth each
transfer as data must be written by one processor
and then read by another one. In systems with
frequent data transfers and/or large amounts of
data, this  structure is not efficient,
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due to increased memory contention which causes
system performance tb degrade.

In the system bus' structure there 1is a direct
connection . between elements, thus the time the
resburce is being utilized (i.e. local nmenory and
bus) is half of that of the common memory
structure. In the mnost general case all data
transfers’ are initiated and performed in- a

- distributed fashion. However, this implies that

each processor performs the various control aspects
associated with interprocessor communication. In
order to relieve the processors from performing

-this duty, a modified structure shown in figure 2.7

is suggested. With this structure, all requests
fo; data transfers are routed via a centralized bus
controller which decides which processors will be
granted the use of the bus. However,-as with the
conmon memory structure, since the bus is a shared
resource, the number of data transfers it can
support is limited by the contention associated
with @t. Later, in Chapter 4 a scheme called a
Segmented Bus Architecture will be described.whicﬁ
enhances the capabilities of éystem bus structures
to carry more data.
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(b)

INTERCONNECTION TOPOLOGIES e -
4 . . .

-

The way in which the, elements are connected to the
bus and to each other defines the intér¢onnection
topology ©f the. system. Physically, there are many
ways _of interconnegt\ﬁﬁ; N elements in a system. .
Two Jdmportant- factors that should be considered
when establishing the \{nterconnection scheme are
reliabllity. and expandability. @ In terms of
réliabifﬁty the interconnection scheme should
provide an f3lternate path in the event of a link
failure. The ‘expandability of the irterconnection
scheme is necessary in order to facilitate the
addition of more elements to the éystem without’
affecting the existing structure.

Anderson [ANDE 75] defined four design decision
levels regarding the interconnecti n strategy of a
computer systenm. The first -degision level 1is
concerned with the transfer strategy,“n;mely should
meé%agés be péssed from source to destination
directly or indirectly? The secormd deqisibn level
defines . the transfer control  method,when using

‘indirect éhnnection, as either centralized or

distributed routing. The third and.fourth decision
levels are concerned with the actual implementation
based on' the decisions made under the first and
second levels. One must decide whether to use a

dedicated or shared message transfer path and once

this 1is determined, define the specific systen
afchitecture. Here, the four most basic
interconnection schemes: Common Bus, Star, Ring,-
and Fully Connected,’ as shown iﬁ Figure 2.8, are
considered. '

\'-\/‘
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In the Star topology, message routing .can be
accomplished by a passive device like a reéd/write
memory (bf allocating special mail slots to each
element) or by an active element like a processor
with an elaborate communication protocol. The
Fully Connected topology 1is "rarely used in a
multi-microcomputer system due to* the. large number
of connections and the complexity of the required
control scheme. The Common Bus is ;idely used,
however, its_main drawback is its low reliability
and its restriction to the amount of data transfers
it can sypport. The Ring topblogy is very useful
for 1local 1loop networks and for data. gathering
systems. ’

Other interconnection topologies are basically
combinations or varlations of these four schemes
and will not be considered here.

2.6.2 LOGICAL STRUCTURE
\\ﬁ\sogical structure refers to the Garious logical
relations that can exist between the elements in a
multi—microcomputér system. A system can be either
vertical or horizontal. The elements in a vertical
system —~are hierarchically structured implying a
masterlgiave relation. On ;ﬁe other hand, in horizontal
systems, the elements are logically equal, implying a

master-master relation.



(a) VERTICAL ORGANIZATION

The vertical organization in its simplest form has
a single master with multiple slaves. - The main
* characteristics of such a system are:

L

(1) All elements are not logically equal.

(ii) All interprocessor communications must go

through the master -or be initiated by the
naster.

b (iii) The slaves hardware may be identical to each

- T other with customizing to a special task done
via the software.

(iv) Thé control allocation mechanism. is as
follows:

‘

(a) Eiéﬁh; only one element is capable of
' assumfhg the master role, oOr

& (b) Several elements are designated as _
' masters;y but only one element is active
at any given instant while the others
are on astive standby

\ :
A single master-multiple slave organization is shown in
Figure 2.9. In general, 1in such systems "Number
Crunching” is done by the master processor (which ‘is
generally the most powerful) whereas the "1/0
T2 45 -



¥ " Processing®™ is carried out by various I/0 slave
LT _ processors,thus achieving a very higﬂ throughput [RUSS
771. Systems may also contain more than one level of
master-slave arrangement, .-tﬁhs' forming a pyramid

configuration.-

t
-~
— g
- .

MASTER PROCESSOR -

sus

SLAVE . SLAVE SLAVE . ) SLAVE
procesSOR *) processor % 2 processoR %4 PrROCESSOR * N

FIGURE 2.9 - SINGLE MASTER - MULTIPLE SLA.VE_ ORGANIZATION

-

(b} HORIZONTAL ORGANIZATION

‘The main characteristics ©of the -horizontal

organization are: ' _ <
(1) All elements are logically equal.

(ii) Any element may communicate with any other
element in the systemn.

{(iii) All elements must be able to. support a
compatible interprocessor interface.
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¢
The ' control allocation mechanism may be as
follows: ' '

(a) Either no designated master; All elements

carry out their dedicated task without using-

a centralized controller, or,
(b) Floating master; each element can execute
- the master functions accoraing to a master
schedule list.

In general, a horizontal system is more flexible

and capablé of dynamic load sharing. However, it
is not efficient when there are large numbers of

vastly different tasks. A Block Diagram of a fuily

connected master-master organization is shown in
Figure 2.10.

PROCESSOR ¥ | |k _ _ | PROCESSOR ™ 2
&
_/ ]
PROCESSOR ¥ N | 3| PROCESSOR 7 4

FIGURE 2.16 - FULLY CONNECTED MASTER - MASTER ORGANIZATION
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CONTROL AND COORDINATION ASPECTS OF A ' -~

MULTI-MICROCOMPUTER SYSTEM

One of the most- importan# features of multi-
microcomputer systems is the concurrency concept, namely
the ability to execute more than one activity at. the
same time. In order to sustain this ability, the system
must be able to perform the following control aspects:
arbitration, allocation, and coordination. In general,
in multi-microcomputer systems the various tasks are
initiated asynchronously by external stimuli and/or
internal within the system. This may introduce
executien difficulties in terms of concurrency and
conflicts [CHIE 79]. However, by using the concepts of
processXtask, events and process/task communication as
logical _quivalents of the actual physical structures,
one cani'Beal with the problem of concurrency and
conflicts independently of the .system structure [BRIN
79]. These concepts will be déscribed in detail in
Chapter 3 when a design for an executive which controls
the various aspects of task scheduling and execution in®
a nulti-microcomputer system, is presented.

v

{a) ARBITRATION

> In order to execute an efficient task/resource
allocation, the system must be able to resolve
all potential contention by identifying the various
events/requests gnd‘ verifying the status of the’

- task/resource whbse services are being regquested.
The real-time demands for task/resource are
physical éntities in the form of asynchronous
requests/interrupts. Apart from the resolution of
contention and arbitration, the gquestion of
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scheduling or synchronization of the task/resource with
these asynchronous activities 1is necessary. - These

".demands can be represented' by events which are their

logical eguivalent. ”Thus, the system software can treat
all dekands the .same way regardless of theig physical
chara

eristics. in rnulti-microcomputer systemns,
ntion resolution can be achievéd by using either
arbitration or test and set technique, each of which is
explained in subsequent paragraphs.

THE ARBITRATION TECHNIQUE i
The global arbitration procedures can be represented .
pictérially as a "black box"™ whose inputs are the
requests for task/reséurce and whose outputs are the
request grants. Such a representation is shown "in
Figure 2.11.

REQUESTS | | REQUEST
FOR ARBH:]?'TlON . GRANT
RESOURCES ——— | LINES

FIGURE 2.11 - PICTORIAL REPRESENTATION
' oF
THE .ARBITRATION PROCEDURE

Arbitration procedures can be carried out centrally by a
51ngle self-contained unit or in a decentralized fashion
by small dedicated unlts, distributed among the various
elements in the system [THUR 72]. The most c¢ommonly
used arbitration ntrol schemes are: daisy chain,
polling, and asynchronous requests/interrupts.
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The arbiter speed should * mnmatch the device
characteristics in order. to reduce the time "wasted"
during the arbitration process. This 1is especilally
important in centrally controlled arbitratfion procedures
‘as the total arbitration speed is inversely proportional
to the number of control lines.

THE TEST AND SET TECHNIQUE

The resolution of contention’ and proper resodrce/task
allocatiomcan be carried out by using the test and séé
technique. This technique is based upon the use of
semaphore, a software-settable flag or switch which
specifies the availability status of a resource. The
semaphore is read by either the task allocation
processor or by the elements competing for the services
of the particular resource iﬁ order to determine the
resource avallability . However, 1in ‘order to avoid
erroneous readings, some locking mechanism must be used
to ‘prevent a reading by one elemeht while the semaphore
is .being updated by another. Such a mechanism was
implemented on some second generation mnlcroprocessors
such as the 6809E ‘and some 16 bit microprocessors. For
example, the 8086 16 bit microprocessor has a software
lock instruction that affects an output signal which
may be used to coordinate access to shared resources,
thus avoiding erroneous readings. In systems which
require faster operations, the resource availability
flégs can also be set by hardware.
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TASK/RESOURCE ALLOCATION

One . important "factor © which characterizes
multi-microcomputer systems not £found in single
procesor _baged systems i% the reso¥ation of.
contention on shared resources and their proper and
orderly allocat%on. . -

One can regard as a shared resource any part of the
system, hardware or software, which potentially may
be used(in more than one process, where a process
is a logical entity related to the execution of any
well defined procedure. In mnmulti-microcomputer
systems one can consider a process as the logical
grouping of one or more tasks with their associated

¢
data, where each task represents the smallest

independent entity of procedure. As ’outlined
previously, a multi-microcomputer system consists
of a number of cooperating task execution units.
in other words, a process execution may involve the
assignment of a number of units. Thus 1in these
systems, resource allocation and task allocation
are -4 synonomous concept. The allocation method
may be either static or dynamic. )

STATIC ALLOCATION ' .

In systems with static allocation, tasks/resources
are assigned to specific processes and are
unalterable under real-time conditions. These
systems are simpler to design and implement because
they do not require a special task allocation
process. They may require.more system resources as
their physical and 1logical structures are very
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(c)

rigid and they cannot accommodate dynamic load
bqlanciné. - Future expansion .and/or improvements
must be obtained by adding new elements, or ’
changing the existing system structure. Finally, a
f;ilure of a single task/resource inmplies the
failure of the processes which use it.

DYNAMIC ALLOCATION

In systems with dynamic allocation, the various

_tasks/resources are assigned. to any process upon

request. This makes the system more flexible as
the allocation is done in real-time, but requires
more -complex design. Dynamic allocation _may be
controlled by a floating executive where all
elenents in the system are capabie of assuming,this
role, or by a special dedicated task allocation
unit. The floating executive is more reliable Jdue
to.duplication, but requires re-entrant code and
lock out capabilities for some critical regions of
the code ([SEAR 75], where critical regions are
segments of code which are non;shérable. A special
dedicated task allocation unit, "even though not as
reliable, greatly reduces the software complexity
of the system.

TASK/PROCESS INTERACTION AND COORDINATION

Another characteriséic of rmulti-microcomputer
systems, not found in uniprocessor systems, is the
need for interaction :and coordination émong the
system's elements. As mentiongd previously, -in
multi-microcomputer systems process execution
corresponds to the execution of a number pf

- 52 -



[

cooperating tasks. In general, some sort of
interaction and coordination among °~ severxal

"concurrent tasks is necessary. Thus, one can talk

about intertask/process conmmunication procedures,

instead of commupiéation between physical

entities. This provides a uniform description of
all system elements, and one need not bother with
actual hardware characteristics. Also, by
providing the .proper task/process communication
procedures at a logical level, (before system
implementation), one can define more efficiently

the actual physical commuication procedures.

»

Bowen [BOWE 80] defined four coordination problems

.associated with concurrent processes: determinancy,

synchronization, deadlock, and mutual exclusion.

The determinancy problem deals with the 1issue of

keeping common data at a known state at all times.

In order to ensure that data is always determinate
any data alterations must be well coordinated.

The synchronization problem deals with the fact
that cooperating processes may require some degree
of synchronization in order to properly coordinate
the use of a shared resource.

The deadlock problem defines the condition that
occurs when one process is walting for an event to
be initiated by another process which never takes
place. Further details about the deadlock
problem can be found in [ISLO 80].
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Finally, the mutual exclusion problem is concerned
with the fact that once a -resoufce has been
allocated to a process, it‘must remain under"T%g‘
control until the process finishes using it.

A TASK DRIVEN - MULTI-MICROCOMPUTER SYSTEM

Up to now,:multiple processor systenms have been
considered in genéral, followed by detailed discussion

about the functional design of a multi-microcomputer

system. Here, a specific architecture Kknown as a
Task-Driven Multi-Microcomputer System [KRIE 79] 1is
presented. This architecture was developed to exploit
the advantages assocliated with concurreqﬁ processing vet
to maintain a simple and reliable system. The salient
charééter@stics of this architecture will be qighlighteé
as some of them will be used later as the basis for

4

further development.

Sm

SALIENT CHARACTERISTICS OF A TASK-DRIVEN SYSTEM

A Task-Driven multi-microcomputer system consists o©f a
number of microprocessors, each having its own local
program memory, data memory and some I/é capability. 1In
addition, the system utilizes a global common memory for‘
passing messages and for storing common variables.

The resources available to the system, including the
various microprocgssors are controlled by a dedicated
task allocation and arbitration unit via a control bus

and dedicated control lines. The task allocation and

arbitration unit accepts regquests’ ' from internal and

external sources and initiates the proper control
actions. The required task coordination 1is done via
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handshake signals connecting ‘the unit dith the various
elemenfg in the system. The coﬁplexity of this unit may
range from a hardwired _logic circuit for simple
appliations, to an intelligent controller in more

elaborate systems. An executive architecture designed
specifically to match this architecure will be described

in Chapter 3: .A simplified block ‘diagram -of a

Task-Driven multi-microcomputer system is shown in

Figure 2.12. . ' -
- s \-/ -

TASK ALLOCATION, .
’ INTERNAL REQUEST

EXTERNAL REQUEST —————TJ- AND
‘ ' ‘ ARBITRATION UNIT

CONTROL /HANDSHAKE BUS

L | i
. _———l '__—— ___'I """
| : 1 1 |
I . I l - IS T |
| jer™ | /0 IH : ceru® 1/0 | | |erv®n 1/0 l
I[ |1 1 ! .
| 1 | I 1

LOCAL | | LOCAL i l LOCAL I
l[ MEMORY 1 1 MEMORY | [ MEMORY |
[ - -

| processor ¥ | PRocaason PROCESSOR
L____I.___.l ___T__.___l L___.[____J

- DATA BUS
MAIL BOX IEMOR:Y
FIGURE 2.12 — SIMPLIFIED BLOCK DIAGRAM
Y OF
- _ A TASK - DRIVEN MULTI - MICROCOMPUTER SYSTEM
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e ‘ - To reduce conflicts, thus enhancing systen

- + responsiveness, and for'reliability purposes, the code
required for execution of a specific task is duplicated

-+ 1in the local memory of,mofg than one processor. -. The

- ' - controller verifies the availability status of all
. b processors capable of executing the specific task,.and

. determines which ohe will be assigned to execute';ﬁﬁe
task. The controller utilizes time-out procedure which
toéether with- the handshake signals"céﬁ be used to

3 : «iverify the statas of a processor and in the event of a
failure, éo restart the task on another processor. The

time-out procedure can be also used to indicate the real

g = -time task execution progress,-%amely the remaining time
i _for execution.~  This inférmé&ion is .checked when
deciding whéther-or'not to suspend the execution of a
task, thus reducing the system coordination overhead
which in turn, improves system performance. -

; All new reguests for task execution are put nomentarily
' ) - on a gueue and ére'subsequently assigned to the various
. Processors. If 'a processor capable of executing a
specific task is not found, and it is not time critical,

it remains on the gueue until a processor becomes -
available. If on the other hand, a task must be
executed 1in real-time and there are no available
appropriate processors, the controller suspends a
currently running task. Subsequently, the wvacated
f _ brocessor is assigned to the time critical task.
| Finally, ncte that the use of a dedicated task alloca-
tion and arbitration unit "frees" the pfocessors in the
- . system from performing -anything else but their assigned

-

tasks. The 1individual processor's complexity 1is



" design of such systems.

,
reduced, which in turn results in modular, more reliable
units. By designing the controller to be a reliable
unit, the complete system reliability _is enhanced.

.

CONCLUSIONS ) ' .

The material \pre§ented _in this chapter is meant to
convey the £following major points: Firgt, to- clarify
some” - of <the termiaplogy assoclated with multip;e
pro¢cessor systems and in doing so to give an insight
into the topic of multiple‘processbr systems. Secondly,
to show\EBg,ap;ﬂacablllty of mlcroprocessors in relat1on
to this concept and the various aspects involved in the

The presentation followed the "onion peel™ 'approacp\\
The outer layer covered general aspects of nultiple,
processor systems such as the various organizations éhd
the motivations behind using these systems. Also
included in this layer was a brief dlscu551on about
a multi-microcomputer organlzatlon and when to use a
multi-microcomputer system. In the middle layer, one
finés a detailed éescription of the functional désign of
a multi-microcomputer systemn. It includes the physical
and logical structures, and - some ) control and
coordination requirements for . this systém. The-
innermost level, describes a Task-Driven Multi-Micro-
computer Aréhitecture, which will be used as the basic
architecutre for the subsequent chapters.
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EXECUTIVE FQR ‘I} TASK-DRIVEN MULTI-MICROCOMPUTER SYSTEM
r
OVERVIEW
The design procedures and implementation aspects of a
modular executive which 1s "tailor made" for a

Task-Driven multi-microcomputer system are presented.

‘The desigﬁ philosophy of this executive differs from the

general approach in that it emphasizes flexibility and
simplicity of design rather than- achieving maximum
resource utilization. The executive has two level

hierarchical structure with inter-level communications

being done via asynchronous handshake signals. This
results in a simple to implement, modular executive
which can - be easily made to fit other system
apchitectures.- Aside from simplicity of design, the
main strength of this executive is that it leads to
simple system verification procedures. The complete
system operation can be simulated as chains of calls,
thus system operation can be verified prior to actual

implementation.
INTRODUCTION ]

This chapter considers the design of an executive which
supervises the execution of wvarious tasks in a
multi-microcomputer system. In a system with a
uniprocessor, only one task may be executed at any one
time. However, by time sharing the processor, an
apparent concurrency can be achieved. A uniprocessor
system, in order to be able to support multitasking

“capabilities, has to use a real-time executive

which schedules, controls and synchronizes the various

tasks to achieve the desired apparent concurrency.
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a multi-microcomputer s
In the literature,.thefe‘are a large number of papers
related to real-time executive for a single
microprocessor based system [TAVO 80], (LIND 80], [CHIE
791, [XAHN 791, I[TOWN ?7]; 'however, nuch less 1is
reported about multi-mic¢rogomputer executives [BOWE
80]. BRINCH-HANSEN [BRIN 78] proposed a new language
concept for concurrent programming called "distributed
processes" which is suitable for real-time applications
controlled by microcomputer networks with distributed

-

storage. ) . ‘

Here, an executive which is "tailor made™ to fit a Task
Driven system [KRIE 79] 1is presented. The basic idea
behind the executive is to use hierarchical control for
task scheduling and to provide inter-~level communication
via asynchronous handshake signals. This results in a
highly modular, simple to implement executive which can
edsily be made to accommodate other system
architectures. '

In the following, the general system architecture is
outlined first, in Section 3.3 followed by a detailed
presentation of the elements of the executive in Section
3.4. Next, the wvarious task interrelations are
discussed in Section 3.5 and the main implementation
aspects of the executive are presented in Section 3.6.
Finally, some of the most important concepts Tregarding
task partitioning and allocation are described in
Section 3.7.

- 63 -



¢ %

3.3

-

OUTLINE OF SYSTEM HARDWARE
. . » -

The main feature of the. proposed Task-Driven systenm is
the hierarchical controller which supervises a number of
heterogeneous, processors, each having private program
mnenory., read/write data mremory, and some /0
capability. The system may’ also have global resources
that inclﬁde a global -data memory which, is used as a
message centre and for storage of common variables.
From the point of view of the execuE{CE{ the Task-Driven
systenm defined in Chapter 2, can be represented as shown

in ;Figure 3.1. ' ' g
SYSTEM fzm:nwsoa.
< ’ :
CONTROL BUS ! —
1 Pnocesjgn - processor "™ 4 processor n
>
DATA BuS

crosar &rEsounces
INCLUDING
» GLOBAL MEMORY

FIGURE 3.1 - SIMPLIFIED BLOCK DIAGRAM OF TASK-DRIVEN ARCHITECTURE

The various tasks available to the system are
permanently stored in the local program ‘memory of the
individual processors. When a task is to be executed,
it need only be awakened by specifying its starting
address and some additional pai'ameters, rather than down
loaded from a  c¢entral memory. In order to avoid

. . . - . .
excesslve hardware duplication and to restrict the size
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of the local program memory, not all tasks . are
duplicated in the program memories of all p:oéessors.

For reliability reasons, and in order to maintain the

. © system's performanze-at a specified level, each task is
. stored in two or more local program memories. .

The duplication of tasks in various program’ memories

necessitates the establishment of a fairly 1on§ list

associating the various tasks and Pprocessors. . To

simplify the list,_ each task 1is assigned the same

apparent address in each processor which is capable of

{l executing it. Thus if a task appears in the local

program memory of three different processors which may

be héterogeneous, its apparent starting address in all

three processors is the same. In order to allow as much

“\ flexibility as possible in the organization of the local

program memories, the apparent addresses point to a Jjump

;__-—// instruction which will direct the processor to the

actual staﬁ;ing address of the specified task. Thus,

each processor must have an atea reserved for apparent

addresses. A typical processor organization d a
profile of its program memory is shown in Figure 372.

/ 7// /////////, Eﬁ pa—

PROG R;M /

MEMORY
Task ¥

cPY

R | "RELATIVE MEMORY SPACE
- ) OCCUPIED BY TASK#2
7 T
Tasx ™3 °
READ/WRITE
1/0 DATA MEMORY Task ¥y
Task ®N

PROCESSOR #J

FIGURE 3.2 - TYPICAL PROCESSOR ORGANIZATION AND A PROFILE
OF ITS PROGRAM MEMORY.
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ELEMENTS OF SYSTEM EXECUTIVE

In general,fa system can be partitioned into a number 6f
units wl\q,ix can be represented by their 1logical
abstractions called proces-ses. Each process consists of
one or more tasks, where the task is considered to.be
the smallest logical entity in the 'system. This can be
represerg\:ted graphically as shown 'in Figure 3.3.

-
et

WHERE: R= J™ PROCESS
T=d™ TASK

SYSTEM / J™  PROCESS

FIGURE 3.3 - GRAPHICAL REPRESENTATION OF A SYSTEM IN TERMS
OF PROCESSES AND TASKS.

Whenever one consideés the execution éf a number. of
processes/tasks, because of possible data
interdependency, one has to define a séquencing
relation. Some processes/tasks can (a) be stlarted at

o

/

—~86 -
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the same time, (b) -~ have to wait until another
process/task is partially executed, - (¢) have to wait
until another process/task is completely executed, as
shown in Pigure 3.4. Note, that the distinction between -
(/\___sequenc:mg relation (b). and (¢} is only important in the
case of processes and/or large tasks. This simple notat-
ion can be used to represent graphically the complete
sequencing'relation of any number of processes/tasks.

y . I} WHERE: F;= J™ PROCESS
- TH
R/T R /T, R /T, o TimdT K
.'f\‘.
(a)
R/T
R /T, Y
| i :

{c)

\

FIGURE 3.4 — GRAPHICAL REPRESENTATION OF PROCESS/TASK SEQUENCING.
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3.4.1

DESIGN PHILOSPHY

In a nmlt%—microcomputer system, the executive has to

maintain an orderly execution of tasks in the most
concurrent fashion possible. The design philosophy
behind the proposed executive is diéfereht than thé
general design approach, in “that the. emphasis is placed
on simplicity ‘and flexibility rather than on achieving
maximum utilization o©f resources. This philosophy is

‘based on the fact that hardware ' is cheaper than software

[GALL 8l], and one can afford to under-utilize hardware
resources in order to obtain  flexibility and
simplicity. In particular,to reduce complexity, the
following restrictions are introduced:

-

(a)} Only a few types of tasks are allowed, each

with specific interaction capabilities.

{b) All communications ate done via well defined

I

logical interfaces..
{(c) Task initialization is only done by a

centralized entity.

c -
To provide maximum flexibility the executive is designed
using the following principles:
: . . ~—

{a) The executive has multi-level hierarchical

structure.

& ¥ -

(b) Communication between levels and within _each
' level is ~ done via' asynchronous handshake

signals.
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(¢} The executive is defined and designed in a'modular

fashion to allow‘modifications and expansion.
EXECUTIVE HIEARCHICAL STRUCTURE .

The exeéutive.model consists of two‘ievelé: the PROCESS

. LEVEL which contains all the relevant information about
process relations and system parameters, and the. TASK

. L b
LEVEL which maintains information’ about task relations
within each procgess. '

t the process level, the executivelitiLiges & PROCESS
MANAGER which controlls the process sequencing. It ‘also
performs task-pr?bessor-assignments based upon.requésts.
for service received from the various TASK MANAGERS .
obeyating at the task-level. Aside from the above, the
process manager " controls ~ all the communication
activities with the external world. '

3t the task level, the executive bhas a. number of " active

iﬁéK MANAGERS, one for each currently running process.
Each task manager controls the actual task sequencing
for a given procéss by accepting information from the
tasks it controls. Based on this, it iﬂitiates new

requests to.the -process manager.

‘The communication activities between levels and within

each level 1is handled via asynchronous handshake
signals. The two level executive model can be
represented graphically as shown in Figure 3.5.



e ——
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A

FIGURE 3.5 — GRAPHICAL REPRESENTATION OF TWO LEVEL
EXECUTIVE MODEL . B

b

DPROCESS LEVEL

The process manager consists of two level hierarchical _
structure. The .outer layer of the process manager is

the PROCESS SEQUENCER which . communicates with the

external world. It controls, at ‘the process level, all

the various activities not directly affecting the system- ~
hardware. .Also, it transfers to the next level of the
process manager, the proper information regarding the
next process to be executed. The énnér'level of - the
process manager is the TASK ALLOCATOR which communicates
with the system hardware and is responsible for the task
assignhent process. It awakens the various task
managers, transmits the proper parameters unidue to each

.
b
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‘process, assigns, mail slots in the central memory, and

. controls all subseguent task-processor assignments.

More dgtails about- the task allocator - are given in
Section; 3.6.
i

The actual problems involved in process and task

-

sequencing -are exactly the sane, therefore a detailed «*
description of only one of them is considered. The task

sequencing problem will be presented here,’sxnce tasks
are the logical entities which have to be initiated on

"the system hardware. This will prowide an insight into

the system implementation aspects. -

TASK LEVEL .

At the, task level there are two distinct types of tasks:
MASTER tasks (TA§R MANAGERS) ahd . SERVICE.- tasks. The
task manader has .the responsibility to coordinate the
tesk sequencing within a given  process and the

" communication activities associated with it. During

system ‘operation, the number of active  task managers
varies accordlng to the number~ of -currently runnlng
processes. ‘In phls system, the dlSthgUlShlng factors
between = various prbceSSes are the . sequencing and
specifications of the tasks .associated with each
Drocess. Therefore the naster task can be a general

DurDose' vﬁrogram,e whlch recelves the parameter

specifications unique to each process ' from the. task

allocator.g Aside from the task seguencing rela ions,

. the task allocatog also associates with each task

manager, one or more, mail slots in the central ‘mezxory
for. passlng data. Thus, in order o transfer data
between tasks, one needs only to pass poxnters rather

than mpve “actual’ ‘data.- In, order to. enhance systenm
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~— ~responsiveness, this program inciuded in each

I - .
~- processor's local program pl= Y, and each ‘individual
processor can act as a ta€k manager. |
Due to the overhead asdQciated with proceés suspension,
be susc.ended.'
Jhus, the processor ass:.gned to it becomes -dedicated to

Tts execution. However, the master task execut:.on may

a master task, once initliated, canno

be terminated voluntarily based 'upon 1nfornat10n
- received from one of its tasks, or be aborted by the

process manager as a result of external information.

R e, -, -

. Voo . . S .
) - The mast;er_:-- controls several service tasks which
' communicate 4 h it via asynchronous handshake signals.

Hence, it must be capable of requesting service tasks

at any time during thé course of its execution.

In contrast to i:he master tasks, service tasks are

special purpose programs. They can be.of two types:

. The majority of them are REGULAR service tasks ich

cannot ga?ll any other tas}".s\ during their execut103 A

regular serv:.ce task can be “suspended only once by the

s .Process manager . when the processor on which it is
running is reguired by a higher. prlorltv task.

) other service task type is the PRIVILEGED serv:.cejtask

of which there are only a limnited number. These tasks

, ca.\n call only one regular seryice task at a time. 'g)

reduce overhead, neither the privileged tasks nor the

serv:.ce tasks it calls can be suspended. By restricting

task calIs and suspensio in this fashion, one avoids.

nested loops of taskswag thus the processing overhead

associated with gené.ral multi~level suspensions. Also,

one need not .chancj?a task priority after suspension.

However, a tag must be assoctated with (@ privilegead
* ‘ r ) .

ke

(o]



tasks, (b) regular SSE#*CQ tasks called ‘by privileged
tasks, and (c¢) suspended regular service tasks,
indicating that they cannot be- sgspended.

It should be noted that in the event that a currently
running task is displaced, after the execution of the

. higher priority task, control need not be returned to

the displaced task. The next task to be executed _is
decided using -a global. priority 1list which varies

-dependlng on the system s dynanic conditions. This list

is maintained by the process manager which a331gns the

-approorlate task to the available processor.

EXECUTIVE COMMUNICATION PROTQCOL

The handshake  procedure ° used for the request,
assignment;’ and execution of a given task is presented
here in terms of a comﬁunication progpcel. For
1llustratldn purposes, the control signals assoclated
with a single task are describeds althougﬁ "a task

manager may request the concurrent execution of a number

of tasks. It "is assumed that the kth task manager-

requests the execution, of only task i and the process
manager assigns progkssor j to ;§ecute it.. ° The
communication protocol steps are as follows:

(a} At time tj, task ménager k initiates a request to

the process manager, identifying itself and the
. requested task.

-

: I .
(&) The process manager, upon ré@eiving the request&\}

after a short prosessing time deld® (dt) acknowl-
edges receiving - the requegt. -This is done in order

to indicate to the task manager that its:

- 73 - .
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(c)

(a}

(e)

- L

request is being looked after and fto have some sort
of check on the process manager If the task
manager does not receive an acknowledgement within

‘a defined time period, it repeats its request and

if it again does not receive an acknowledgement, it
generates an alarm condition. -

After a search time tg, the process manager assigns

task i to processor j by identifving the apparent

. starting address and the task manager which

requested it.

‘The process manager notifies task manager k that
it . assigned -task 1 to Dprocessor J. This .is
necessary so that the task manager can identify in
advance the processor with which it has to

cormmunicate.
- é

-

Processor 3j sends a nmssége to the task manager
indicating that it is ready to start execution of
task i. If this signal ig not received, the task
manager signals the processor manager to check the
processor status. o

\ ®

Task manager k specifies to'processor.j the mail
slot pointers for data transaetions.

Task manager k signals to the process mahager that
execuﬁion of task i has been started. The process

‘manager may use this signal to start a down counter

which indicates the remaining time for execution.
This can be used as additional data wheq deqiding
which task to suspend, and in the event of
processor faglure to reinitiate task ewecution.

4



(a,

{’ i (R) Upon ¢dﬁpletion of the execution of task i, pro-
cessor j notifies the task manager k that it has
conmpleted execution. .

(i) Task manager k signals the process manager that the
execution of task i is completed.

This communication protocol along with the signals used
is shown graphically in Figure 3.6.

\
1Y
TASK MANAGER K PROCESS® MANAGER ’ PROCESSGR ¥
t=t . REQUEST SERVICE FOR TAZK(
te= ty+ dt . . __ RTQuixT acXNOWLEDSED
- ]
e . . tye seancn “rive
ty=tett ;
3”27 g f IXECUTE TASK i ‘FOR- TASK MANASER K
1,5 4y dt

o TASK | WAS AZSISNED TO PROCTEION J

. }“1- gt __PRCCEESOR J READY TO START IXELCUTION OF TASK |
te= ty+ Ot

SPECIFY DATA MAIL SLOTS AB NECEDED

tr= tg+ dt EXECUTION OF Tagx | NAS JUST STARTEZO
- — . te» ExacuTiONn TIME OF TASK !
r.:_y,f te __ TAEK | EXECUTION IS CoPLETED §
1o S te+ dt ' . PROCESSOR J IR NOT NEZOKD
- N |
. : .

. FIGL\IRE&G—C_QMMUN!CATION PROTOCOL USED DURING TASK CALL AND
EXECUTION.



3.5

3.5.1

TASK INTERRELATIONS
After a brief discussion of task hierarchies, task
interrelations are presented in terms of a . state
digaram. '

TASK HIERARCHIES

' Tasks may be classified into two categories based on -

their interdependency and time relation. The task
interdependepcy defines whether tasks are INDEPENDENT or
RELATED. Independent tasks can be considered separate
entities, as each is capable of operating alone and does
not require the coope;ation of other tasks in order to
complete it® execution. ‘Related tasks on the other
hand, interact with each other through cooperation or
conpetition. It should be noted that not all
indeéendent tasks can be executed in parallel as their
simultaneous execution may .involve some conflicts.
Also, not all .related tasks need be executed in
completely sequencﬁgl fashion.In line with this, one can
have the classification tree shown in Figure 3.7.

<, TASK A'] . - |

~ R > ) . o3 '

. 3 / \\ i ’
»

"INDEPENDENT RELATED

PARALLEL SEQUENTIAL . | PARALLEL SEQUENTIAL

FIGURE 3.7 ~ TASK CLASSIFICATION TREE
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Ideally, in order to achieve maximum freedom, one would
like to . partition the process into a number .- of
independent and parallel tasks, which cdn be executed’
simulténeously. In practice, such partitionidg is:
" seldom feasible, rather, a ctollection of tasks which}
‘permit some form of concﬁrrent execution can be
.obtained.

Next,task hierarchical structure based on the urgency of
execution'aqd their relative importancé‘is considered.
Using ‘real-time constraint as a measure of urgency, onel
can classify the various tasks into URGENT (time
critical} and NON-URGENT. Urgent tasks always take
precedence and must be éiven the immediate attention of
a processof, whereas non-urgént tasks need not be
executed immediately. Furthermore, within each of these
groups, tasks are asigned various levels of priority,
based on their relative importance, and are executed
accordingly. This will permit some tasks to displace a
non-urgent and/or lower priority currently running task,
if necessary.

TASK STATES AND STATE DIAGRAMS ) e

" .To  provide -« systematic presentation of  task:

interrelatiemns, the concept of state diagrams can be
-used.‘ ;g_thé state diagram, the states represent task
status, and .state transitions are executed under the’
influence of proper control primitives. |Note that all

the concepts presented in this section apply equally to
process ihterrelatidh; and can be used to ﬁi&@}ne the, v
actual process control.
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At any. time a task may exist in one of the following

states: INACTIVE, READY, RUNNING, WAITING, or SUSPENDED.
By defining the TASK EXECUTION CYCLE as the path taken
by the task from the time of activation to the time of
completion, the shortest path would involve going
through only the READY and: UNNING states as shown in
Figure 3.8. ©Note that theﬁfask execution cycle shown in
Figure 3.8 correspdnds to the ideal .situation, whereas
in practice, it may invélve detours through. other states
(WAITING or SUSPRENDED), or may even be aborted prior to
being completed. In the following, each state 1is
considered in detail separately, first by éefining its
properties, and then by describing its relations with
other states. The interrelations between a'given state
éﬁd_other relevant states are shown in terms of a state
transition diagram. The labels associated with the state
tran51tions correspond to the control p#imitives that

govern the actual transitions.

f -

FIGURE 3.8 - THE IDEAL EXECUTION CYCLE
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3.5.3 THE INACTIVE STATE

4

)

The INACTIVE state is ‘an initial state in the sense
that all tasks must start and finish in it. The
inactive state acts as a source for tasks which have not
yet been scheduled for execition and as a sink for

s completed or aborted tasks. The state transitions
associdted with the inactive state are shown in Figure
3.9.

FIGURE 3.9 — STATE TRANSITIONS ASSOCIATED WITH TH{INACTIVE STATE.

A task is transferred out of the inactive sta to the,
ready state via the WAKE UP primitive. Upon cgnpletlon)
,of\ execution, a task is transferred from the running
state into the inactive state via the COMPLETE
p_rimitﬁve. Tasks are also transferred from the ready
and waiting states into the inactive state via the ABORT
primitive. Tasks in the ready state are aborted-if the
system has to respond to an emergé’bv condition which
will make subsequent execution of the task invalid or
obsolete. Tasks in the waiting state can -also be
aborted as a result of informatio‘r: o‘btained‘from other

-
€
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3.5.4

tasks or conditions set externally to the system.

THE READY STATE . ) -

A task is READY if it could be running, but alhigher-

priority task 1is currently ‘running- and there are no
other free processors whick are capable of executing its
code. As soon as the appropriate processor beéomes
available and there are no other higher.priority tasks
waiting to be executed, the task is assigned t¢ the

.processor for its subsequent execution. The state

trans;tiﬁps associated with the ready state are shown in

Figure 3.10.

SUSPENDED
STATE

FIGURE 3.10 - STATE TRANSI'TIONS ASSOCIATED WiTH ‘THE READY STATE.

A
-+

The transitions between the ready and inactive state are
as discussed before. Tasks are transferred from the

ready state to the runhing state via the RUN primitive
‘whenever the -approprfgte processor bé&comes available;:

Using -the control primifive CONTINUE, task can  be

: _ / . .
trang;gg;ed& to ~the ready state from the waiting and \

)

y
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suspended states whenever the WAIT and . SUSPEND condi-
tions are removed. These conditiqns are described later
when discussing these states.

3.5.5 THE RUNNING STATE . o - | .

In generllt the maximum number of running tgsks in the
system Zs equal to the number of active processors
which are currently'executing tasks. A task is in the
RUNNING state if it has a processor assigned to it that
is ‘executing its code. In this sense, it is the only
true active state in the task execution ‘cycle. The
state trangitions associated with the running state are
shown in Higure 3:11l.

SUSPENDED
STATE

SUSPEND

COMPLETE

é

' FIGURE 3.11 - STATE TRANSITIONS ASSOCIATED WITH THE RUNNING STATE
. ) . | - i

< N
The. transitions betweeri the running state and the

inactive and ready state are as described before. a
task is transferred from the running state into the

. waiting state wia the WAIT primitive if it must wait for
. an external event (a mégsage from another .task or time
L ]
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délay) before its execution can be resumed. - Task
execution can  be suspended if a higher priority task
must have the same processor. In this case the task is
transferred to the suspended state via the SUSPEND
primié;ve. Note that whenever a task has to be put in
the waiting or the suspended state, one has to store the
proper 1nformat10n before releasxng the processor, so
that it can resune its execution from the same point.

=

3.5.6 THE WALTING STATE

A task is in the WAITING state during the time that it
has to await -the occurrence of a directly related and

predictable. event. The state tréssitions associated
the waiting state are shown in Figure 3.12 and are °
described previously. —

CONTINUE

FIGpRE 3.12- STATE TRANSITIONS ASSOCIATED WITH THE WAITING STATE.

‘ e .
P S '
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LFIGURE 3.13 - STATE TRANSITIONS ‘ASSOCIATED WITH THE SUSPENDED STATE.

THE SUSPENDED STATE :

A task is in the SUSPENDED state if its execution had to
be discontinued as a result of system condltlons unknown
to it -and not under its control. The state transitions
associated with the suspended state are shown in Figure

3.13 and are as described previously.

SUSPENDED
STATE

Both of the above states correspond -to a 'temporary
inactive state, as no. code of. the tasks in these states
is being executed. However, some activity is done on_
behalf of a waiting task, but no activity is.airectly
associated -with a'suspended task. Ae stated earlier,
before a task can be transferred to either of these two

s;ates, relevant information concernlng its status must

be stored. This information can be gstored in local
memdry or in global memory . Storing the information in
local memory lﬁylaes that the task can be restarted only

on ' this speciific processor. This increases ‘the
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contentlon for the: soec1£1ctfbrocessor,' and thuis  may
cause unnecessary delay in the restart of waltlng and/or
suspendep tasks. Storing the information in* global
_memory eliminates this prquem, since the task can be
restarted on any appropriate processor, but it may
increase the contention associated with global memory.
Note that when usingiglobal menory the suspended‘sfate. .
becsm?s. ‘only - a transition state- as tasks . are: 9
automatically transferred ¥s the ready state. . ' '

-

SYSTEM STATE DIAGRAM - R

-

A complete state transition diagram with all the control

primitives associated with the system, is shown 1in
; ' ' . ' -
Figure 3.1l4.

——

The acEions'associa;ed'with the control brimitives

the above state transition”diagram are listed below:

WAKE UP.~- remove task from 1nact1ve ‘state

RON - start immediate executlon of tﬁg task.

COMPLETE - task' execution is completed .

ABORT - . return to inactive state

WAIT - rellnqulsh control of processor and store

relevant information

SUSPEND - relinquigh control of processor and store

| _relevant information

b

CONTINUE = return to ready .state. s

The .difference between wait and suspend primitives is in
-the type and amount‘pf relevant znfornatlon that has to

be stored §
’ .
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WAITING
STATE

CONTINUE

WAKE UP

SUSPENDED
STATE

(———-\C COMPLETE

FIGURE 3.14 - COMPLETE SYSTEM STATE TRANSITION DIAGRAM .,

A
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IMPLEMENTATION ASPECTS
The main role of - the executive is.to Wespond in an
efficient manner to ;various asynchronous  service

" requests by assigning the “appropriate brocessor to

execute a requested task. 1In the suggested design, the

executive utilizes a number of look-up tables to control'

task assignnénts. The' actual dec1510ns are made in
hierarchical fashion based upon *the contents of the
various tables. These tables include the relevant
system information ané are updated whenever a task
chariges its status. In this sense, this structure can
be considered as a set of asynchronous Task-Driven
lists. This deéign philosophy matches well the Task-
Driven multi-microcomputer architecture decr?bea in
Section 3.3 These tables, beside facilitating control,
can be aéfo used for. monitoring purposes to provide
Statistics about systen utilization.

Aside from the simplicity of design, the main strength
of this _executi;e is the ease of obtaining system
verification. Since all task control 1s based upon
interrelations among the various tables, thé complete
system 'operation can be easily simulated as chains of .
calls and verified prior to actual implementation. . The
simulation can be a generalized procedure'and for each
system, one needs only to provide its unique hardware
and operational parameters. xamples of the parameters
are ‘the number of processor¥\along with the associated
tasks each one is capable o executlng, the éstimation
of the tlme required to execute each task, and the
proper sequencing relations at each. level of the
executive. The simulation procedure can be 'uéed to
detect any bottleneck or sequencéng problems. Based
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.

upon these resilts, one can adjust and optimize system
performance either by further partitioning critical
tdfsks, rearranging ‘task .allocation, or by |using
processors with different characteristics. More details
about the partitioning and allocation of tasks are
described in Section 3.7. The design and implemehtatiOn
of 3 general purpose simulator and optimizer 1is a

specialized research topic on its own.

-

As previéusly defined, the exetutive is made up of the
process manager and task mnanagers. Eaéh task manager is
a simple general purpose program whose functigns were
defined previously. The process manager in turn,
includes .two parts, the process sequencer and the,tﬁsk
allocator. ' Here, the exact definitign of the task
allocator will be described in detail, since it is the
most complex and critical element of the execufive.
Furthermore, in nmnost of 1its aspects, the process
sequencer can be regarded as a simplified version of the
task a;locator.
L3

First, a general outline of the task allocator will be

~described as well as a genefalized flow diagram of the

task assignment procedure.;:Next, the various lists used

by the executive will ‘be discussed £followed by a
o .

detailed flow diagram of the task assignment procedure.

TASK ALLOCATOR,GENERAL OUTLINE

The task allocator sub-system is responsible for the
various activiities associated with task assignment.
Considering the reguired activities of the task
allocator, one can identify the follbwingvfive modules:

?



TASK ORDERING MODULE’

In a s&stem, each task may assune various prlorlty
levels based on its relations to other tasks within the
same process, and its process relation to other
processes. Therefore, the task allocator must be able
to determine the proper ordering of all tasks which have
to be executed. The task ordering module utilizes both
static information abbut process relations and task
pfiorities, as well as currently available dynamic data
about the- system, .in order to generate the proper
ordering of the tasks to be executed. The output of
this module is a list, called the READY list, of all
- tasks to bg'éxecuted starting from the highest priority

task. »In éddition, as described later, the ready list’

also contalns various parameters assoc1ated with these
tasks whlch are used for contreol and dec1szon purposes.

TASK IN;TIALIZATION—COMMUNICAT;ON MODULE

‘Phis module handlées the wvarious communication activities
associated with the ipnitialization eof a task on a

partlcular processor. It accepts hardware- signals and

software messages £rom the various task mandgers, “as
well as from the processor which is assigned to execute
the particular task, and responds with the proper
control signals. ) )

TASK SUSPENSION MODULE

In this system, in order to optimize performance, the
decision to suspend a task 1s based vnamic
information. Whéhever a time critical task has to be

executed, the task suspension module forms a list of

-



tasks that are candidates for suspension, based upon the
processors that can execute this task. Using their

individgal priorities and the remaining time for

execution’for;éacﬁ,of-the'cand@date’tasks, the module

determines the proper task to be suspended. The

task initialization-communication module wuses this

information to initiate the tasffsuspension procedure,

and the assignment of the urgerit task to the wvacated

processor.

-

‘LIST UPDATING MODULE

This module is used to maintain all lists used by the
task allocator.  Whenever there 1is a change 1in the
system which affects any of the iis£$,-the appropriate
entries'in the relevant tables are updéted. .

-

GLOBAL MEMORY MANAGEMENT MODULE

The task . allocator stores " relevant information
assbcia;eé‘with various tasks oh a global memory, whose
content is continously chaggihg- during system
operation. In order to keep track of this activity, a
MEMORY MANAGEMENT module is used to maintain 2 running'
file -0f all the currently unused memory space. " The
available memgry is assigned upon request through the
task initialization-communication module, which also
signals back to it whenever memory <locations become
available. - _ L%

4

TASK ASSIGNMENT PROCESS, GENERALIZED FLOW DIAGRAM

>

The task allocation process -involves °two decision
levels: .



~

~(a). verification of. availability of the processor.

(b) verification of the task executign urgency.
- ( : .
Based upon these decisions, one can define the
generalized flow diagram shown in Figuge 3.15, which is
used during the task assfgnment process.

3
~——
START
¢ -t
Y -
. PICX THE NIGHEST PRIORITY
g . TASK TO 3Z TXECUTED. .
N B o - ~
- Y
P VERIFY WHMICH PROCESIORE
| ART CAPABLE OF EXECUTING .
THIE TASK. .

I

ARSION PROCEEIOR IN
PROPER WAY ANO UPDATE
P NECESIARY INFORMATION .

e ) S

h
PICK  NEXT MOHEST SUSPEND THE APPROPRLITE
PRIORITY TasK cmsenty] ¢ | TASK (n THE PrROSER war
ON THE LIST. : AND UPDATE ALL .
' WECEESARY INFORMATION.

—

FIGURE 3.15 -~ GENERAL FLOW DIAGRAM OF THE TASK \ASSIGNMENT
PROCEDURE . |
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3.6.3 THE LISTS OF THE EXECUTIVE

- /}t ]

S

3.6.4

-

. .- - Y

The exegutive utilizes th\ tfbes of lists: STATIC, .
which contains basic information which 1is fixed for a
given system, .and DYNAMIC, which maintains running
statisticsiabout the systen's operatiog. Thé dvnanic
lists can be classified into two categories. The fidst
category contains all lists which are needed for control

* purposes. These are the majority of lists, some of

which may also be used for monitoring. - The second
category includes all the lists which are used strictly
for monitoring' purposes 1in order to .get statistical
information about the system. They are not used for any
control activities and may be discarded_ without
affecting system operation. '

j
- %

. Whenever one associates priorities with dynamic lists,

the m%thod of inserting new elements must be defined
either according to relative priorities, or in the
sequential order of arrival. In the first ordering
scheme, the selection of the next item for execution

becomes trivial, but insertion in the proper position

requires more processing. In the second ordering
4

technique, insertion is simple, whereas removal requires

more processing. The various lists are now described in

more detail. 4 )

STATIC LISTS . ’

PROCESS MASTER LIST .

%
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‘pProcess manager to'generate éhe-pfoper ordering of all

processes waiting to be executed.

[N

TASK SEQUENCING MASTER LIST

The proper task éequencing relations within each process
are listed in tﬁis table. Whenever a task manager is
awakened, the task sequencing relations of its process,
as listed in this table, are transferred to it.

TASK-PROCESSOR MASTER LIST . -

L

For each task in the systen, this:i}sp includes all the
processors capable of executing i ﬁ\ The apparent

starting address, which is the same 1 ?eaqh probessor,_

is alsoc recorded in this list. After- finding the next
task to be executed, the task alTocator uses thiZ)list
to find which processors are capable of executing this

task, and its apparent starting address. .

DxNAMIc LISTS

PROCESS QUEUE LIST
All new ‘requests for a’g;ocess execution .are placed
momentarily on a queue #And~ subsequently transferred to
the various task managgys for execution.

]

. \
ACTIVE PROCESS LIST \

]
This 1list contains dg&a about the currently ' active
processes in the system. It is used strictly for
. . \ . . . .
monitoring purposes, a§ it provides information about
how frequently €ach proéess is being called.

. y

/’\g\ﬁe/ ~
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- TASK QUEUE LIST ' .

~ . -

~ . . B -

The process manager maintains a gqueue associated:with
the various task execution = requests :arriving from
different task managers. The requested tasKs are ;istedf
in the order of their arrival along with their relative
priority within the process. Also, the requesting task
manager identity is listed ds it is needed for
interprocessor communication. The task ordering module

uses this information ~to insert the requested tasks in
]

‘the proper priority position on the ready list.

THE READY LIST

N

Thé ready list lists in order of decreasing prioritie§
all the tasks waiting to be executed. Tasks of equal
priority are listed 'in the order of their arrival. For
each task, one lists its ‘task manager.and the argency
level of the task. If the task is not time critical,
one has to list also whether it is a_new task-or an old
one. after suspegsion or waiting, so it can be restored
properly. Note that for an old _task, if its status
informatign was stored in a local memory, one also has
to list the respective processor, since it is the only
processor‘capéble of completing its execution. ‘

FREE PROCESSOR LIST .

This table lists in a sequential order all currently
frée processors., It is updated every time a processor
is assigned to execute a task, or if a currently running
task is either completed or transferred to the waiting
state. The length of this list can never exceed the

~
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" maximum number of processors in the éystem."This 1ist
is used by the task allécatop toi%ind the availability
qf a processor to execute a specific task. The list may
also be wused to provide statistical information
régarding a processor under utilization. '

-

'ACTIVE PROCESSOR LIST

e N .

This table lists .all éurfently active ©processors,
.together with —the specific task each one is executiqé.
In addition, it" contains the information as to whether
the. task can be suspendea,-a%d the remaining time for
execution if it can be suspended. This list is used by
the task suspension module to decide on the processor
that has to be rsuspended. It can also_be used for
‘monitoring purposes, to provide data about the actual
loading on ' each processor. This table. is updated
whenever there is a phange-in processor status, and also
periodically, to indicate the change in remaining time
for executien. ' | -

THE WAIT LISTS '

For simplicity, the process' manager mailntaipns two
waiting lists, one based on time delay, and the} other
based on event occurrence. For each’ tas lists its
task manager and its processor if its sfatus informatiqp
is stored in local memory. The tasks in. the TIME DELAY
list are listed in aScending order according to the wait
time. With each task, one lists only the differential
delay to the previous task, the first being the absolute
éelay ‘time. Using this .technigue, only._one t';

measurement counter is needed.. This is feinitialized
very time the task on top of the list is transferred

»
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into the ready list.' Note that since this list is an
ordered list, new tasks must be inserted into the proper

lposition. Also, the time differential of the next task

that  follows the new inserted task on the list must be
readjusted. The tasks on the EVENT-list are lisged in.
the order of their arrival, together with theféideiof
the event for which they are waiting.- One can. check Ear
event occurrence either peéiodically or on iﬁterru3£
basis, and. transfer the appropfiate task onto the,:eéay
list. . - .- ] R

‘THE SUSPEND LIST

This ‘is a temporary list which contains in order of

- -

their af?ival, all the suspended tasks not yet processed
by the task ordering module. With géch task, one lists
the task ﬁapager associated with it and its processor if
the status information :s stored in e local memory. *

» -

-

With respect to both -the waiting and the §pspended
tasks, in. order to §implify control, each processor has
its own SAVE and RESTORE routines. Based upon the "type
and amount of data, different routines may geed to be ¢
associated with suspended and waiting tasks. fhese
rogtines have the same apparent starting address “in all
processors and are treated as regular tasks. Each task !
manager holds the pointers either to local or global )
memory  and transfers them upon request t6  the-
appropriate save or restore routines. f

W
TASK ASSIGNMENT PROCESS, DETAILED FLOW DIAGRAM *
The general flow dJdiagram of the task assignment
procédure of figure "3.15 can now be redrawn in more
detail using the above defined lists, and is shown in
Figure 3.16. ' - ' ' //f’//
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TASK PARTITIONING AND ALLOCATION -

The effectiveness of a Task-Driven system and the
proposed executive 1is highly dependent on the-way the
system is partitioned. As indicated earlier the
partitioning process corresponds to the logical division
of a job into processes, each of which is subdivided
into a number' of , tasks, the :rtasks being the ~ac§ual
entities which.are executed by the Yarious Processors in-
the system. The way in which these tasks are assigned
to individual processors is \called .task. allocation,
which in turn greatly,influénces system performance. In
line with this, prior to systen implementation, one must
execute the partitioning and allocation steps, as they
directly define the sysFém hardware. T o

The general problem of task partitioning and allocation,
as related to distributed data processing systems was
extensively studied ;nd reported in on in [BUCK 7§],
[MARI 79al, [LAWS 78], [JBNS 77], [GYLY 7€]. Here, due

to the scope and complexity of the problem, only the

most important aspects of task partitioning and
alloca;}on, as related to the proposed system, will be
highlighted. Furthefmore, no specific optimization
procedure will be described.

JTASK PARTITIONING

Lhe’zgg;ﬂ;;rtitioning problem is the most critical step

leading to successful system Hevelopment, and if

executed properly, produces the following desirablef

effects:

~
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(a) Simplified hafdwere and‘Software‘levels since the
-systen is subdivided.into a number of smaller and
sxmpler units.
(b) Modular design with improved software and hardware
efficiency, as _each module can be 1ndlv1dually C -
optimized both in software and hardware.

(¢) Reduced intermodule communication_overhead.

’ / ) - oy ] . ’ i
(d) Better réliability and serviceability since each
nodule. is simpler and iflprbperly partitioned can

be tested separately. : e

[N

.
r

(e} Reduced system -costs, since individual module
. '-design- can be carried out by, less experienced
personnel aside from the financial gains, this may

also be a tractlve in a situatiou””where it is
di f1c it to £ingd highly quallfled and experienced

aeSLgners,

It should be noted that. improper partitioning may lead

to high interdependency between modhles. This, besides

increasing intermodule communication, also may eliminate

most of the above stated benefits. In 4general,

lncreased intermodule communication reduces total systen -0
;eff1c1ency, as additional processzng . time ‘must pe
" alloc¢ated for handling the intermodule communicatien )

.

needs.

The actual system partitioning can be done eitherhfrOm
the bottom-up or from “the top-down. Although generallf
the first approach is used {MARI 79b], here the top-down
approach +is suggested. This approach consists of two
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levels: At the first level, the job is partitioned into
a number of processes which are as logically independent

~as possible. The first partitioning level, beipg highly

problem oriented, should be done by the systen designers
who are most familiar with the general job require-

ments. At the second level, the various processes are

partitioned into tasks. This partitioning step is to be
done by the computer ‘designey in 6rder to match  the
logical entities with the physical -elements of the
system.

An important decision in the “..partitioning process
relates to the optimal number of modules that o

- associates with each partition. For examplii at the

task .level, one extreme wounld be to partjtion the
process into a large number of small tasks. This may

allow for maximum concurrency of execution, but

generally -~ implies heavy " intertask communication
activity. The otheE extreme is to partition the process
into a small number of large tasks. . This in turn,

reduces ‘the ability for concurrency of execution. Also,

since each large task reguires longer execution time,

there 1is a higher probability of suspension, which

increases suspension overhead.

For best results, one must find the proper balance

between maximum concurrency and minimum intertask

communication needs. This is nothing;else but stating.

in a complex way that.task partitioning should always be
done alohg natural boundaries of data and control flow
[JENR 77].

et



3.7.2

adk ALLOCATION

-

The ‘task allocation is' the next design step following
the task. partitioning step and corresponds to the
;ssignments of various tasks to individual proceésors in
the“s¥§£em. To maximize throughput, the task allocation
procedure must provide  proper load balance. In the

suggested system,'this is achieved by assigning a task

"to a number of Processors, proportional to its
activity. Here, activity is a measure of the freguency’

of the task being called and its length of execution.
Furthermore, two tasks with a high level. of activity
will not be assigned to the same processor. These are

in line with the previous statement .of designing for

" system performance and reliability, rather than for

maximum resource utilization.

Another aspect related to task allocation is
interprocessor communication overhead, which is
associated with the data movement required for the
intertask communication activity. There are various
task allocation schemes which minimize the
interprocessor communication overhead [CHU 80)], [JENN

77]. However, in the proposed system such minimization

is not essential due to the following reasons. First,
all programs are resident in local memories, thus easing

‘the load on the communication facilities, as there 1is no

need to down load the program from a central- location.
Second, most of the system control is done via a central
controller using separate contrgl bus, thus relieving
individual processors from the majority of the contFol
communication activitiles. The corfesponding reduction
in communicatibn requirements allow the excution of all

data transfers to be done via global memory. This 1is
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done even if two consecutive tasks are executed by the
same processor. Also, the fact that all data transfers
are done. via one central entity eases the memory™

T

management problem. . %

To conclude, it should be stated that due to their

complexities, one can spend'a lot of time and effort:.

trying to optimize the partitioning and allocation

Steps. However, this may not always be economical
~ . .

today, because’ of the generally lpw cost of
microprocessors and hardware. Furthermore, by using a
general simulation procedure, as indicated before, LHiS”
design step can be further simblified. Using the
genera;‘simulation procedure iteratively, one needs only
to start with a rough partitidhing'and allocation and
refine them until the desired system performance level
is reached. ) '

CONCLUSIONS

In this chapter, a systematic way describing the
necessary design and implemention steps of a modular
executive, well suited” for. a Task-Driven
multi-microcomputer — organization, was presented.
Although designed_  specifically for ™ a Task-Driven
architecture, this executive design can be easily
adapted to other system architectures. = ’

The executive consists of a two level hierarchical
structure: a) The progéss level - made ub of the 3
process sequencer and the task allocator sections. The
process sequencer is responsible for activities only at
the proéégé level, like deciding on the next process to




.
.

be executed, as well’_as the communication with the

external world. The task allocator-ls a general purpose
progran, consistlng of five major modules, which
controls the task assignment process, and as such,
bridges between the process level and the task level.

b)-The task level containing a number of task managers
running concurrently, each responsible for one process.
all task managers are the same general purpose program,
located on each pProcessor, thus allowing each processor.
to become a task.manager. This reduces the possibility
of "bottleneck associated with finding a free processor

L3
to act as a task manager.

The unigue features of eacg process are Kkept at the
process level and are passed to the appropriate task
nanagers when awakened. Although the main function of
the task manager is to control the sequencing of tasks—
within a process, at times *t may also execute some ‘

tasks, if a situation permits. /

in this design all the static features unlque to the
system, as well as the system condltlons,'are stored on
tables. The executive utilizes™these tables in an
interactive £fashion to control:'the complete system
operation. . BY storing static information unigque to a
system on a read only memory, the system is fixed in its
capabilities, as it cannot execute any new processes
unless reprogrammed. By storing this infofmation on a
read/wrlte memory which can be joaded from an external
source, the system can be made to execute new processes,
as long as they are based on tasks which are prograrmed
in the system. 'For larger systems, O can use several
of these executives, each controlli its own local
system, which in turn are controlled by a central unit.
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The various process

information is prepared by the

central unit and is theh transferred into the proper

executive f£&r execution. )
In systems which require fast processing, in order. to
reduce processing overhead, one can incorporate the  task

seguencing relations within_ a process with the task

manager program. Thus.wherd awakened, the task manager

can immediately start reguesting, task execution.

By allow;ng each processor to have its own local data
mendry, one‘reducéé the amount ©f contention on global
mencry. [Also, the preobability of global data
corruption, in the event o0f processor error or
failure,is reduced.  However, in order to eliminate the
possibility of one processor from corrupting the data
used by other procéssors, .some sort of .controlled memory
write access must be implemented. One such scheme may
involve the writing of data into g giobal scratch pad
and specifying the actual address in global memorv where
data is to be written. The memory management module may
then rewrite this data in the proper location, thus
eliminating any possibility of datg corngptionf

The pfgg;gms of task partitioning and allocgtioﬁ were
only briefly considered in this Chapter due t¢- the scope
and complexity of the suSﬁect. However, in many systems
one can start with a rough trial task .segmentation, and
by using a simulation procedure as outlined before, find
system bottlenecks. Using the statistical information
from the simulation, one can decide upon a second task
segmentatign. . - These steps can be repeated until

acceptable system characteristics are obtained.
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4.1

. SEGMENTED BUS ARCHITECUTRE FOR MULTI-MICROCOMPUTER
SYSTEMS ’ ' ' i

.
-

OVERVIEW

One of the most important réquirements of (a
nulti-microcomputer system is to provide interbrocess
communication with a high degree of availability and
reliabilipy. In this 'chapter, the segmented bus
concept, which can accomodate simultaneous mutually
exclusive transfers 'with minimal modificatioﬁs to a
standard 'bus, 1is introduced. The princip%e of the
segmented bus is that two communicating elements reguire
only that portién of the bus. which is phirsically between
them. The section between any two communicating
elemerits can be isolated by inserting bidirectional
switches between adjacent ‘elements on the bus. This
will permit the remaining sections of the bus to be used
for other transfers. To allow for orderly communication
op'-a segmented bus, the switches c¢an be controlled
*éither centrally or in a distributed fashion. The basic
characteristics of two segmented bus architectufes are
presented: one wit 1stributed control and the other
with central control.’ For each architecture, the
communication protocol, as well as various

. implementation aspects, are aescribed. The centrally
controlled segmented ' bus willA be emphasized, as it
provides a more flexible system. Also, in order to
sustain the various functional requirements assigned to
the central bus controller, and to maintain high
reliébility, it must be imﬁigmented as a multi-
microcomputer system. A conceptual design of the bus
controller is presented.

—~
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4.2 \INTRODUCTION

~dy

One of the important "of multiple-processor
systems is interprocessor communication, which can be

dorie via thin line or parallel bus. In this chapter the

parallel busing approach will be considered. The
. interprocessor communicatiorn scheme should be chosen

such as to optimize system perforﬁance in terms of
system throughput. Factors which should’ be con51dered
when deciding on the bls organization are: flexlblllty,
expandability, availabiligy, vreliability, and . cost
effectivenesg.

The fully connected intercomnection scheme, ‘which
provides a direct point-to-point connection, is a

conflict free busing scheme. This option 1is not
practical for large systems, since to provide complete
interconnection among N lements, N1/2[(N=-2)1)
connections are requirea. Furthermore, fhe control

aspect of such an interconnection scheme increases in

complexity as N increases. ! i

in order to reduce the number of interconnections yet
maintain an effective throughput on the bus, some kind
of bus sharing must be used. However, once any - type of
shared bus is considered, one cannot guarantee conflict

free communication between the various elements. Note®

that in-this context an element may represent /@ complete
processing unit and/or a resource, with its associated
controller.
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There are different bus sharing methods wh#ch can
satisfy the_ above conditions. (Here, only the following
two ‘will be considered:

P

(1) iTime Shared Bus

|
Y

(2) Line Multiplexed Bus

1 . i
Large, computer networks coﬁmunicating over long physiéal
distances may use frequency divisionfmultiplexing as a
form of 1line sharing scheme. This method 1is not
applicable to this discussion as the cost and complexity
of ‘the modem may far exceed the cost and complexity of a

given element in the system.
S

4

In a®hy time sharing scheme, there is generally a single
. L ) . .

resource which is being shared amgpg the different

elements of the system, on the basis of a time slot

assignment. The two ‘basic time sharing protocols are:

(a) Synchronous - where each element is given a fi§ed
time slot during which it has the sole use of the
resource. If the element has no need for the

- rgsource, its time slot is wasted. '

I(b)' Asynchronous - Only the element that has a need

‘requests the use of ,the resource. When a request
is granted, it can be either for the duration of
the message or for only a portion of the message.
- Note that a more elaborate control is requirea for
implementing this option, as some control
, information must be sent in order to identify
message originator and message length.

)
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( The time—-shared bus, as 1t uses a single resource, 1s

. relatlvely ingxpensive, but as  the number, -of elements

- 1ncreases, so does the complexity . of ‘the ~control

scheme. The time shared bus has two major.dfawbacks:
. =
_ (i) contention increases rapigly with the number of

elements, and ‘
} z{ii) 51nce it is a single resource system, it is very

susceptlble.to failure.

In a line multiplexed bus, separate physical connection
between any two elements is provided via a switching
system. Networks utllIZLRg this scheme have high

throughput as they can support simultaneoys, mutually
apt of the

communication ‘system* is the switching | uRit ‘which

exclusive transfers: The . most conplex

prov1des the required -connections. The major\ drawback
. of this scheme is the cost and the suscept1b111 y .of the
it switching system te failure.
, In.practice, there are a large runber of busing schemes
‘: which are varlous comblnatlons of time and line
sharlng. . Further detalls about thése schemes can be
found in references [WEIT 80], [ANDE 751, [THUR 72].

¥ 4.3 THE SEGMENTED BUS CONCEPT

Bu€ing schemes are either customized oOT general in
nature. In both - cases, the motivation behind the
various organizations is to find a structure which can
be easily implemented, be cost effective, and optimize

system performance. - ' -

g
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Here, a mnethod of upgfgd;ng a standard single bus &0
accommodate simultaneous, -~ mutually excluslive
communication with min%mal‘chenge to a standard bus, is
presented. The pfinciple 6f*£he:se1f€ﬁbqi.bus is’ that
twe communicating eleménts-éhfg regudre that_?ortidn of
the bus physically betwgen them. _This will permit the
remaining sections of The bus//Eo be used for other
communication. ' ‘

~ . *

Freeing lhew"unnsed" seclions of the bus is accomplished
by . inserting eidirectiona ‘switches between adjacent
elements on the -bus. ‘using these switches,—a
comnunicating pair of elements can'isolate/Qhemselves
from the rest of .the bus.| The ability to éegmenf”the
bus into seperate_séction led ?o the term "Segmented

Bus" [THOM 75]. ., . . /

The organlzatlon oi an open ended segmented bus (08833
is shown in’ Figure 3.1, o N

During communication, by . using the bidirectional
ewitches,- the bus can be effectively divided into a
maxinum of 'N/2  segments, (N = Even). _ This maximum
value occurs only if ali requests are befween adjacent
elements and are mutually exclusive. ﬁote that 1in this
context & link is defined. as the direct physical
distance between two elements, whereas a path or seg

may consist of one or more links. The OESB doe
provide maximum resource. utilization. For, example,®i

D

grantlng the” use o
bus to Ej; causes the total length of the bus to be”

Ej has to communicate with Ey,

occupied, and no other communication can take place. ..

W::r

!
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¢The notation used for identifying'each of the elements
on the ’segmen;eg “bus also  signifies their relative
position with respéct to each other}.

If the physical‘disﬁénce; are not large, by connebting
both ends of the bus via a bidirectional switch, one can
obtain better resource utilization. |

¢§§e new organization obtained is called the Closed Loop
Segmented -Bus (CLSB) and is shown in Figure 4.2. In
this organization each element controls. the nearest
switch to its clockwise (CW}directién.uﬁ Signalling
information is transmitted and received via. two

~ dedicated signalling lines connecting .each two adjaéeﬂt=

kS

elements.

R
Pl

In the case of the segmented bus, it makes sense to
define distance between two elements as the - number of
Jintefmediate nodes. The distance between:elément i and
element j for OESB is given by Iifjl—l and foé:CLSB by
min [(*]i=3])MODp=1]. ' |

Although-the segmented bus does not guarantee conflict
free communication, it does reduce the total number of
possible conflicts in a time-shared bus. Requests for
communication can be checked for conflicts by comparing
their source and destination specifications. Consider .
two communication paifs Pl_(ij) and P, (kl) where i<j,
and k<l. Without loss of generalig}, it can be assumed
that i<k. A conflict will occur in the OESB when k<j
and in the CLSB when k<j<lsz The closed bound for the
CLSB implies that it is less subject to conflicts than
the OESB.
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FIGURE 4.i-OPEN ENDED SEGMENTED BUS

FIGURE4.2- CLOSED' LOOP SEGMENTED BUS
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SEGMENTED BUS ARCHITECTURES

The wvarious control functions associdted with the.

segmented bus c¢an be done either centrally or in a
distributed fashion. Aside from the physical control of
the switches,:to allow for controlled communication on
the segmented bus, the following basic control
information must be provided with each transaction:

(a) Request initiation. ) P

(b) Source and destination codes.
(c) Start of transmission.

{d) End of transmission.

In the following, two segmented bus architectures will
be described: a distributed .control segmented bus
(DCSB) architecture and a centrally controlled segmented
bus (CCSB) architecture. For each architecture, a
possible communication protocel and some implementation
aspects will be given. l

L3

DISTRIBUTED CONTROL SEGMENTED BUS ARCHITECTURE A

In the proposed distributed control ségmented bus
architecture, it is assumed that each. element is
responsible for all control £functions associated. with
interprocessor communication on the segmented Dbus.
Also, each element has a bus interface which -is a
hardwired logic circuit which includes some «customized
portions - for individual elements. This establishes a
very .rigid, but fast 1interprocessor communication
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procedure, as all decisions are made by hardware. As

will be discussed in the implementation aspects section,

some intelligence may be added to each interface to

enhance the performance of this architecture and to make

it more flexible,

(a) . COMMUNICATION PROTOCOL FOR THE DISTRIBUTED CONTROL
SEGMENTED BUS ARCHITECTURE

k]

A possible asynchroncous communication protocol for

the DCSB is presented below. Note that in this

context, the term asynchronous is used to specify

that requests can be initiated at any time.

(1)

(2)

(3)

(4)

(5)

Initially all the bidirectional switches are
set to provide a bath in one direction, say
CwW. , '

Y
A requesting eiement first verifies whether it
is part of a communicé%ion path, by checking
the closest switch stdtus to its CW direction.

If the switch is being used; it holds its
request for a fixed time period.

If the switch is not being used, the reguest-—
ing element signals its neighbour to the
counter—~clockwise (CCW) direction to open
both of 1its bidirectional switches. This
avoids contention from the CCW elements.

The requesting element issues the destination
address -on the bus.
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(6)

(7)

(8)

(10}

o

If the xequest reachés the destination
element, the code i§ recognized and
acknowledged via the’ signalling lines. The
destination element signals all elements along
the path, and the source, to maintain the line
in the proper direction. 1In order to complete
the path isolation from the rest of the bus,
the destination element also opens both of its
bidirectional switches in the CW direction.
If'the requesting element does not receive an

acknowledgement, it signals its neighbour to

_the.CCW direction to reconnect to the bus, and
‘hold its request for a fixed time period.

If the regquesting element is to receive infor-
mation, it transmits its request instead of

data, but does not send end of transmission

signal (this maintains the communication path

already established).

The . destination element, via the signalling
lines, requests all glements along the path to
turn the 1line around, and transmits data as

per step 10. &

The requesting element, upon receiving an
acknowledgement, if it is a sender, sends the

following information:

(1) Start of message.
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(ii) - Data.
(iii1) End of message.

.{11) Upon end of—message information the proper
signals'are passed for each element along the
communication path to resume the CwW
connection.

(12) While the path is being used, elements thch
are not ﬁért of it «can establish other"
communication paghs in the CW direction.

The above protocol is _asyncﬁronous protocol and
therefore can support requeéest only in one direction at
any given time. | This leads to an inefficient bus
utilization since one may not always establish the
shortest possible path. To overcopme this limitation,

. one can synchronize the requests so that the protocol

will support requests in both directions., In the
synchronous protocol, to -establish additional
communication paths. in the CCW direction, the above
described steps are executed in a complementary
fashion. The synchronous protocol is best suited for
short, well-defined message lengths.

({b) IMPLEMENTATION ASPECTS
The utilization of hardwired logic to perform -all

the control aspects of an DCSB has the following
drawbacks: -
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(i) Once a communication path has been established,

it becomes difficult to interrupt. This makes
the communication paths veri gigide

fii) In this organization, it is hard to include
priority schemes. One way would be to delay the
low priority reguests.

(iid) In the case of a line break or a complete switch
failure, the part of Ehe_bus between source and
destination may be out of service since end of
message information was not received. This could
be ‘overcome by including lenéth of message

" information and a—time out—procedure in-each of

the elements. This requires additional hardware
but improves reliability, as failures are
localized to a single link. ]

(iv) The DCSB does not necessarily provide the short-
est possible path, since paths are being
established unidirectionally. Also, the bus 1is
bézng utilized inefficiently since intermediat /
elements cannot gommunicate and have to wa{Z
until the bus is free.

(v) As a direct result of (iv) above, the DCSB does
not always provide the maximum number of
connections. - ' -

Some of the drawbacks of the above simple distributed

scheme can be overcome by adding intelligence to each

~ interface. This can be ‘done by either using a dedicated

\\ processor for each interface, or by time sharing the
processor of the element.

e
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_ ' The use of a dedicated processor for each interface may
~ - not be cost effective if one or both of the following,
' conditions exist:

"

. —
- . .{a) The communication activities for an\AIement are

very minimal.
. S TN
(b) The bus interface complexity is on“the-'same level
or exceeds that of the element itself. '

The use of the element processing power méy prove to be
costly if the communication activities consume too much
of the processor time.
—7-—It should be noted that the DCSB is a\probabilistic
communication system. An extensive study of the
probabilistic nature of the DCSB is given in reference
{DAVI 78].

4.4.2 CENTRALLY CONTROLLED SEGMENTED BUS ARCHITECTURE

In the case "of short, physical distances between
elements, a centralized control may. be more
appropfiate. As opposed to thé DCSB, ip—~2  centrally
controlled segmented bus (CCSB) all the interconnections
are controlled from a central location. The basic CCSB
architecture consists of two layers in the fbrm of
rings: The outer ring is occupied by the data layer
whé%eas'rthe inner ring 1is occupied by the control
layer. Theigaata layer consists of a closed loop
\ segmented data bus. The various elements, excluding the
bus controller, are connected te the bus via
bidirectional switches. Each element has one set of
bidirectional switches in its physical space.
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P
The control layer cgpsists of a closéd-loop control bus
and some dedicated control lines. The various elements
are attached to the control ‘bus via individual control
interface (Ci) units. The bus controller has its own
dedicated interface card which is connected both to the
control bus and to all the control interface units -in
the system. A simple block diagram of the CCSB
arcbltecture 1s shown.ln Figure 4.3

{a) THE FUNCTIONS OF THE CENTRAL BUS CONTROLLER
The most important element of the CCSB architecture
is the central bus controller which' performs all
the control functions associated with  the

major responsibilities of the central us
controller are in -the areas of: communicatibn,
arbitraﬁion, allocatién, diagnostics and geheral
chores. The functions associated with' each area
will be described next.

COMMUNICATION

3 A
(a) Accepts requests for communication from all

the elements in the system.
(b) For fast messages (uﬁder 12 bytes) or in the
case of heavy traffic and/or link failure,

acts as mail delivery service.

(c) in the case of element and/or link failure,

advises the other elements in the systenm

directly affected to switch to their stand
alone routines...

- 120 -

- interprocesser _communications .-in -the -system. The~



._.._:.l-,_. L

Sy~ N™ BIDIRECTIONAL SWITCH

CI,- N™ CONTROL INTERFACE

E, - N ELEMENT
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ARBITRATION

(a) Processes new reguests, taking into account
their software settable and hardware
communication priorities. ‘ )

(b) Rearranges existing paths (if possible) to
accommodate new regquests.

(¢) Finds the .shortest path from source to
destination. . -

(d) Maintains and supervises system communiéation
access control by checking request validify (A
request f£or access to a classified data base
may be rejected). '

ALLOCATIQN
(a) Assigns communication paths by physically
controlling the bidirectional switch control

lines.
-
DYAGNOSTICS
(a) Utilizes a time-out option on every

communication 1link for detecting hardware
failure.

{b) Checks unused communication paths to verify
that they are operational.

4
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GENERAL CHORES

(a) K eés'”a real-time clock information and
passes 1t upon reguest fo‘other_elements in
the system., | .
(b} Gathers statistical data, about bus controller
- and system operation.

Dué to the large and diverse number of functions the Bus
controller has to perform, and *he fact that it is done

by a single entity, makes the bus controller the most
critical .element #n the system. This in turn makés theﬁﬂ\\\
CCSB architecture Gi}nerable to failures as_a failure of

the us-controller ay lead to complete system failure.
o reduce the probablllty of major system failure, the
central bus controller must be designed and 1mplenented
in the most reliable fashion possible. A conceptual
design of the ‘bus controller as a nultizmicrocomputer
system is described in Section 4.5.

(b) COMMUNICATION PROTOCOL FOR THE CENTRALLY CONTROLLED
SEGMENTED BUS ARCHITECTURE . |

A possible communication protocel for the CCSB

architecture is presented below in a point form.

(1) Any element may 1issue a regquest via a
dedicated request line through the; CI. Prior
to this, the requesting element pJ;ces in, the
control interface the following control

information:
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(2)

(3)

(4)

(3)

(6)

(i) Source code.,
(11) Destination code.

(iii) Maximum length of message.

C(iv) Type of transaction - read/write.

The cemtral controller reads the information
in the control interface of the highest
priority element and clears its £lag. This
dllows for simultaneous requests.

The central controller continues to read, in
order of their priority, all pending requests.

Meanwhile, the central cogtrollef processes
stored requests and.decides on proper routing
schemes.‘ .

Once the controller'détermines'therroute, it
signals the source and destination elements
and éets the proper switches on the segmented
data bus. It also updates the routing tables.

The central controller sets a byte counter
corresponding to the maximum message length to
protect against:

(i) Switch/link/element fallure.

({ii) Inefficient use of the bus.
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(7) If a high priority element requests use Of an

occupied resource or bus, the controller may
execute one of the following:

(1) - evoke the existing communication

_links and Qrant the link to the high
N priority element.
, .

f(iif If - the timer indicates that the
\message is about to be completed soon,

the controller may wait for the end of
the message and then grant use of the

to Yhe high p?&or%tx element.
- i

\_—//

(iii) The cont
~ delivery sexvice for the high priority

)
ller may act as a mail

element by adcepting the message and
passing it to/from the proper

destination/

(c) IMPLEMENTATION A

The thr;;/;:kn entitj

are the dataland cgntrol buses, the central bus

5 Of the CCSB architecture

controller an interface to the system, and

the control interface "of individual ®&lements. 1In

t ollowing, some of the most important design’
implementation aspects as related to each of

the above entities will be described.
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DATA AND CONTROL BUSES !

There are two main buses in the CCSB architecture:
o a data bus which is dedicated entirely to transfer

of data, and a control bus which may carry both

control information and data. . The data bus is a
- closed loop segmented bus, where the bidirectional-
switches of 1:.he segmented bus could be a set of two
tristate buffers connected in a back . to back
fashion. The normal switch position is the off
position. Whenever  there is a need for communi-
cation, the proper switches are turned on. The
bidirectional switches  are cdrztrolled, via two
‘dedicated control _lineé‘; directly by the central:
bus controller. The two. control lines are needed
in order to support three possible cond'itions of
the Bus: - CW path, CCW.path and element isolation.
The various states of ‘the control lines with the
corresponding data bus ‘status is presented in the
form of a truth table shown in Table 4.1.

CONTROL LINE OF | CONTROL, LINE OF

CW SWITCH . | CCW SWITCH._ SWLE!;I\ STATUS
’ \ " -~
o . .0 - CCW DATA FLOW
.0 | ISOLATED
' 0 NOT ALLOWED
l I

CW DATA FLOW

TABLE 4.1 — BIDIRECTIONAL DATA SWITCH STATUS
TRUTH TABLE. -

-
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The various states of the two control lines can be
used for detecting improper switch setting. Thus

before any data exchange, the cbmmunicéting.

elements verify that the switches are set properly
by checking the status of the appropriateiﬁyitches.
The goﬁkror bus is also a closed loop bus which
supports bidirectional data flow. BY tying
together both ends of an open-ended bus, one
oQtains a "¢closed 1loop bus ﬁhich provides an
alternate path in the event of an open circuit.
The control bus is utilized primarily for
transferring control information. :The secondary
function of the control bus is for mail delivery
service, which 'is performed either in the cases of

‘high priority short mnessages, broadcasting of a

message, or in the event of a partial failure of

"the data bus.

s

CENTRAL BUS CONTROLLER AND ITS INTERFACE

v

Tfhe various functions executed by the bus
contrgiler were described'previously A conceptual

design. of a multi-microcomputer 1nplementat10n of
the bus controller will be dlscussed in Section
4.5, Here, only the aspects of element regquest
1dent1f1cat10n and the access into a memory of a
particular element control interface are

considered.” These aspects are very important since

the initiation of asynchronous requests by multiple
elements in a systém .hay lead to a processing
bottleneck. This in turn may also lengthen .the
response time to a reguest. In order to overcome
these problems{ the bus contreller is

-
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designed to have a fast request identification
procedufe implemented completely 1in hardware.
However, in order to make the bus controlle{/’ﬁ\\
response to various requests as flexible as
possible, some software control "is also introduced

into the design. -

.In the proposed design, each control interface has
two dedicated control lines which are connected
directly to the bus controller. The first control
line 1s the request line which is directed from the
control interface towards the bus controller.; The
request line is hardwired, based _upon a
predetermined fixed priority, to a priority encoder
latch, whose outputs are expanded 'by' a decoder.
The secend control line is the clear request line
which is one ©f the outputs of the decoder, and is -
directed from the bus controller towards ‘the
element control interface.

The circuit operates in the following manner. The
status of the ‘various reguest lines are
continuously sampled. As soon as a regquest is
initiated, the clock is inhibited and the
apﬁropriate clear request line changes its state to
a logical, low. In the event of multiple
simultaneous requests, the highést priority request
is latched. Upon detection of the request
initiation, the bus controller is interrupted
and subsequently responds by reading the proper
information from the memory selected by the clear
reguest line. Upon completion of the read cvcle,
the clock is re-enabled so as new regquests may 'be
loaded into the priority encoder.
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In order to allow the :bus controller to access the
various memories in different control interfaces on
its own initiative, it can force one or more clear
request lines into a particular state. A block
diagrém of the hardwired priority encoder and the
interface handshake c¢ontrol is shown in Figure
4.4. The propoéed design minimizes the requesting
element indentification time thus reducing the
overall response time to a request. However, in
order to make the bus controller response more
flexible, in addition to the hardwired priority,
each element 1s assigned a software settable
priority. | ‘

The software settable priority may be different
from the hardwired priority and always takes
precedence over, it. The various priorities are
.stored in the form of a 1look-up table which is
nanaged by the bus controller. In general, the
hardwired priority is utilized primarily for the
process of request identification. The scoftware
settable priority on the other hand is used only
for the arbitration process when deciding which
elements are to be granted communication paths.
Finally, it should be noted that the utilization of
a software settable priority facilitates the fine

tuning of the overall system performance.’
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CONTROL INTERFACE

and the central bus controller is done

The transfer of control. information betwee each element
Xia a control

interface whose block diagram is shown iwsFigure 4.5.
i

a 16 byte
read/write memory. An element reguesting service places

The c¢entral element of this interface

the propef control information, as “defined in the
protocol, at locations 0 to 3 of this memory. The rest
of this memory is used as a "mail oni when the
controller acts as a mail delivery service or when
suspending communication‘paths: \ )
- . ‘ \

Under normal conditions, the central controller, upon
detecting a request, is given automatlc access to the
memory in the interface circuit of the requestlng
elements. The ‘controller maintains controi 'until it
coupletes reading the control 1nformat10n from locations
0 to 3.. At the end of the read cycle, control 1is
returned ta the element so that it can initiate othér
requesté.

Whenever the bus controller wish to deliver mail to an
element or to suspend establisWed communication paths,
it has to perform the following steps: . -
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

2
Inhibit -the clock to the priority encoder lftch.

Record the current status of any request lines for

.those elements involved in the transaction. The

number of elements involved in one transaction may
range from one for the case of delivering a fast
message, to the entire set of elements as 1in tﬁe

case ‘of a message broadcasting.
- ™

-

Tristate all clear request lines.

Force to logical zero a <clear request line
corresponding " to one of the elements involved 1in
the transaction. This clears the reguest latch and
permits the bus controller,;o access the memory of
the appropriate element. '

If a reguest was initiated, the bus controller

reads the request information from locations 0 to
3. -~

If the request was not initiated or after
executing Step 5, the bus controller writes the
proper control information (read, write, type of
information e.g. suspension of communication) in
locations 4 and 5.

When delivering mail, the bus controller writes
into or reads from the appropriate memory
locations. If performing suspension of communica-

tion, it skips this step.
7
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(8) Enable momentarily the clock to the priority
encoder latch.

(9) Record for the remaining elements.involvéd in the
transaction; the status of their request lines to
verify if new requests were initiated. This is
necessary in order to maintain control information
integrity and to avoid losing reéuests, as when
accessing the memory the request latch is cleared,

(10) Relinquish control over the memory by re-enablin§
the clear request lines.

{11) Repeat steps 3 to 10 inclusive until all elements
involved in the transaction are reached and are
.informed. This is done to maintain data integrity
and control information integrity.

If the controller is to receive "mail" from an element,
a regular request is transmitted. The only difference
is that after reading e control information (which
indicates this) the controller continues to read data
from locations 6 to 1s5. . With the proposed
implementation, the controller has the ability to
broadéést a message simultaneously to all or selective
groups of elements.

Each time the bus controller accesses the control
interface memory, an ‘interrupt is generated, which
indicates to the element that a transaction in which it
is involved took place. Folloﬁing an interrupt, the

element reads the contrcl information in positipons 4 and

5, If it is to receive mail, it readsjthe data from

locations 6 to 15. If it is to transmit data ét places




Eowsrsmtm bms romn v s

the r%guestéd data in locations 6 to 15 and uses the -

normal ‘request procedure to indicate this to the central
controller. If the control .information indicated
suspension of a communication path, the element takes
the *proper action .

'In order to reduce thé number of dedicated. direct
control lines, the <clear requeét " line. has a dual
function. Thué; the memory access selection” and the
element interrupt can be represented in-the form of a
truth table as shdwn in Table 4.2. From this truth

table, one can observe that Select = Clear Regquest’®where

"as Interrupt = Request + Clear Request.

P

™

CLEAR MEMORY -
ZENQEUEST REQUEST-LATCH | ACCESS FN"TEE“;E:’;T,
- LINE SELECTION
0 0 CONTROLLER O | NO |
0"1 ] ELEMENT i NO ]
l 0 CONTROLLER = O YES 0
N | ELEMENT | NO |

TABLE 4.2 — MEMORY ACCESS SELECTION AND ELEMENT
INTERRUPT TRUTH TABLE.

Bach control interface also includes a simple ervror
detection logic for checking adjacent switch status. It
consists of an exclusive OR géte whose inpuﬁs are the
switch control lines. The element, prior to data

transaction, may read the output of the gate to find out

"whether the switch is in isolation mode. However, using

this simple circuit, the element cannot find out whether
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the ‘switch is in the forbidden state and/or the actual
flow direction of data allowed by the switqh,_ In order
to get the conmplete picture, the element nust examine
the control lines of both the adjacent switch as well as
the switch located in its physical space, prior to data
transactlon. In the event that the swztch setting 1is
not in agreement with the regquested settlng, it can
inform the bus controller to check the switch status.
This in effect also provides an indirect way of checking
the operation_of the bus controller.

4.5 CONCEPTUAL DESIGN OF THE BUS CONTROLLER

In general, for continuous operation of any centrally
controlled system, the central control-. unit ‘must be
designed to have £fail soft or fail safe capability.
Furthermore, for the CCSB architecture, the bus
controller needs to execute a large aﬁd diverse number
of functions. Thus, to achieve the desired response
characteristics, the bus controller must be able to
support concurrent operation. Therekore, a conceptual
design of the bus controller as a multi-microcomputer
organization is presented; In the following, the
partitioning of the main processes of the bus controller
as well as a first rough task-processor allocation, will
be described.

4.5.1 PARTITIONING OF BUS CONTROLLER MAIN PROCESSEé INTO TASKS

The essential functions of the bus ‘controller can ‘be

grouped into the following four processes:
communication,/ arbitration, allocationy ,/’—1nmk
diagnostics. For -a given transaction, the “relation

among these four processes is sequential, with limited
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degree of parallelism within the processes themselves.
However, with respect to multiple requests, even though
‘they .are accepted one at.a time, they are processed in a
.concurrent fashion by pipelining through the processes
in the'] system. With respect to the corﬁplete bus
controller operation, there 1is a £fifth process of
general chores as well as some aspects of the -
diagnostics process, as shown in Figure.4.6. These can
be executed in parallel with the other four‘prbcesses
because they .include tasksﬁﬁhich do not directly affect
the main _ bus controller résponse to  comnmunication
regquests. For example, the general chores process
contains tasks such as a real-time clock task and a
statistical data gathering task which will not be
considered any further. ' '

Y : . \ : h

CONMMUNICATIONRE SENERAL CHECK PATH Tasx

PROCESS : CHORES . { ASPECT OF DWASNOSTICS
PROCESS . PROCESS )

ARMTRATION
PROCESS

DIASNOLETICE
PROCERD

FIGURE 4-6 — BUS CONTROLLER PROCESS SEQUENCING RELATIONS.
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(a)

The

# . .

THE COMMUNICATION PROCESS

-~

_information transfers between the bus controller

and the system. These transfers can be initiated

as. a result of internal requests -from the other

processes or external regquests from the elements.

Internal requests deal mainly with control messages

" sent to the elements following a transaction, in

order to keep them informed about the bus
controller operation. On the other hénd, external
requests are generated mainly when' there is a need
for communication paths. Internal reguests are

recognized through a polling procedure and always'

take ' precedence over external requests ~which are

" identified through- an interfqpt procedure.  The
- communication process can be subdivided _into the

following four tasks:

(1) Request Handler (RH)
(2) Read Control Information {RCI)
(3) - Read/Write Message {(R/Wm) -

(4} Request Analysis (RA)
1

~

) : . . .
control flow of the communication process 1S

desc¥ibed below and is shown graphically in Figure 4.7.

)
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The communication process is responsible for all
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Y
READ CONTROL INFORMATION.
{ RCI TASK)
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AND PREPARE CONTROL MESSAGE.

{ RA TASK)

Y

SEND CONTROL MESSAGE TO APPROPRIATE
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. Y
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14 Y L .
PASS REQUEST PASS REQUEST PASS REQUEST
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A TO ARBITRATION PROCESS
PROCESS .
{RA TASK) {RA TASK) {RA TASK)

Y

FIGURE 4.7 - CONTROL FLOW DIAGRAM OF THE COMMUNICATION PROCESS.
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- In “the case where there are no_ internal requests pendi

-

The RH task is a background task which is continuously
‘; looking for newly generated requests by polling the
processes for internal requests, and responding to

ipterrupts generated‘by the elements. The relative time
spent polling each process is a function of its relative

priority to the other processes, as well as Proportional-

to the number of requests it generates. All intérnal
requests. are placed on a queue andhare read by the R/Wm
message task on a first come first serve'baeis. The
types. of internal control messages seht fron eacp

process to the communication process will be described

when discussing each process.

-

-

and/or on periodic time 1ntervals, the RH task en

requests. In response to an interrupt, the RCI tRsk is
activated which reads the data from locations 0 to
the .control interface memory. The control information
is passed simultaneously to the RA task which examines
the reguest and decides on the next step to be taken.
The format of the control information is as follows:
Address 0 - contains information about \L/j
(i) Transaction types, (bits.o-l) where

Code 0 - requested data is ready in memory

Code 1 - request for communication path

Code 2 - Diagnostic data is returned

Code 3 ~ Confirmation of transaction completion

(ii) Source idertification codes (bits 2-5). Here for

illustration purpos\ , it 1is assumed tha only 16

by the bus controlle

elements are controlle
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source specification is necessary.

L

(iii) 'Number of destinations involved  in’ - the
transaction (bits 6-7) where |
Code 0 - Select bus controller as destination
" Code 1 - 1 destination /
Code 2 -~ 2 destinations
Code 3 - 15 Destinations (broadcastingla message)

Address 1 - contains information about the starting
address (bits 0-3) and ending address (bits 547) of d;ta
_for transaction code 0 and 2. For transaction code 1,
this location specifies the estimated léngth of
_transaction in termé of daté bytés, to a maximum of 256
bytes.

Address 2 - contains destination addresses; (destination

#1, bits 0-3) and (destination £2, bits 4-71.

Address 3 - future expansion.

Note that for code 3, only the transaction tgg}fcode and

At the conclusion of the analysis, an appropriate

control message is sent to the elements involved via the
R/Wn task. The messgge acknowledges the reception of

the request and specifiesg%he actions taken in response’

to the request. Actions\ taken. can be one of the

following:
(1) For transaction code 0, the R/Wnm task reads
- the data from the appropriate memory locations and
- stores it at sbecified memory locations. The
request is then passed to the arbitration process
together with the code identification for the
storage location of the data.
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(2) For transaction code.l and 3, the R/Wm task passes
the request to the arbitration process.

(3) For transaction code 2, the R/Wm task reads the
data from the appropriate memory locations and
passes both data and request to the diagnosticé
process. )

.Following these activities the control is returned to
the RH task whigh continues to poll the processes for

newly generated regquests.
\

(b) THE ARBITRATION PROCESS ‘
«

The -~arbitration process’ is responsible for .all

.control aspects associated with the granting of

" communication paths and consists of the following

. five tasks: * /; '

-4
(i) Request validation (RV) T
(ii) Message Generator (MG)
(iii) Request Managfment (RM)
(iv) Path Identification (PI)
TN (v) Path Suspension (PS)

. The control flow of the arbitration process is described

below and is shown graphically in Figure 4.8.

2
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FIGURE 4.8

— CONTROL FLOW DIAGRAM OF
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All requests arriving at the arbitration process from
the communication and diagnostics processes are received
by the RV task which verifies that the requests are
valid. 1Invalid requests, like a request to write into
an output device, are rejected. An error mnessage in the
form of internal request is pre?ared by the Mé task and
is sent to the conmunlcatlon process for transfer®to the
appropriate element. If the request is for data
delivery (either diagﬁostics. data or data sent from
another element)* an appropriate internal regquest
specifving the data storage identification code, ‘is
prepared by the MG task and sent to the communication
procees. A confirmation request, stating that the
transaction is completed ls sent, after validation, to
the diagnostics process. -Also, a request by the CHECK
PATH ta§§, after validation, 1is transferred -to the
communication process. -

A valld communlcatlon request is passed to ~the RM task,
which utlllzes a look-up table of the elenent s software
settable priority to insert the request in its proper
location. The 1nformatlon stored on the ordered list 1is
the source.code, destination code/(s) and whether the

request is urgent. .
The PI task, reads the hlghest prlorlty request and
tries to find an available cw path, a CCW path, or if a
path can be made available by rearranging existing
pathsp If 2 path cannot be found or be made available
and the request is not urgent; the requeet is returned
to the queue. However, if the reguest is urgent, it is
passed to the PS task. It utilizes element priority
1nformatlon and data obtained <£from the diagnostics
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process, about estimated remaining time for the various
transactions, to decide on the most appropriate path to

be suspended.

In the case of finding a paﬁh without the need for
suspension, the MG task prepares appropriate control
messages, which are sent to the communicétioﬁ process
and allocation process. The communication process
transfers these messages, which contain information
about. the changes to the communication path or check
path information, to all involved elements. The
allocation «process uses this informaﬁiéﬁ" to - set-- the
switches along a path into their proper position.

(¢) THE ALLOCATION PROCESS

The allocation process is responsible for setting
the switches in the proper mode and it consists.of

the following two tasks: -

(i) Path Specification (Pspd
(1i) Switch Cogtrol (SC)

The control flow of the allocation process 1is
described below, but due to its simplicity no flow

diagram is shown.

Requests are received from the arbitration process
which consist of two bytes with - the - following

format:
|

Byte 1 - contains information about:
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(i) Whether the kdguest is for setting a path,
‘(bit 0=0), or for dismanteling a path,(bit
0=1). - ) {

(ii) Whet?er pgth diyection is CW (bit 1=0} or
CCW, (bit 1=1Y. ‘

(iii) Source specification, (bits 2-5), with bits

6~7 retained for future consideration.

Byte 2 - contains the specifications of the
furtheriset destination along the path (bits 0-3)
with bits 4-7 reserved for future expansion.

all reqﬁests are received by the PS, task which
. puts them on a queue and processes them one at a
time on é first come first serve basis. For each
request, the PSp task indicates the‘switch settingu
£6r each of the elements along the. identified
path. This information, after being specified for
the first element on the path, is used by the SC
task to physically set the switches to the proper
mode. Upon completion of setting all switches for
a specified path, a control message stating this
fact is sent to the diagnostics process. It in
turn, computes the transactions relative length
and inserts it on the ordered list. ]
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- (d) THE DIAGNOSTICS PROCESS

.~ The diagnostics process 1is responsible ' for
verifying - that the communication hardware and
software are functioning properly. It consisté of
two distinct parts which can run in parallel: path
diagnostics and communication diééhostics. The
path diagnostics part consists of only the CHECK
-PATH task whose £flow diagram is shown in .Figure
4.9, whereas the c¢ommunication diagnostics part
consists of the following four tasks: |
(1) Set-up (S-U)

(ii) Dismantle (DIS)
(iii) Transaction Length Timer (TLT)
“(iv) Transaction Completion Timer (TCT)

‘The control flow of the diagnostics process is
described below and 1s shown graphically for eqch
task in Figure 4.10 and 4.11.

The check path requests are initiated by the system
- executive, either on ;g periodic basis or as a
result of ahcomplaint by an element. The requests
are initiated one at a time and are received by the
CHECK PATH task which sends a control message to
the arbitration process. The control message also
includes a known data pattern which 1is checked,
upon lecoping back from element,  against the
original pattern for errors. The results of this
check are sent to the executive in terms of a

handshake signal and/or contffol message, which:

takes the appropriate control actions.
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WANT TO CMHECK PATH
P .

READ REQUEST SPECIFICATION AND -
INITIATE A PATH CHMECK PROCEDURE
VIA ARSITRATION PRCCESS.

READ REQUEST AND CHECX AGAINST
STORED DATA-

Y
INFORM EXECUTIVE ABQUT RESULTS

CHECK PATH TASK

FIGURE 4.9 - CONTROL FLOW DIAGRAM OF THE DIAGNOSTICS -PROCESS IN
TERMS OF TASKS.
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REGUEST SETUP A . A REQUEST TO DISMANTLE A
COMMUNICATION=PATH ; ‘ COMMUNICATION PATH

COMPLETED sw:iuoen SUSPENDED
COMPLETED
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' SET'U,P TASK DISMANTLE TASK

FIGURE 4.10 - CONTROL FLOW DIAGRAM OF THE DIAGNOSTICS PROCESS IN
TERMS OF TASKS.

&
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FIGURE, 4.1l - CONTROL FLOW DIAGRAM OF THE DIAGNOSTICS PROCESS |IN
TERMS OF TASKS.
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All reduests for communication paths, as received
from "the allocation process are directed either .to
the S-U task, which maintains a RELATIVE MESSAGE

- length 1list, or to the DIS task. The set-up
requests are processed by 'setting a tine-out
counte;*thrdugh'the'TLT task, which continuously
counts down the remaining tiﬁe for transaction
proportional to the message length. Requests for
dismantling paths are processed by the DIS task by
removing them from the active list and placing them
on COMPLETED or SUSPENDED lists. When a request to
set—-up a suspended path is received, information

- from the suspended list is transferred into the
relative meséage length list.

In order to check element operation a second timer
is used by the TCT task. It in turn, awaits the
completion message from  the elements via the
arbitration process. All completed transactions
are placed on an RELATIVE ORDERING COMPLETED list.
If confirmafion about completion. is not received
from the elemeqt which reguested the paths before
\the time—-out period, an error message is generated.
— .
TASK-PROCESSOR ALLOCATICON, A ROUGH DRAFT

Referring to Figure 4.6, one can observe three parallel
streams associated with the. operation of the " bus
controller. From the point of view ©f task-processor
allocation, each of these streams can be treated
separately. In the case of the general chores process,
a seperate processor can be dedicated to each of its
tasks. Also, the check path task described with the
diagnostics process, is assigned its own processor. The
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task-processor allocation of the third path is: more

elaborate and must be. given greater consideration.

There are four processes associated with the third path,

which have to be executed in a segquential manner for °

each communication request. Thus, the éimplest
allocation scheme 1is to use a single progcessor.
However, multiple requests can be executed in concurrent

fashion by pipelining them through the . various -

processés if using multiple processors.

As the first step of task allocation one has to consider
the relative execution™times of each task. 'Table 4.3
lists the estimated execution- times relative to the RCI

.task. The relative time for each task is based on its
_complexity relative to that of the RCI task.

If all the tasks specified in Table 4.3 are executed
sequentially, it will take a maximum of 120 time units
to complete one transaction. Ihﬂpractice not all tasks
need be executed in response to a request thus total
execution time is shorter. Allowing a 30% error in the
‘estimated exeéutagn time of each task,'yields a total
execution time ranging from a minimum of 80 time units
to a maximum of 160 time units.

The total execution time allocated for each task is
calculated by multiplying the number of time units by

. the actual execution time of the -RCI task. Using an

intel 8085 microprocessor instruction set, one can write
the correspondiys§ code to read four memory locations and
transfer the date into other four locations. Table 4.4
list this code along with the number of machine states
required for the.execution of each instruction.

’
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O |
i

. TASK NAME /| ’ gsnxmggcu;%:ﬂfmes
REQUEST HANDLER / ‘ 6

READ CONTROL INFORMATION ’_J/ !

READ/ WRITE MESSAGE

. REQUEST ANALYSIS ___

REQUEST VALIDATION 10
MESSAGE GENERATOR 6
REQUEST~ MANAGEMENT f2

PATH IDENTIFICATION : 15

PATH SUSPENSION. 16 !
PATH SPECIFICATION 10
SWITCH CONTROL -
SET - UP 10
DISMANTLE 8
TRANSACTION LENGTH TIMER 4
TRANSACTION COMPLETION TIMER 6

_ N

TOTAL # OF TIME UNITS 120

TABLE 4.3 — ESTIMATED RELATIVE TASK EXECUTION TIMES.
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Using 'a clock rate of 3.072 MHz, the actual execution
time for the code shown .in Table .4,4 is about\ 25 ms.
Thus, the maximum sequential exec¢ution time of the fo :
processes is .4ms. This imﬁlies_that theoretically one
pro¢cessor can‘ handle up to about 250 requests per
second. Whenever the .bus controller has to handle more.

than 250 requests per second, one has to resort to a’
multiple processor system., However, the restrictions
imposed by the syété@.must be considered firsf
~ X .
(1) The various tasks, specified for each process, are
all unique withik_th€Sys®¥em. Thus each task can
be used only within one process and should be
controllg@ locally. '

-rﬁ\éZ) 'Seqdencing relations between the four processes are

sequential. " Thus to . reduce intertask
communication, each process is a self-contained
unit having one or more processors allocated to it.

In line with the above, all. intertask communications"

within each process are done via local memory and only

—

interprocess -communications are done via global memoryi

Concurrencfﬁﬁn the operation of this path is achieved by

pipelining the request processing within the system.
Also, for better results, “a second arbitration
processing unit is used in parallel since it requires

much longer gxecutidn times than the other processes.’

Wfr reliability purposes, one can either duplicate each
unit, or use one back-up processor which is capable of

executing all processes. .
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e
LABEL INSTRUCTION - | macHINE STAIES
START : LXI H, X (4
Lxt o, v~ N 0
MVl B, 4 : R T
" LOOP.: MOV A, M _ 7
" INX H - 6
XCHG - 4
) MOV M, A 3 ' - 7
INX H . 6
XCHG i 4
s " DCR B - a4
..mz LOOP 10
RET
JOTAL # OF MACHINE STATES - : 75

TABLE 4.4 — READ CONTROL INFORMATION TASK CODE .
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The various proce551ng units can be controlled by an
.executive 51m11ar to the one described in Chapter 3 w1th
the folloﬁiﬁgﬁcharacterlstlcs-

(i) Bach processing unit has its own task manager
which contains the sequencing relations within the
process- in its code. It also may execute one of
the tasks within the process and is fuliy

responsible for the interprocess communication

~— done via global menory.

{ii) All inter-unit communication (internal to the
process), are done via a local memory within the
processing unit. : e

(iiip» All unit sequencing is done via a §rocess manager
which 1s responsible for the plpellnlng of the
requests through the system.

(iv) The process manager supervises the execution of
the other . two paths, running in parallel to the
process dealing with communication requests.

The process manager itself should be implemented with a
back-up processor for reliability reasons.

The actual task-processor allocation® within each
processing unit is as follows:

(1) The communication process is assigned to two

Processors. To allow for continuocus response to

newly generated requests, the first processor
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(1i)

(i1ii)

(iv)

contains the code for‘the RH and RCI-tasks. The
second processor contains the code for the task
manager,  the RA task, and—the R/Wm task.

The arbitration process is subdivided into three

parts. The first processor has the task manager
code and the MG task code. The second processor
is responsible for the 'RM task and the RV task.
The third processor is responsible for the PI and
PS tasks. - Also, due To ‘its long execution time,
the arbitration process is partially duplicated by
having a fourth processor obtain the codes of the
last two processors.

The allocation process has two processors in order
to take advantage of the concurreney associated
with the PS, and SC tasks. The first processor dis
responsible for the PSp tasE whereas the second
processor contains the code for the task manager
and the SC task. -

The diagnostics process is subdivided into two
parts. One processor is responsible for the task
manager and the $-U and DIS tasks. The second
processor ,has the code for the TLT task andéd 7TCT
tasks. - Also note, that in order to avoid
dedicating a processof‘for'each time measuremeﬁi,
software controllabie " hardware countérs can be
used as, timers.

The bus cbntrollér task processor allocation is

shown in Figure 4.12.
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FIGURE 4.i2 - TASK - PROCESSOR ALLOCATION FOR THE BUS CONTROLLER.

Finally, it should be remembered = that ‘the above
allocation scheme 1is just a suggested £first draft
allocatidn. In order to optimize the allocation one can
use the :Q;gral simulation procedure outlined in Chapter
3, in an iterative fashion, until the desired system

-

response characteristics are achieved.
CONCLUSIONS

The segmented bus allows for multiple,- mutually
exclusive communication to take place simultaneohsly,
thus ‘upgrading the capabriltles of a single bus. The
improvement 1in resource utilization is achieved by
isolating a "busy" section on the bus and using the rest
of the bus . for other communication. The segmented bus
has a fail soft capability since a single/link failure
need not be a complete system fajilure. By isolating a
faulty part from the system, the system can still
operate at reduced capacity. To improve communication

’
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and reduce contention, elements with heavy commnlcatlon
activities are placed in Close proximity to each other.

The suggested CCSB organization has the best properties
of the segmented bus and eliminates some of the
drawbacks .of the DCSB organigzation at added complexity.
The CCSB enhances the fail soft capability of the
segmented bus to a limited fail safe capability.
Time-out option and dlagnostlcs routines can be used to

‘detect a faulty switchAlink. An alternate data path is

provided for each element via the control/data bus.
This alternatlve path may be used when a switch/link
failure is detected. In addition, for extremely high
reliability, one can allow the transformation of CCSB
architecture into a DCSB architeg}ure. Thus, by
properly modifying the control interface, the centrally
controlled organization ‘can be switched to distributed
control in the case of’contyoller failure.

Generally, the CCSB is - best suited . for highly
interactive networks with short physical distances among
its nodes. In the case of large distances, the use of
separjte control/data bus, and additional control lines
may th be as cost effective. | '

J i

A network with large numbers of elements may reguire an

additional segmented data bus, Or dedicated data bus 1if
there are heavy communication activities. The option of
an additional dedicated data bus may be used, as the
switches along the data bus increase the total
propagation delay through the communication path.
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The CCSB organization has the. advantage that bus
controller capability can be enhanced without disturbing

‘the rest of - the system. In the first phase of

impleﬁentation, it is good pfactice to provide all the
necessary hardware connections from the elements to the-
bus controller. It is not essential to include* all the
functions described for the bus controllér during this
phase. Only the functions, specified in terms of tasks
which' are vital to control and maintenahée of basic
communication, must be implemented. As the  bus
controller design 1is based on a multi-microcomputer
architecture the remaining functions may be added in
later stagﬁz of the development, or as required.

Finally, from a cost point of view, the DCSB
organizaﬁion can be regarded at about the same level as
a time shared bus but with improved communication. The
CCSB organization can be compared to the crossbar switch
scheme. Although'the CCSB organization cannot . provide
the same system throughput' as the crossbar switch, it
has other features which cannot be implemented by the
crossbar switch. Thus the cost of the CCSB orgénization
is a direct function of how many of the bus controller
functions are implemented.
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SUMMARY AND RELATED RESEARCH TOPICS

In this thesis three main problems related to ﬁultiple'

microprbcessor systems were treated. As stated in the
introduction, each of these problems 1is donsidered
separately in a self-contained chapter. In this
chapter, the major ideas presented in the thesis are
summarized followéd by an outline of a number of
recommended related research topics.

THESIS SUMMARY

A general hardware architecture suitable for multiple
nmicroprocessor systems was defined in chapter two. The
main characteristics of three,6 prominent multiple
proceSsor organizations: multiprocessors, computer
networks, and multi—micfbcompuﬁers, were descr;bed.
Next, to provide a proper reference, the various
motivations behind using multiple processor systems were
considered in general terms.  Following that, the
discussion was restricted to microprocessors and their
role in multi-microcomputer systems. In order to
provide proper ‘insight into the design and
implementation aspects of a multi-microcomputer system{
its ‘functional design was presented. First the system's
physical and logical structures were described, followed
by a general presentation abqgf‘ﬁ?ngration, allocation,
and coordination of the system's resourceiﬁ Finally,
the main characteristics of a Task-Driven mnulti-micro-
computer architecture, were described.

The design procedures and implementation aspects of an

executive for a Task-Driven system were presented in
chapter three.  First, the design philosophy behind this

- l62 -
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executive was discussed. Next, a two level (process and
task) hierarchical structure executive, °~ with its
functional elements, was devzij%ed. The execdutive outer
layer, which includes the cess sequencer and task
allocator, provides'the communication with the external
world. The inner layer, - which includes task managers
and service tasks, provides the direct hardwaré
control. = Following that discussion, the communication
protocol used .during the reguest, assignment and
execution of é given task was described. In order to
provide a systematic presentation about task
interrelations, task hierarchies were discussed in
general, followed by a presentation of task -

. interrelations in terms of state diagram and control

primitives. To provide additional insight into the
implementation aspects of the executive, . an outline of
the task allocator program was presented, followed'by
the' presentation of the system's static and dynamic
conditions, in terms of look-up tables . Finally, some

of the most important ideas regarding task partitioning

and allocations were outlined.

The general interconnection scheme for multi-micro-
computer systems was defined in chapter four. After
brief discussion about bus sharing schemes, the concept
of the segmented bus, which accomodates simultaneoué,
nutually exclusive transfers on a./éata bus, was
introduced . As the segmented bus can be controlled
either in a distributed or centeralized fashion, two
respective architectures were identified.

- 163 -



/,4"\\\

For each of the two architectures (distributed control

'segmehted bus and centrally controlled segmented bus) a’

comauinication protocol and the main implementation
aspects were described. ‘Also, after 1identifying the
major functions needed to be executed by the central bus
controller, its conceptual design as a multi-micro-
computer system was described.

THESIS LIMITATIONS

To  conclude this Ssection, the two main limitations of
the Task-Driven nulti-microcomputer system are
presented. A Task-Driveg system assumes that a given
job can be partitioned into a number of‘ independent
tasks. However, 1f the partitioning process fields

- either tasks with high interdependency, or just very few

independent tasks, the applicability of the-Task-DriGen
system is gquestionable. The other limitation 1s that
for any given application, a complete job partitioning
and task allocation must be performed. This may lead
indirectly to an increase in development time and system
cost. However, one should mention that both of the
above limitations apply egqually to all distributed data
processing systems.

RECOMMENDED RELATED RESEARCH TOPICS

In the following, additional research ideas as related
to each of the chabters will be presented. The coverage
of the second chapter, which is based on a literature
survey, can be extendéd into the following three areas:

3

(1) The relationship of multi-microcomputer archi-

- .

tecture to the - concept of distributed data

e —————— )
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processing shoﬁld be investigated in ‘more detail.
Also general guidé lines should be given as to when
and how to apply. this . concept to various
application areas. ) '

{(2) Although the Task-Driven architecture was identi-
fied as-the most suitable for control applications, .
additional analysis must be undertaken as to its
limitations and applicdability to other application
areas. - . ’

(3) A potential research topic would be to define the

' .various signals, and other hardware énd software
aids that would facilitate the interconnection of a
multi-microcomputer system. In line with this, a
critical survey of various hardware and software
aids on existing microprocessors and their
applicability may also be provided. )

Related research ideas.with respect to the third éhapter

are in the following areas:

(1) For systems with extensive amount of communication
with the external world, the possibility of -
converting. the two level executive to a three levega?
exeécutive can be investigated. By assigning the L
external communications to a third level, all

. interface with the external world can be done
through this level."In this case, one could have,
general purpose programs at the process and task
levels, and provide the :equifed system cﬁstomizing,—“
at the third level. ' o
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(3)

(4)

' Research is required to define the maximum numbexr

of transactions a single executive can handlqﬂ ‘thus.
indirectly . the number .of processing eléments.=
Based on that, a system designer knowing the given
system load, may be able to -better judge the
executive's adequacy. N

The possibility of implementing the executive] or
parts ‘of, it in firmware and/or hardware should be
investigated. This is important as it affects both
speed of operation, and cost othhe'executive, and
thus indirectly, its applicability to small
systems. | '

All the above points could be part of a ‘more
general resea;ch area, which checks the possibility
of designing a general purpose executive with
simulator and optimizer programs. Such a general
purpose executive would Dbe customized to &
particular system by specifying the system's basic
and .unigue parameters. This general purpose
executive prégram can be provided by the industry
and offered to users as any other multitasking
real-time executive for microprocessors.

Another extenSLOn would be 'to allow for dynamic
loading of the system's static conditions. 1In this
case, instead of having fixed system parameters,
they are updated according to new requirements, and
are down loaded from é central location. Thus, the
system is made to execute a wide .variety -of
processes, as 1ong as they are based on tasks which
are programmed in the system. For larger systems,
this idea can be further extended by forming a
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network with a number of these executives. Each of
the executives controls 'a local 'network and
recelives the-appropriate system parameters' from a
central unit, which supervises all of these
executives.

Additional research needs to be done with respect

to the problems of 3job partitioning and task

allocation as related to Task-Driven systems.

" With respect to the segmented bus architecture and the.

&

bus controller, covered in chapter four, the following

research topics are of interest:

(1)

(2)

~
" -

"One needs to establish the maximum number of

transfers that the segmented bus and the bus
controller can handle. This also defines the
number of elemggts which can be connected to the

segmented bus. Such an investigation must consider
various parameters such as size of tranmsactions,

the distance between comnunicating elements, and‘

the variety of communication. In line with this,-
the ultimate design would be to provide a general
purpose segmented bus controller. This controller
should be able to accommodate a variety of
communication needs with customizing done by
specifying the number of elements in the systen and
their software priority. aAlso,. a generals
simulation program must be provided to determine
the number of elements which can be effectively
controlled by the bua controllgr.
\_— |

One can extend the caéabilities of’ a system .by
forming a network of rings. Each local ring, being

.
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(3)

(4)

aagegmented bus, is controlled by a bus controller
and 1is also connected to a global ring which-is a
ﬁigh speed serial bus. Each bus cSntroller, aside
f;om.its Yefined activities and interfaces, whould
have an additiomal interface to the global ring.

—

Through this interface, one element £from one local;

ring can be connected to another element on "a

different local ring.

For - high reliability - systems, one should

investigate the ided. of designing a systenm Qit&"

both distributed and central control. Normally,

the system operatés as a centrally. controlled

system, and upon failure of the bus controller,
sthches automatically to the distributed control
scheme. The main rasearch here has to do WIth the
detectlén of the bus controller failure and the

mechanlsm of '_automatlc switch » over to the

distributed control scheme. R

A way of combining the executive design 'with'® the

- . . : -
segmeinted bus architecture, with the bus controller

being controlled by the executive, should be
investigéted. For such design, the capabilit;és
and applléablllty of the desig; to - various
Areas must also be studled.i :

o - .
L - * ~ ‘\, -
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