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CHAPTER 1

INTRODUCTION

Distributed computer systems may be defined as lo-

cal computer networks executing decentralized software.

The decentralization of software is accomplished by log-

ically distributing the control and information struc-

tures among the computers. The programming language

concepts necessary to decentralize software is currently

a topic of research. One approach to constructing such

Isoftware is through the use of autonomous processes

[4,14,20]. Synchronization and communication between

I processes is achieved by the transmission of unbuffered

messages. A process model, along with the ability to

send and receive messages in a non-deterministic manner

are the most important programming concepts necessary to

distribute software.

Another area of research is the implementation of

I such programming concepts [15,19,26]. The issues here

n are concerned with the representation of state informa-

I' tion in the operating system. There are three possibil-

i ities: (1) partitioned state information, (2) replicated

state information, or (3) some combination of (1) and

(2). The implementation of routines which use and nani-

pulate the state information in the operating system

depend upon which representation is chosen. For exam-

I -1I-
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ple, if a partitioned implementation is chosen, the al-

gorithms must make decisions based on a partial view of

the system state, and/or untimely state information. On

the other hand, in the replicated case, the issue is one

of maintaining consistency. In any case, the control

structure is decentralized.

The design of algorithms with decentralized control

structures is yet another research topic in the 'area of

distributed computer systems (7,19]. At this time, the

primary advantages of distributed computer systems are

increased reliability over centralized systems, and the

potential for incremental system growth with a minimum

amount of software and hardware redesign. Therefore,

decentralized algorithms are not only concerned with im-

plementing operating system routines in a decentralized

fashion, but also with continued execution in the case

of hardware failures, and the incorporation of new nodes

jin the system. Currently, the problems being looked at

are those of implementing mutual exclusion and maintain-

Ing consistency of distributed databases or state infor-

mation [6,10 ,17,18J.

i Once the concepts needed to decentralize softwarer[
and the associated implementation issues are defined,

then the performance of distributed computer systems can

be addressed. The parallelism inherent in distributed

I software suggests that it might outperform a centralized

I



solution, in the sense that the same amount of work

could be done in a shorter time through parallel pro-

cessing. In order to begin to compare decentralized im-

plementations of software to centralized versions, a

first step is to identify the features of software af-

fecting parallelism. Another important reason to

analyze the performance of distributed systems is to be

able to design distributed systems to perform optimally.

In assessing the overall performance of distributed sys-

tems, the structure and implementation of the communica-

tion medium is seen to be an important factor. It is

the software, however, that will determine the communi-

cation workload. Knowledge of the behavior and charac-

teristics of the software is important not only in real-

izing the communication needs, but also in being able to

begin to provide guidelines for the design of decentral-

ized programs. The key features of decentralized

software are its potential for parallel execution and

the delays introduced by communication. It is necessary

to understand the tradeoff between these two features in

examining the performance of distributed software.

The formulation of a model which explains the

parallelism exhibited by an experimental distributed

computer system, XDCS, existing at the University of

Connecticut is one goal of this thesis. The XDCS system

runs an operating system kernel whose implementation is



based on partitioned state information [13J. This kernel

performs process and memory management to support the

execution of benchmark decentralized algorithms written

in the distributed programming language EPL [21,22]. In

order to be sure that the features of the system affect-

ing parallelism have been correctly identified and

represented, the model is validated.

The other goal of this thesis is the instrumenta-

tion of the XDCS system. Instrumenting a system is done

in support of an evaluation study intended to answer

questions about the performance of the system [12]. The

performance information required by a study may be ob-

tained from the system itself (measurement techniques)

or from a model of the system (modeling techniques). A

problem common to all modeling techniques is one of

model accuracy; verification of the model should be per-

formed before it is used to produce the information

needed by an evaluation study. The only way to validate

the model is through experimentation. Thus, the primary

focus of instrumenting the XDCS system is to provide a

tool through which the model mentioned above can be
-4 I

* ! validated.

The endeavors of this thesis fall into two well

3 known areas of performance analysis, analytic modeling

of computer systems, and measuring computer systems.

I Although these two areas are related, the issues in-

I
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volved in carrying out these two tasks are not related.

The concerns of modeling are those of abstracting the

features of a system which influence the performance in-

dices under study. A representation of the features

must then be proposed. This representation is the

uodel. The design of measurements entertains the fol-

lowing problems: (1) enough experiments must be per-

formed so that the moments and if possible, the distri-

bution of the quantities of interest can be estimated

with sufficient accurracy, (2) the measurements should

not interfere with the behavior of the system, or, at

least the interference should be estimated and accounted

for, (3) restrictions on instrumentation imposed by the

system must be considered. Due to the fact that the is-

sues under consideration in modeling and measuring are

not the same, these tasks have been separated into two

distinct and equally important areas of effort in this

thesis.

The discussion of the thesis is organized in the

following way: Chapter 2 supplies the necessary back-

ground; Chapter 3 discusses those features of the XDCS

1 system that are relevant to the modeling and measuring

tasks; a discussion of the model is contained in Chapter

1 4; the instrumentation of the system is presented in

Chapter 5; Chapter 6 contains the results of the exer-

cise and information that can be obtained from the

SI
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model; and finally, Chapter 7 summarizes the work and

presents the final conclusions. After validating the

model, it was discovered that the model was not very ac-

curate. Chapter 6 presents these results and discusses

the reasons for them. Even though the model was not as

accurate as desired, insight and information about the

features of distributed computer systems has been ob-

tained from this study.

1
I
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CHAPTER 2

BACKGROU ND

This work is part of a research project at the

University of Connecticut. One goal of the project is

to investigate implementations of the programming

language concepts necessary for decentralizing applica-

tion software. Another important part of the research

focuses on the performance characteristics of the imple-

mentations, and in the process of studying the implemen-

tations attempts to isolate and understand the relation-

ship between features of and performance behavior exhi-

bited by distributed computer systems.

Some preliminary performance data obtained through

simulation indicated that the cost of decentralization

of software might not be as high as was expected [3).

j Although it was found that the operating system kernel

providing runtime support for the application software

I was used extensively, potentially producing a large

overhead, performance improvements due to the inherentm
parallelism seemed to offset the high overhead costs.

U- This initial data suggests that an objective of perfor-

mance models for decentralized software is an explana-

tion of the trade-off between parallelism and the over-

head incurred in implementing the parallelism. The

measurements for this study were obtained from a single

I-7 -
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CPU implementation of the kernel.

A multiple CPU kernel to run the same application

software was designed and implemented (13]. Measure-

ments were taken of this kernel to determine the actual

overhead costs and to gather statistics about the mes-

sage traffic. It was expected that the costs incurred

would be greater than those obtained from the simulation

due to the use of a communication medium which intro-

duces delays in the transmission of messages, and decen-

tralization of the kernel which requires low-level com-

munications to coordinate activities between instances

of the kernel. Higher costs were indeed the case. The

number of instructions executed for each kernel primi-

tive were five to ten times larger in the multiple CPU

implementation than in the single CPU one. Also, much

more communication took place and at a higher cost per

message. Thus, the overhead costs of distributing

Ihardware, control, and data are substantial.

It is hoped that parallel execution of the

processes comprising an application program will defray

U the overhead costs of distributed computing. This

* parallelism needs to be quantified and explained in

terms of the relevent system features.I
I
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2.1 STUDIES OF PARALLELISM

Multiprogramming, the execution of more than one

program at the same time on a single processor, made

possible by the use of synchronization and virtual

memory techniques, is a form of parallel processing.

With the advent of multiprocessors, parallel processing

assumed another definition. Multiprocessor architec-

tures consist of multiple processors which share primary

memory. This type of architecture makes it possible to

execute parts of one program simultaneously or to exe-

cute many programs at the same time. The next type of

architecture to emerge has been called distributed. The

definition of a distributed architecture is broader than

and actually encompasses some multiprocessor systems. A

distributed computer system architecture consists of a

collection of processors connected in some fashion so

that communication between processors is possible.

Parallel processing in distributed computer systems is

the topic of interest here.

The first models or studies of parallelism ocurred

when multiprocessor architectures appeared. The goal of

these models was initially to represent parallel pro-

grams and/or the possible parallel execution of portions

of a program (2]. Next these models were used and ex-

panded, or new representations were proposed to find

deadlock situations or to prove that there was no wayI
I
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for deadlock to occur. The types of models employed

were graph models, precedence grap'hs, and petri nets.

After it had been determined how to construct deadlock

free parallel programs, performance studies of parallel-

ism began to appear.

The models of performance typically were queueing

models used to study the effect par allelism, or more

specifically multiple processors, had on such perfor-

mance measures as throughput, utilization, and response

time. The effect of the scheduling discipline, the CPU

service time distribution, and the types of jobs on the

throughput of a multiprocessing system has been studied

[5). It is shown that no significant gain in throughput

is obtained by the simultaneous execution of parts of a

program on different processors, if the degree of mul-

tiprogramming is high enough. However, the response

time is improved by multiprocessing. A comparative

analysis of several computer organizations such as mul-

tiprogrammed systems, mul tifunction machines, vector

machines, array processors, and shared memory multipro-

cessing systems has been conducted [28]. The conclu-

sions are that multiprogramming increases throughput but

3 response time may deteriorate. Both throughput and

response time are improved by all of the other perfor-

mance enhancement techniques (i.e. shared memory mul-

tiprocessing systems, array processors, etc.). However,

Il
I. ..
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J to obtain an n-fold increase in throughput, at least an

V n-fold increase in the effective CPU rate, the effective

I/O rate, and the effective bandwidth of main memory is

required. These two studies are representative of the

types of modeling studies conducted for multiprocessing

systems.

Very few performance studies of distributed comput-

er systems (as defined in this paper) exist. A method

which uses petri nets and probabilistic grammars has

been proposed but not actually carried out [29]. It is

claimed that petri nets can be used with probabilistic

grammars to produce a composite machine. A composite

machine is a Markov process. Standard methods for solv-

ing Markov processes can be used; also, techniques asso-

ciated with the probabilistic grammar can be used to ob-.

tain additional performance information. The perfor-

mance index which can be obtained from such a model is

the expected cost of a process given the structure of

the process (i.e. its computation and message eharac-

teristics).

1
2.2 MEASUREMENTS OF SYSTEMS

i" Measurements of computer systems are taken either

to be used in conjunction with a model or to gather per-

formance statistics about the system. The usual type of

quantities measured for a model are the parameters. The

1I __,_
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model then provides the performance information. Models

can be used to study trends, tradeoffs, and predict per-

formance behavior as the values of the parameters are

varied. Measurements taken of a system, on the other

hand, simply indicate how that system performs.

2.2.1 Measurements for Bodel-s

Very few modeling studies have been conducted in

which actual measurements of a system have been used in

the model. It has been shown how to derive parameters

typically used in queueing network models from data ob-

tained from the measurement techniques employed by com-

mercially available systems [24).

Most of the measurements supplied by commercial

systems are obtained from monitoring techniques,

designed to observe the operation of a computer system

over a period of time, and record the values of certain

variables considered to be significant for evaluating

system operation. There are two types of monitoring

techniques: event trace and sampling. Both event trace

and sampling monitors record system states from speci-

fied registers and memory locations. Event trace moni-

tors collect information when a particular event occurs;

sampling monitors record data at specified time Inter-

vals. The event trace monitor usually obtains more de-

tailed information over a shorter period of time. Meas-

I
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urement monitors can be implemented in many ways.

The implementations of both sampling and event

trace monitors can be classified into three types:

hardware, software, and hybrid. Hardware monitors are

devices attached to various points in the digital circu-

itry to measure status or count events. Software moni-

tors are measurement routines inserted into the system

software to measure the same quantities. Hybrid moni-

tors are a combination of these two types. Measurement

data is moved by software routines into special regis-

ters which are then read and recorded by hardware moni-

tors.

The monitoring techniques are used by most operat-

ing systems to obtain processor and I/0 channel utiliza-

tions and job statistics over a period of time. It has

been shown how to use this data to obtain estimates for

queueing network parameters such as CPU Mean Service

Time, I/O Device Mean Service Time, and IO Device Rout-

ing Frequencies.

2.2.2 BLeasurementA of the ..the rne t

Measurement studies of single processor systems are

numerous. However, not many measurements have been tak-

en of distributed systems. These systems are more com-

plicated in that the system state consists of the com-

bined states of all processors in the system. An exam-

I
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pie of the method and measurements obtained for the Eth-

ernet, a local area network, is described below.

The Ethernet is a local network which uses a

shared, multi-accesss bus with distributed control as

the communications medium [23). A carrier sense, multi-

ple access with collision detection protocol is employed

by the bus to transmit packets of information. When a

station (computer) wishes to use the bus it senses the

carrier to determine if a transmission is in progress.

If no other station is transmitting, the sender can use

the bus immediately, otherwise it waits until the packet

has passed. It is possible for two stations to begin

transmissions simultaneously, producing a collision.

Each sender continues to monitor the cable and is able

to detect a collision by noticing that the signal on the

cable does not match its own output. Each station then

waits for a random period of time before retransmitting.

A study characterizing the actual behavior of the system

was conducted to aid in understanding the system [25].

The broadcast nature of the Ethernet system allowed

4 for the passive collection of measurements. One station

! can receive all the packets and by using specialized

test and monitoring programs can analyze the data col-
U

• * lected. The measurements obtained were: (1) number of

* packets in error, (2) overall traffic characteristics,

(3) utilization of the bus, (4) the packet length dis-

!
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tribution (packets are of a variable length), (5) host

traffic patterns, (6) interpaoket arrival times, (7) the

latency and collisions detected by a sender, (8) the

overhead of communication in terms of the percentage of

control bits versus data bits sent and, (9) the number

of packets transmitted to other networks. These meas-

urements were collected under normal operating condi-

tions. Test programs were constructed to generate ar-

tificially high levels of traffic in order to observe

system behavior when the bus is highly utilized.

2.3 SUMMARY

The studies of parallelism for multiprocessing ar-

chitectures discussed above indirectly study parallel-

ism. Parallelism, or multiple processors, along with

scheduling algorithms, and the amount of memory were all

varied to observe the resulting changes in throughput

and response time. The approach outlined for studying

the performance of distributed computer systems would

obtain the cost of a process. The performance study un-

dertaken in this thesis attempts to study parallelism

directly; that is, the performance measure to be ob-

* :tained is the percentage of time processors are actually

executing simultaneously.

Methods for obtaining parameters for queueing net-

work models from data collected by monitoring techniques

I
I
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have been proposed. These monitoring techniques have

been implemented on single CPU computer systems. They

will have to be modified if they are to be used on a

loosely coupled local computer network. A technique em-

ploying passive monitoring of a shared bus has been used

to take measurements of the Ethernet, a local computer

network.

ii



CHAPTER 3

DESCRIPTION OF THE FACILITY

An experimental facility composed of a local com-

puter network referred to previously as the XDCS system,

and a host computer, exists for studying the charac-

teristics of distributed computer systems. The hardware

and software were designed so that features of the fa-

cility could be changed or varied with a minimum amount

of effort. The experimental facility can be divided

into three parts: (1) the hardware of the XDCS system,

(2) the software of the XDCS system, and (3) the opera-

tion of the facility. After these three components are

described, the features of the XDCS system which are im-

portant to subsequent chapters will be discussed in more

detail.

3.1 OVERVIEW

3.1.1 Hardware

The hardware consists of five LSI-ls linked to-

gether by two different communication networks. The

first communication network is a Direct, Dedicated and

Complete (DDC) interconnection structure [1). This net-

work was implemented using commercially available com-

ponents. The second type of interconnection structure

is a bus with a CSMA/CD (carrier sense, multiple access

-17-
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with collision detection) protocol; it is an example of

a Direct Shared Bus (DSB) interconnection structure with

decentralized control. These two configurations are il-

lustrated in figure 3-1.

3.1.2 Software

Programs written in EPL, an experimental program-

ming language, are executed on the hardware. EPL is a

language which contains the programming language con-

cepts necessary for constructing software to execute in

a distributed environment. EPL forces programs to be

written as a collection of autonomous processes that may

potentially execute in parallel. Since each process

only has access to its own variables, processes must

communicate with each other and do so through the

transmission of unbuffered messages. These messages

also supply a means of synchronizing processes.

EPL programs require the runtime support of an

operating system kernel. The kernel provides primitives

I to implement the EPI, commands, and decides which comput-
I i f EL rcs de o

er a process will execute on if the EPL process does not

specify this information itself. Thus, the functions of

5 the kernel are to provide process and memory management

for EPL programs. The operating system kernel is decen-

Itralized in the following way. An identical kernel re-

l aides on each processor; however, each kernel knows the

'I
I
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state information of only the processes executing on its

processor. The creation of processes and the transmis-

sion of messages requires state information from other

kernels. A communication protocol obtains and updates

the necessary state information. A detailed discussion

of the design and implementation of this operating sys-

tem kernel is contained in [13).

The software architecture is organized into three

layers as shown in figure 3-2. The top layer is the

processes comprising an EPL program. These processes

see a single virtual machine provided by the kernel, the

second layer; the network of computers is transparent to

the individual processes of an EPL program. The commun-

ication network layer encapsulates the features of the

hardware interconnection structure and is responsible

for routing kernel requests for communication to the

correct processor. The software for the DDC and DSB

configurations is different in only thi, third layer.

3.1.3 Oseration of the .perimental acility

3 The local network, XDCS, is hosted by a general

purpose computer. Software is constructed on the host

system and down-line loaded to the processors of the

network. In addition to the standard set of compilers,

assemblers, and loaders, facilities exist for compiling

EPL programs and interacting with programs executed on

I
I
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Processes of an EPL Program
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the host. This special interface was designed for meas-

uremnent purposes. The host and the processors of the

local network are also attached to the shared bus. A
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programmable clock residing on the host system provides

centralized timing information that is available to each

LSI-11 and/or the host for performance measurements.

3.2 XDCS SYSTEM FEATURES

Messages flow between the entities shown in each of

the three layers of software (figure 3-2). In order for

a message to be transmitted from one EPL process to

another, the respective kernels are called and a commun-

ication protocol is invoked. Roughly three kernel level

messages must be transmitted to guarantee delivery of an

EPL message. The communication network layer is called

to transmit each kernel level message. Again, a proto-

col is followed to guarantee safe transmission of each

kernel level message. The protocol implemented in the

communication network level will be referred to as the

link level protocol for the remainder of this paper. A

major part of the modeling process involves representing

this link level protocol.

3.2.1 Link Level Protocol

The DDC configuration of the local network is used

in this performance study. The interfaces between com-

puters are implemented by serial devices that contain

transmitter and receiver status and buffer registers for

each interface on each processor. Due to the fact that

the interfaces are operated as half-duplex channels, it

,B 1
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is possible for two computers to be attempting communi-

cation with each other at the same time. This condition

will be defined as contention for later use. Another

potentially dangerous situation can occur if processor A

attempts communication with processor B, processor B at-

tempts communication with processor C and processor C

attempts communication with processor A. This event and

other similar situations will be called preemption, due

to the fact that one or more processors may have to

postpone their communication needs so that anothers and

eventually theirs may be satisfied. The link level pro-

tocol resolves these potentials for deadlock in addition

to initiating and carrying out communication under "nor-

mal" circumstances.

In order to resolve the contention and preemption

cases, processors are ordered hierarchically by proces-

sor number, with processor 0 having the highest priori-

ty, and the processor with the largest processor number

having the lowest priority. When a contention or

preemption situation occurs, the processor with the

highest priority is allowed to complete its communica-

tion first. Characteristics of the EPL software make it

very unlikely that starvation of the lowest priority

processor would occur.

Diagrams [27) illustrating the link level communi-

cation protocol are shown in figure 3-3. After each

1
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kernel call, the communication channels are polled to

see if data has arrived from another processor, unless

the kernel call resulted in a request to transmit a mes-

sage. The portion of the protocol labelled "Receiver"

corresponds to the processor polling and the action tak-

en if data is detected; the "Transmitter" part of the

protocol is used to transmit a message to another pro-

cessor.

A routine called TRANSMIT, which is part of the

communication network software, is called with the des-

tination process name whenever the kernel needs to

transmit a message. The TRANSMIT routine determines

where the destination process resides. If the source

and destination processes are on the same machine, then

the communication is called local and there is no need

to invoke the "Transmitter" protocol. When the destina-

tion process resides on another processor, then the ap-

propriate message information is entered in a queue. A

routine, NETWORK, which implements the "Transmitter"

protocol is called if the queue contains only the mes-

sage just entered. If the queue contains more than one
message, then the TRANSMIT routine merely returns con-

trol to the routine which called it. Once the NETWORK

routine is invoked, it empties the queue of all mes-

sages.



CHAPTER 4

THE MODEL OF PARALLELISM

Models of systems are usually constructed to

predict the values of performance indices and/or to

study the tradeoffs or relationships between these in-

dices. Once it has been decided which performance in-

dices are to be studied, the factors or components of

the system affecting the specified performance indices

need to be identified. Next a representation or model

capturing these factors is formulated. All models con-

tain input parameters. Input parameters. are variables

which incorporate the factors identified as affecting

the performance indicies under study. The input parame-

ters can be measured and then used to solve the model to

produce one specific solution. It is expected that the

output from the model will reflect changes in the values

of the parameters. Input parameters can also be com-

pared or related to each other algebraically. This ex-

ercise usually provides some insight into system

behavior under many different parameter values or

operating characteristics. Finally, if possible the

model is validated to make sure the representation of

the factors is correct.

The model discussed below explains the degree of

_ .parallelism exhibited by the XDCS system as it executes

-27-
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benchmark programs. Although a high potential for

parallel execution of the software exists, it is degrad-

ed by the need for interprocessor communication. Thus,

there is a tradeoff between parallel execution of pro-

cessors and communication between processors.

4.1 FACTORS INFLUENCING PARALLELISM

4.1.1 Number of Processors

The number of processors used during the execution

of a program is an important factor; it is the basic

hardware resource providing the potential and maximum

bound for parallelism. As a given program is executed

on an increasing number of processors, intuitively, it

should execute faster; the same number of processes

would be spread among more computers. For example, if

two processors are used instead of one to execute the

same program, the execution time could theoretically be

cut in half due to the fact that the number of computers

was doubled. This is the maximum amount of decrease in

execution time acheivable; it is never reached because

of the overhead required to manage the communication

between processors.

4.1.2 .andwidth of Communication Medium

Another factor affecting parallelism is the commun-

ication bandwidth. The speed of the communication medi-
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um directly affects the amount of time it takes to

transmit a message from one processor to another. With

serial links, if the baud rate were increased from 1200

baud to 9600 baud, the time to transmit the same data

would be shorter. This factor is inversely related to

the degree of parallelism. As it takes longer and

longer to communicate, the delays due to communication

are increased which decreases the amount of time a pro-

cessor is performing computations.

4.1.3 Frequency of Non-local Jessages

The rate at which messages are transmitted to other

processors affects how often the communication network

software must be invoked. Messages sent between

processes located on the same processor do not require

the services of the communication network software.

Thus, it is seen that the message frequency depends on

two components: (1) the number or frequency of EPL mes-

sages, and (2) the scheduling algorithm of the kernel.

A different EPL program or a different scheduling policy

in the kernel would be reflected in the frequency of

a4 non-local messages.

4.1.4 J.,eenth of Messages

The length of a message, whether it is 5 bytes or

256 bytes long, determines how long it takes to transmit

that message from one processor to another. It is pri-

I
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marnly the EPL program that determines the message

length, although the kernel has some control messages of

a constant length; the set of messages transmitted con-

sists of kernel control messages and actual EPL messages

which are prcfixed by some control information from the

kernel.

4.1 .5 Messag~e r~oes__g _lime

This factor indicates how much time is spent pro-

cessing a message that has arrived from another proces-

sor. The longer it takes to process a message, the less

time there is available for the processor to execute the

application program.

4.1.6 Time to Lmplement _Link Level Protocol

Another factor which can be identified is the time

it takes the protocol to set up for a non-local communi-

cation after the kernel requests to transmit a message.

This factor has an inverse relationship to the degree of

parallelism; the longer it takes to set up for communi-

cation, the less time there is available for computa-

4 tion.

*1 14.2 FORMULATION OF THE MODEL
4: !

IIn defining what is meant by parallelism for this

study, it was first necessary to define the various

states a processor could assume. Three states were seen

I
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to be important; a processor could be: (1) executing EPL

or kernel code, (2) waiting for communication with

another processor to begin, or (3) communicating with

another processor. Two processors are defined to be ex-

ecuting in parallel if they are both executirg EPL or

kernel code. A global or system state can be attained

by combining the local states of each processor in the

system. For example, if there are two processors, there

are 3 X or 9 possible system (global) states. Out of

these 9 possible states, however, only 3 actually occur.

It is impossible for the state, one processor executing

EPL or kernel code and the other communicating, to oc-

cur. The communication protocol requires the coopera-

tion of 2 processors for communication to take place.

Thus, the maximum number of system or global states is 3"

where n is the number of processors in the system.

A Markov model can be used to represent the system,

where the states of the model correspond to the system

states that occur. The model is a discrete state,

discrete time, homogeneous Markov process. The assump-

tions of this type of Markov process are the following:

(1) the transition to the next state depends only on the

current state which implies that the time spent in a

given state is geometrically distributed, and (2) the

transition probabilities are stationary with time [16].

Furthermore, it is assumed that there are an unlimited
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number of processes so that a processor is never idle.

4.3 DESCRIPTION OF THE MODEL

The model parameters are listed in Table 4-1. The

first parameter, 1A , is the average interarrival time

between non-local messages, which corresponds to the

factor, frequency of non-local messages. 1/14, is the

average time to initiate communication with another pro-

cessor. This parameter corresponds to the factor previ-

ously referred to as the time to implement the link lev-

el protocol. 1/s,, the average time to send a message,

and I/i, the average time to receive a message, both re-

flect the factors, bandwidth of the communication medi-

um and message length. l/1p, the average time to process

a me7age is the factor, message processing time. The

last four parameters, p, pr, rnc, and rc are used to

further define the transition probabilities between

states and will be described in more detail below. A

different Markov model exists for different numbers of

processors due to the state definition. For example,

the maximum number of global states for two processors

is 9, while for three processors it is 27. Thus, the

factor, number of processors, is reflected by different

values in the parameters, 1/,X , p, pr, me, and re for

each model, and the actual system states possible in

each model. Figure 4-2 illustrates the two processor

model and Figure 4-3, the three processor model.

I I
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Table 1-1

Model Parameters

1/, - average time between non-local messages
-------------------------------------------------------------------------------

i I/A average time for protocol setupI

--------------------------------------------------------------------------------
' 1/u, - average time to output a message
I
--------------------------------------------------------------------------------

- average time to input a message

------------------------------------------------------
I 1/p - average time to process a message
II
I------------------------------------------------------

I p - probability of contention

-------------------------------------------------------------------------------

pr - probability of preemption

------------------------------------------------------ I

rne - probability there is another message to
transmit after sending a "normal" message

Sre - probability there is another- mensage to
transmit after sending a contention message

4.3.1 Io frocessor liodel

The states of the model are represented by a 3-tu-

ple, (HC,NW,s). The first element, NC, indicates the

number of processors communicating.; NW is the number of

processors waiting to communicate, and s is a member of

i the set S (c,p,n}. The members of the set, S,

correspond to contention, preemption, and normal commun-

ication modes. It is necessary to distinguish between

these three modes because the time to send, receive, and

process message(s) in each case is quite different.

I
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For two processors, a maximum of 9 global states is

possible, but only 3 states actually occur. The model

has 4 states, however. This is due to the fact that

contention can occur in the state where both processors

are communicating. Thus, two states are required to

represent this condition; P2 is the state where both

processors are communicating under normal conditions,

and P3 is the state where both processors are communi-

cating in contention rode.

As stated earlier, the state time distributions are

assumed to be geometric, which is of the form (1-q)q.

This means that the probability of leaving a state is q,

and the average time spent in a state is 1/q. It is

possible to combine the parameters to approximate the

average state time, 1/q, which can then be inverted to

define q, the transition probability out of a state.

The parameters p, rc, and rnc are used to determine the

specific transition probabilities 
when transitions from

one state to two or more states are possible (e.g. from

P1 either state P2 or state P3 can be entered).

4.3.2 Three rocessor Model

The three processor nodel is similar to the two

processor model in that the parameters, and the 3-tuple,

(11C,NW,s), which distinguishes the states, are the same.

4 The difference between the two models lies in the number

i
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PO

rc,43

(.t P

P0 :both computing (EPL or Kernel)
P1 one computing, one w.aiting to cormutmicate
P2 :both communicating, normal mode

• IP3 :both communiating, contention mode

4

-I Figure 11-2

I
, I
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of states possible; the two processor model has only

four states while the three processor model has eight

states. Also, it is possible for the preemption mode to

occur which cannot happen with two processors.

4.3.3 folfr Processor odel

It was determined that a four processor model would

have 19 states, and a five processor model would have 29

states. Due to the large number of states, and the

results obtained from the two and three processor

models, which will be discussed later on, it did not

seem that much information could be gained from imple-

menting the four and five processor models.

4.4 VALIDATION OF THE MODEL

4.4.1 Procedure

Validation of the model is performed by comparing

the state probabilities predicted by the model which are

obtained by solving the model, to state probabilities

computed from system observation. In order for the

model to be solved, values for the input parameters areI
needed. These values can be obtained by measurement

I techniques. The state probabilities computed from ob-

i servation are also obtained from measurement techniques.

Once the system has been instrumented to procure

the appropriate measurements, the validation process,

I
!
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X-~j M A A?

PO : all computirg (EPL of Kernel)

P1 : 2 computing, 1 waiting to communicate

P2 : 1 computing, 2 commaunicating, normal mode

P3 : 1 computing, 2 communicating, contention mode

P4 : 1 computing, 2 communicating, preemption mode

P5 : 2 communicating, 1 waiting to communicate, normal mode

P6 : 1 computing, 2 waiting to communicate

P7 : 2 commtmicating, I waiting to communicate,
contention mode

Figure 4-3

-!
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sometimes referred to as tuning the model, can begin.

The validation process consists of obtaining the two

sets of state probabilities, comparing them, noting the

inaccuracies, proposing a reason for the inaccuracies

and subsequently modifying the model or ieasurements.

The process is repeated until the two sets of probabili-

ties are sufficiently close enough so that the model can

be used with confidence. Sufficiently close is a tern,

which usually is constrained by the requirements of the

performance study.

4.4.2 .Des of Inaccuracies

During the validation process many inaccuracies are

encountered; they can be classified as belonging to one

of two types: (1) model inaccuracies, or (2) measurement

inaccuracies. Model inaccuracies can be further subdi-

vided into formulation inaccuracies, and solution inac-

curacies. The types of inaccuracies are presented here,

but a discussion of the validation process will be de-

layed until the instrumentation of the system has been

described.

Formulation inaccuracies are generally attributable

to an incorrect amount of detail in the model, or an in-

correct representation of the parameters. There can be

either too much detail represented or, going to the oth-

er extreme, not enough detail was incorporated. In any

* 1
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case, the model is not solvable.

Solution inaccuracies may be caused by mistakes in

mathematical manipulation or errors occuring in the nu-

merical methods used. Numerical methods are algorithms

usually of an iterative nature used to approximate solu-

tions to mathematical problems.

Measurement inaccuracies occur if the meaoureraenta

are performed incorrectly. In this study, that could

happen ir. two places. The input parameters could be

wrong, or the process of gathering and reducing data to

obtain the observed frequency of system states could be

erroneous.

4.4.3 *Lenchmark yrop'rams

Two benchmark programs written in EPL were used to

validate the model. The first program, CALIBRATE, is a

small program with known variables. The program creates

a known number of pairs of processes. Each pair of

processes transmit and receive a known number of mes-

sages. The computation time between nessages is drawn

from a uniform distribution with a known mean value.

This program was especially helpful in tuning the model.

The results of validation are presented in Chapter 6,

after the instrumentation of the system is discussed in

Chapter 5.
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The other program, BSORT, is a binary sort routine

representative of the type of data and control struc-

tures used to decentralize software. The program sorts

a known number of random numbers by constructing a

binary tree. Each number is sorted as it is placed in

the tree. Each node of the tree is implemented by a

single process. When all of the numbers have been

placed in the tree, it is unloaded using an ordered tree

traversal. Loading and unloading the tree requires each

node to communicate with one or more of its subtrees.

All processes representing one level of the tree are as-

signed to the next available processing element in a

circular fashion.

7d'
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CHAPTER 5

INSTRUMENTATIOD OF THE SYSTEM

Instrumenting the XDCS system was done primarily to

provide the means for validating the model of parallel-

ism. During the design and implementation of measure-

ments three things must be considered: (1) system

resources and characteristics which impact the design,

(2) guaranteeing that the measurements are correct, and

(3) making sure that the instrumentation does not alter

the execution characteristics of the system, or at least

accounting for and reroving the effects of interference

from the measurements.

The measurements needed to validate the model fall

into two categories. Values for the parameters of the

model are required in order to obtain a solution, and

measurements used to calculate the percentage of time

spent in each of the possible system states are needed

for comparison with the solution produced from the

model.

5.1 SYSTEM FEATURES IMPACTING THE DESIGN

* 5.1.1 jesources

An important resource available for measurements is

a programmable real-time clock. It is a device manufac-

- I2 -
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tured by Digital Equipment Corporation that can be used

with their processors [9]. The clock frequency can be

selected along with one of four different modes of

operation. Two registers are available for controlling

the clock, a control and status register and a data

buffer register. In the first mode of operation, an

overflow flag is raised and if enabled, an interrupt is

generated after a time interval specified by the user

has elapsed. The second mode of operation is the same

as the first except that after the overflow flag is

raised, the registers are reinitialized and everything

is repeated until the clock is turned off. A third use

of the clock allows the user to start the clock and then

read it upon the detection of a specified event. The

fourth mode is the same as the third except that after

the clock is read it continues to increment and can be

read again. This continues until the clock is disabled.

High speed serial interfaces from each LSI-11 to

the host computer were installed after the instrumenta-

tion of the system had begun. Problems encountered in

satisfying the correctness and interference criteria

during the instrumentation resulted in the addition of

these interfaces. The problems will be described later.

Another resource available for taking measurements

is the Break Point Trap. Setting a bit in the processor

status word causes a trap to a location in memory after

1
1
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the execution of every instruction. Instruction counts

can be obtained easily. More complex measurements can

be taken by turning the trap on and off at selected

times.

5.1.2 System Characteri.§tcs_

The host system, a DEC PDP 11/23, runs the UNIX

operating system. Standard compilers, assemblers and

loaders along with the EPL compiler are used to con-

struct an executable image of an EPL program and the

kernel, which provides the necessary runtime support.

Special software has been written which allows the image

to be loaded in each of the LSI-11s. All of the kernel

code is written in the programming language C except for

a small assembler interface. The interface contains

code for trap and interrupt vectors and context switch-

ing between EPL and the kernel.

Also existing on the host system is a Modula con-

piler (8). Along with the compiler there is an assem-

bler program which provides runtime support for Hodula

programs. This makes it possible to write Modula pro-

grams capable of executing in a stand-alone environment.

5.2 MEASUREMENTS OF PARAMETERSI
A different model is used for different numbers of

processors. The parameters for each of the models, how-

I
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ever are the same; the differences occur in the values

obtained for the parameters of different models. A

description of the methods used to measure the parame-

ters, followed by a summary of the problems encountered

is given below.

5.2.1 I ethods

5.2.1.1 Average Time Between Non-local Messages (1/ )

1/.k is the first parameter that was meisured. Three

different ways, described below, of measuring this

parameter were considered. The parameters were measured

on only one processor of the network, processor 0, due

to the fact that the clock resided on that processor.

The first method is to use the Break Point Trap to

accumulate the number of machine instructions executed

during the measurement session. A counter containing

the number of non-local messages is also needed. Let-

ting M represent the number of machine instructions exe-

cuted, A represent the average instruction execution

time, and N represent the number of non-local messages,

1/k can be calculated using the following equation.1
1/X : (MA) / N (1)i

The second method involves using the programmable

real-time clock. The clock is used to generate periodic

!I
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interrupts. The interrupts are accumulated as is the

number of non-local me.sages, N. If I is the number of

interrupts, and B is the time between interrupts, then

the following equation can be used.

1/ =  (IB) / N (2)

A third way to measure 1/ is to use the third

operating mode of the clock. At system startup or the

first time a non-local message is transmitted, the clock

is turned on. Each time a non-local message is sent,

the clock is read. The value of the clock is accumlated

in addition to the number of non-local messages. Now, if

S represents the clock sum and N has its usual meaning,

1/X has the following calculation.

1/A S / N (3)

It was decided to use the third method for a few

reasons. The most important reason is that the in-

j terference with normal system execution is much less

than the first two methods. An interrupt routine is in-

U yoked after every instruction when the Break Point Trap

I is used. The second method exhibits the same problem

although there is some control over the amount of in-

teference. Note that the time between interrupts should

be short to obtain more resolution and a more accurate

i measurement, but the shorter the time between interrupts

I
t .. .....
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the greater the interference becomes. Another reason

for choosing the third method is that the calculation

and implementation seemed to be more straightforward.

Once the method was chosen, all that remained was

to implement it. Although changed later, while the im-

plementation of this measurement was beirng carried out,

the programmable real-time clock resided on processor 0

of the XDCS network. The clock was turned on in the in-

terface at system startup. The NETWORK module was modi-

fied to call an assembler routine, MEAS, in the inter-

face which manipulated the registers of the clock and

incremented the necessary counters. After experimenting

with different clock frequencies, the rate of one tick

every millisecond was chosen.

5.2.1.2 Average Time For Protocol Setup (1/N)

This parameter corresponds to the time it takes to

initiate communication with another processor. Once the

choice of neasurement technique was made for 1/A , it. was

decided to measure the reLiaining parameters that are

average event times the same way. The difference with

this parameter is that the clock needs to be turned on

when the remote processor is notified and turned off

when the acknowledgement is received. This required the

addition of an assembler routine, MINIT, to turn the

clock on. Both MINIT and MEAS are called from the ap-

IA'
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propriate places in NETWOFK. The actual time in seconds

per setup is the result. The time to setup for communi-

cation was a degree of magnitude smaller than the com-

puted rate for 1/A Thus, the clock rate was set at

10,000 ticks per second.

5.2.1.3 Average Time to Output a Message (I1/M)

The measurement of this parameter is the same as

1 ; the 14INIT and 11EAS routines in the interface arc

used. The only difference is in the placement of the

calls to MINIT and NEAS from NETWORK. The clock rate

chosen is one tick every millisecond.

5.2.1.4 Average Time to Input a Message (1/uz)

The measurement of this parameter is also the sane

as 1 I. Again the only difference is in the placement

of the calls to MINIT and HEAS from NETWORK.

5.2.1.5 Average Time to Process a Message (1/pp)

Again, measurement of this parameter is the same as

1/L, with the only difference occurring in the placement

of the calls to 1INIT and MEAS.

5.2.1.6 Probability of Contention (p)

Two counters are needed to compute the probability

of contention. One counter contains the number of mes-

sages transmitted and the other counter keeps track of

Si
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the number of times collisions occur. Dividing the

number of collisions by the total number of messages

gives the probability of contention, p.

5.2.1.7 Probability of Preemption (pr)

One more counter which keeps track of the number of

times preemption occurs is required to calculate the

probability of preemption. Dividing the number of

preemptions by the total number of r'essages gives the

probability of preemption, pr.

5.2.1.8 Probability of Another Message to Transmit (rnc)

This parameter represents the probability that

another message exists in the transmitter queue after a

message has been sent under normal circumstances. The

calculation of this parameter requires two counters.

The first one counts the number of times NETWORK is en-

tered and there isn't any contention. The second one

counts the number of messages transmitted after a normal

message has been sent. The probability that there is

,9another nessage to transmit is computed by dividing the

second counter by the first.

5.2.1.9 Probability of Another Message, Contention (ro)

This parameter represents the probability that

another message exists in the transmitter queue after a

contention mode message has been sent. The calculation
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of this parameter is the same as the previous one except

that the counters required count the number of times

NETWORK is entered and there is contention, and the

number of messages transmitted after a contention mes-

sage has been sent.

5.2.2 Problems Encountered

One problem encountered was the inability to obtain

the variance for the parameters. Due to the fact that

the sum of squares must be maintained, the assembler

routines implementing the measurements became so long

that there wasn't enough time to take the measurements

and receive and process the data sent from other comput-

ers. The data loss caused the program to hang indefin-

itely.

The other problem encountered was the consequence

of problems found in implementing the measurements for

obtaining the observed state probabilities. In an at-

tempt to correct the problems with the observed state

probabilities, the clock was moved from processor 0 of

the XDCS network to the host system. This meant that

the implementation of the measurements of the parameters1
had to be changed. It required changes to the kernel,

the EPL program, and the communication system. Also,

new software had to be written on the host computer to

start, stop, and record the measurements.

I
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5.3 OBSERVED STATE PROBABILITIES

The system states are composed of the states of the

individual processors. Thus, it is first necessary to

determine the local processor state for each processor

in the system, and then to correlate that data to final-

ly arrive at the system state. The implementation of

these tasks and the problems encountered during the im-

plementation are discussed below.

5.3.1 Processogi (Local) States

Sampling techniques are a widely used method of es-

timating the utilization of various processor states

[12). The primary advantage of sampling techniques is

that the amount of data which needs to be collected to

estimate quantities of interest is relatively small.

Periodically, or randomly, the state of the processor is

recorded. After the measurement session, this data can

be used to compute the percentage of time spent in each

of the defined processor states.

Periodic sampling was chosen to acquire the local

states. It was implemented by using the programmable

real-time clock to generate periodic interrupts. A

variable, SAMPLE, was changed in the kernel everytime a

state transition occurred. The interrupt routine

transmitted the value of SAMPLE to the host computer.

The host computer received the data and stored it in

II- 6.
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separate files, one for each computer executing in the

local network. A necessary requirement for computing

the global state is that the samples taken from each

processor nust be taken at the same time. This was

achieved by connecting the overflow signal from the

clock to the external event line for each processor.

When the overflow occurs an interrupt is generated on

each processor.

5.3.2 System (Global) _tates

The global states are computed by feeding the files

of raw data into a C program. One character at a time

is read from each of the files and then it is determined

which global state is represented. A counter represent-

ing each state is incremented whenever the corresponding

state is found. The percentages are calculated by di-

viding the counts for each state by the total number of

samples. A different program is required for different

numbers of processors.

Seven different local (processosr) states were de-

fined when the sampling was implemented. This was done

to be consistent with other measurements taken of the

system; these states had already been defined along with

the occurrances of state transitions in the kernel code.

It is also felt that the data collected should be as

general as possible. Later it can be analyzed in many

I
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different ways through the use of different data reduc-

tion programs. The sampling data was more detailed than

necessary for this analysis. It presented no problem

because states could be combined to arrive at the state

definitions required by the Model.

5.3.3 i b. Ls In countered

Numerous problem, were encountered with the data

acquired from sampling in trying to satisty the correct-

ness and interference criteria. The CALIBRATE program

used to validate the model was used here also, with

modified characteristics, to verify that the data ob-

tained was correct and to determine the interference

caused by sampling.

The first problem encountered was that utilization

of the states calculated from data collected from

separate experiments run at the same sampling rate ex-

ceeded the statistical variation allowed. The source of

this problem was the startup procedure for programs exe-

cuted on the XDCS network. Each computer was started

manually by transmitting to the LSI-11 the address of

the beginning of executable code. Thus, it was impossi-

ble to start the same program the same way twice. This

problem was solved by putting a jump to the beginning of

executable code in location 0. A global initialization

switch on the network transfers control to location 0 on
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every computer at the same time when pressed. Now, the

same program could be started the same way every time.

The next problem was that data collected at dif-

ferent sampling rates produced results exceeding sta-

tistical variation in those states with ten percent or

less utilization. It was found that the duration of

time in some of these states was as small as one mil-

lisecond. Apparently, sampling was not performed fast

enough to obtain enough samples in the short states; the

state transitions were quicker than the time between

samples. The sampling rates experimented with were 77,

91, 100, 143, and 333 samples per second. It was decid-

ed to sample at rates in the vicinity of 7000 to 11,000

times per second.

Sampling at very high frequencies generated more

problems. First of all the host system was unable to

collect the data due to the overhead of the operating

system. Secondly, sampling changed the behavior of the

software in two ways. The time spent in the states in-

" 1' Cvolving only computation was increased by an amount

directly related to the sampling period. The time spent

in the states of the processor involving use of the com-

munication network was modified in a more complex way.

Sampling does not disturb IO under control of hardware
I

separate from the CPU. The cost of sampling is 38 mi-

croseconds. The measurements of the states involving

i
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only computation were adjusted using this value and the

number of samples. The calibration program shows that

with this adjustment, sampling correctly measures the

short states involving only computation. It is not

clear, however, how to adjust the measurements of the

states involving I/O.

The solution to these problems involved hardware

and software modifications. The programmable clock was

moved from processor 0 of the XDCS system to the host

system. High speed serial interfaces from each LSI-11

to the host machine were installed. Every time a state

transition occurred in the software executing on the lo-

cal network, a character code was transmitted to the

host system over the high speed interfaces. Sampling

could be controlled from the host machine by generating

periodic interrupts using the clock. The interrupt

routine would then read all the IO ports from the

LSI-lls and either store or reduce the data. It was de-

cided to write software to obtain the measurements in

Hodula in order to be able to respond as quickly as pos-

sible. This implementation of sampling does not inter-

fere with the execution of the XDCS system.

1
" I

I



CHAPTER 6

RESULTS

After the model had been formulated and the system

instrumented for measurements, the validation process

could begin. A description of that process and the

results obtained are presented below. Information ob-

tained from the model is then discussed.

6.1 VALIDATION PROCESS

During the validation process, the errors encoun-

tered were primarily with the model. Although the

states of the model were correct, the parameters and

hence the transition probabilities were erroneous. The

measurements of the parameters, however, were performed

correctly. Some discrepencies due to the careless de-

finition of the states used for sampling were

discovered.

The biggest mistake was in not correlating the

-" 5 transition probabilities with the average time spent in

the states of the model. For example, initially, it was

assumed that the transition from P0 to Pi (see Figure

4-2) was This was not correct. The average -time

spent in the state P0 was the time the system was not

involved in servicing messages or initiating communica-

tion with another processor. Thus, the average time in

-56-
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state PO was corrected to be

d[ = 1/x- 1'kjL- ( 1-p)/ J- P0 3.

The state P1 was also erroneously represented at first.

It was assumed that a transition to P2 or P3 would occur

when a processor polled its communication channels and

found data from another processor. This was grossly in-

correct. The time spent in state P1 was actually the

time needed to send a byte initiating communication and

wait for an acknowledgement.

Another mistake was that not enough detail was

represented in the model. Initially, the parameter I/4

was used to represent the time to send one message, and

thus, it was assumed that 2/j was the time to send two

messages (in contention Diode). It was not that simple,

however. The protocol was slightly different in the

contention mode and was not merely twice the time in-

curred in the normal mode; also, the processing time of

I the message needed to be included. Therefore 1/M was

broken into three parameters, 11/, the average time to

* input a message, 1, the average time to output a mes-

sage, and 1/'p the average time to process a message.

I Now the average service time for one message is (1/ +

I 1/,m?) and the average service time for two messages is

(2/+ 114p) . I/0 was required for the calculation of 0,

the transition from PO to P1. The other place where

OWNERTT!!T
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there was not enough detail, was in calculating the pro-

bability of there being another message in the

transmitter queue after a message had been sent. The

parameters rnc and re were originally represented by one

parameter, r. It was then discovered that the probabil-

ity of another message in the queue was quite different

in the contention and non-contention cases.

Mistakes in gathering the sampling data were found.

These mistakes were primarily due to carelessness and

oversights in identifying the occurances of state tran-

sitions in the kernel and communication network code.

The state transitions had to be precisely defined so

that they corresponded to the states of the model.

The errors outlined above were the major ones caus-

ing large discrepencies between the model and the ob-

served state probabilities. Many changes to the parame-

ters and to the combinations of the parameters were made

before the final representation was reached.

6.2 VALIDATION RESULTS

Two programs were used to validate the two proces-

sor model, CALIBRATE, and BSORT, a binary sort program.

Only the BSORT program was used to validate the three

* processor model. Table 6-1 contains the results from

the CALIBRATE program, Table 6-2 the results from BSORT

for two processors, and Table 6-3 the results from BSORT!
I
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for three processors. The relative error between the

uodel and the measured data in the two processor case is

20% or less. In the three processor case, however, the

relative error is 20% to 30% except for one state which

is 55%. Composite states, however, exhibit much smaller

relative errors. This is illustrated in Figure 6-4

which shows the percentage of time two, one, and zero

processors are computing (vs. performing I/O) when exe-

cuting the binary sort algorithm, BSORT. The graph

shows both the nodels predictions and the measured

values, first for two processors and then for three.

The differences between the model and the measured

values shows that the model is on the conservative side;

the measured values show a higher degree of parallelism.

A reason for the model's inaccurracy is that this

model captures the communication patterns between pro-

cessors, but not the communication patterns between

processes. This point can be shown by examining the

three processor model (Figure 4-3). When this model was

first formulated, the transitions from P5 to P2 and P7

to P3 were not present. It was assumed that P5 would

transition to P1 as would P7. However, due to the

structure and scheduling of the processes it is possi-

ble, and actually was the case that states P2 and P3

were entered. Most likely, this is due to the fact that

the waiting processor was trying to initiate communica-

11i
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Table 6-1

VALIDATION RESULTS

CALIBRATE

, VALUES OF PARAMETERS k I 0.001330 a

X 1 0.001278 1 0.013267
a ---------------- ------------------------- aI ,AA '

0.088192 3 0.010052
----------------------- ------------------------- a

,Mo I 0.053999 rne 0.000000 a

a a-------- -------------------------- a

I / I o. 414 8o r a 1 0.000000
I ------------ ------------------------- I
I p 0.019506 I P 1 0.006579 a

STATE PROBABILITIES I
I I

IState Model Observed Relative Error '

I PO 1 0.896450 0.905217 0.009684
I---------------------------------------------------

P1 I 0.013516 1 0.014783 1 0.085707 1
I--------------------------------------------------
I P2 I 0.089254 1 0.079130 1 0.127941
I--------------------------------------------------
m P3 0.000780 0.000870 0.103448
--

I

I
, N
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Table 6-2

VALIDATION RESULTS

BSORT

VALUES OF PARAMETER1S I _ I 0.012206
I-------------------------I----------------------- ------------------------- I

X 0.010620 I 0.013752
--------------------------------------------------- ------------------------- I

/Ali 0.090966 M3 0.010137
--------------------------------------------------- ------------------------- I

Mo 0.055364 rne , 0.000000
--------------------------------------------------- ------------------------- I

1 0.038563 re 0.551770

pp I 0.021374 p I 0.693856

STATE PROBABILITIES
I I

Stt -- od----Observed----- -el--t-ve--Er--- - r--State Model Observed Relative Error',

I-----------------------------------------------------------------------------
P0 I 0.0 8933 I  

I 0.101190 I 0.219960

P1 I 0.099558 0.095982 0.037252 i

P2 I 0.201614 1 0.231399 1 0.128716 I
i----------------------------------------------------- I

1 P3 I 0.619896 1 0.571429 I 0.084817 I
--------------------------------------------------------

I
i

I
I
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Table 6-3

VALIDATION RESULTS

BSORT (3 Processors)

VALUES OF PARAMETERS o, 1 0.013885

' 0.008268 1 I 0.013397

i 0.070508 1 0.009859

ik0  I 0.055082 rnc 1 0.000000

'ji : 0.037335 re 1 0.470588

0.020895 p 1 0.199225

-- STATE PROBABILITIES

---------------------------------------------------
State Model Observed Relative Error

1 P0 0.140149 0.1148012 1 0.053121
a----------------------------------------------------------------I1 PI ' 0.041782 I 0.057437 I 0.272570

I P2 1 0.272515 1 0.354934 1 0.232208

1 P3 I 0.046 180 1 0.036819 0.254252

S4 0.000000 0.000000 1 0.000000|I a
5 -------------------------------------------------------------------- a

1 P5 0.378870 1 0.243741 I 0.554397 1
* 1---------------------------------------------------I

I 1 1 P6 1 0.022880 1 0.030993 1 0.260213 1
-

I P7 1 0.097623 1 0.128130 1 0.238089
---------------------------------------------------I I

I

' I
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tion with the processor that was receiving the message.

If, on the other hand, the waiting processor was trying

to communicate with the sender, state Pi would be en-

tered. This situation shows the type of information

that cannot be represented in this model. All that is

known is the number of processors involved in some

event, but there are many ways the event can occur. The

different ways an event can occur depends upon the

structure (i.e. the computation and communication

characteristics and patterns) of processes.

6.3 MODEL PREDICTIONS

One point brought out by the model is that paral-

lelism is increased by the addition of a processor.

Figure 6-4 shows the percentage of time two, one, and

zero processors are computing (vs. performing I/O) when

executing the binary sort algorithm, BSORT. There is

more parallel activity when three processors are used

rather than two.

Figure 6-5 shows the percentage of time two or more

4 processors would execute simultaneously for four dif-

ferent values of X while the other parameters were held: I

U constant. The percentage of time two or more processors

are excuting in parallel is state P0 in the two proces-

sor model and states P0 and P1 in the three processor

model. The percentages are approximately the same for

ANI
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the same values of > regardless of the number of proces-

sors used. The values are more robust in the three pro-

cessosr case due to the fact that two states represent

two or nore processor6 executing in parallel.

Figure 6-6 shows the percentage of time two or more

processors would execute simultaneously for four dif-

ferent values of /k while the other parameters were held

constant. The degree of parallelism is not as high when

three processors are used instead of two for the same

values of Mi.

Figure 6-7 shows the percentage of time two or more

processors would execute simultaneously for four dif-

ferent values of the three parameters, /o,/4., and

jv. These three parameters were changed at the same time

because they all depend upon the message length and the

bandwidth of the communication medium. Thus, a change

in either of these two factors would cause a change in

all three parameters. Again, the degree of parallelism

is lower for three processors for the same values of p,

.0,

Adding another processor will not improve the de-

gree of parallelism if the values of the parameters

remain the same, in fact it may degrade it due to the

fact there is a higher probability of one or more of the

processors wanting to communicate. However, it has been



-66-

100

90 =.0
80 r

70

% 60 c .

OF 50
410

4 TIME 3

20

101

Two Processor Model

100

g0

801r =

70

60

%50re 
.

OF 410

TIME 30 
620 ra 5

11

110 100 180

Three Processor Model

j Figure 6-5



-67-

100

90=.0

80 r =

70

60

OF 50 3

TIME r
30

20 P .

10 c ..5

100 500 1000 2000
"A

Two Processor Model

100

900
80a 0

% 70 Irc

OF 60

50

30 P .
20re .

10

100 500 1000 2000

* Mi.A
Three Processor Model

Figure 6-6



-68-

100

90 .01
800

% 70

OF60
OF50 

P =.
TIME 110 re =-.

30

20 ~re .

10

300 500 1000 2000

ms (x 'MP)
Two Procesoft' odel

100

90

% 70

OF 60
50

TIME 4

306

20

10

30501000 2000

Figure 6-7



-69-

shown that for a particular algorithm, BSORT, parallel-

ism is increased when another processor is added. This

is because the interarrival time of non-local messages

increased when the other processor was added. The in-

terarrival time of messages depends on two factors, the

process structure and the assignment of processes to

processors. Therefore, the way to achieve the maximum

amount of parallelism for a given algorithm and hardware

configuration, is to find the optimum assignment of

processes to processors.

Changes to the parameters MV, Mj, P and ^ will cause

changes in the degree of parallelism. The parameter/4,

causes a change in parallelism, but not to such an ex-

tent as the other parameters. The parameter

depends on the structure of the application software

and the assignment of processes to CPUs. The other

three parameters, Ma, pA, and p depend upon the message

lengths and the communication bandwidth. It is possible

to increase the communication bandwidth to obtain more

parallelism, or, on the software end, the process as-

signment algorithms could be studied to find one that
J

minimizes the frequency of non-local messages.

1

__ __ __

• N



CHAPTER 7

CONCLUSIONS

7.1 SUMMARY

;This thesis performed two tasks: the formulation of

a model of parallelism for a distributed computer sys-

tem, and the instrumentation of that system to validate

the model.

The model of parallelism is a Markov process, where

the states of the model correspond to the states of the

system. A model exists for two and three processors.

The two processor model has four states and the three

processor model has eight states. It has been deter-

mined that a four processor model would have nineteen

states and a five processor model, twenty-nine states.

These models were not formulated due to the large number

of states and the results of validating the two and

three processor models indicated that not much informa-

tion could be gained from them.

Validation of the two and three processor models

revealed that they weren't very accurate. The relative

error was 20% and less for two processors and 30% and

less (with the exception of one state whose error was

55%) for three processors. omposite states, however,

Fexhibit small relative err s. The primary reason for

-70
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the discrepencies between the models' output and the

measured values was that the models are not able to cap-

ture the structure and all of the implications of

scheduling, of processes. The model does represent the

interprocessor communication patterns. Thus, the struc-

ture of the application software plays a significant

role in determining the performance of distributed sys-

tems.

Instrumenting the XDCS system presented some prob-

lems. The measurements of the parameters for the model

was straightforward, but the data obtained from sampling

the system state was not. It was found that it is man-

datory for the system to start exactly the same way

every time in order for the sampling data to be con-

sistent. This required a semi-automated startup pro-

cedure for the local network instead of a manual one.

Also, it is very important to sample at rates whose sam-

pling period is at least twice as fast as the duration

of the shortest state. It was found that the sampling

rates necessary for this system were very high which

prompted the installment of special serial interfaces so

that the measurements did not interfere with the execu-

tion of the XDCS system.

Information obtained from the model shows that an

important factor which influences the degree of paral-

lelism exhibited by the execution of a program is the

____________
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assignment of processes to processors. Thus one way to

- - improve the performance of distributed systems would be

* to find the process assignment which minimizes the fre-

quency of non-local messages and at the same time maxim-

izes parallel activity.

7.1 FUTURE WORK

Further development of this model would not reveal

any additional insight into parallelism. The model

shows that additional processors result in increased

parallelism due to the decrease in the frequency of

non-local messages. More information about parallelism

could be gained by modeling process structure and

characteristics, and the interactions between processes.

Future wiork in analyzing the performance of distri-

buted computer systems falls into two areas: the appli-

cation of modeling techniques to support comparisons of

decentralized software structures to centralized ver-

sions, and the application of modeling techniques to

compare alternative, concurrent program designs.

Modeling techniques to support comparisons of de-

centralized software structures to centralized versions

will make it possible to determine the cost of decen-

tralization. At this time, the decentralization cost is

substantial; the primary advantages of distributed com-

puter systems are their increased reliability and inore-
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mental system growth. However, once the cost of decen-

tralization is quantified and the factors contributir.g

to the cost understood, it might be possible to reduce

the cost.

Modeling techniques to analyze alternative program

designs are necessary in order to provide a system which

performs optimally. These techniques could also indi-

cate how the software should be constructed so that it

is compatible with the hardware architecture, or con-

versely, what hardware architecture would support the

software model used. Since the introduction of mul-

tiprocessor architectures, compatibility of software and

hardware structures has been an important consideration.

A
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