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SUMMARY

This thesis describes research aimed at the development of an

accurate, vaì idated simulation moCel of the Control Data 6400 cr:mputer

under the control of the Scope j.2 operating system. ln the course of

the study, a number of new approaches to the development of such rnodels

is investigated.

The thesis starts with a discussion of the approaches that other

writers have taken to the study of computer systems, and outl ines the

probl ems the.y have encountered. I n th i s study, part i cul ar attent ion i s

given to three of these: levei of detail, validation, and obtaining

infornration about the systern. This discussion is followed by a

description of the computer anci operating system being studied.

Discussìon of the simuïation itself starts with an overvie'v,'rt¡icl-r

is f<¡l ìowed by a detaíìed descripticn of the research undei'taken" A

very detai led, instruction-level simulator is used to perform a quanti-

tative analysis of the important system software. Description of this

simulator and its application is iollowed by a discussion of the peri-

pheral equipment in the system, v¡hich includes a series of experiments to

measLrre the operation times of critical devices.

The information obtained fronr the detai led simulation and the device

measurement is combined in an event-based simulation model. This model

is val idated using deterministjc techniques, which require the avoiclance

of all stochastic effects in both the model and the real system. The
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results of the val idation exceed expectations and justify the considerable

effort required to obtain the information on which the model is based.

A number of demonstrations of possible applications of the model are

presented.

The thesis concìudes with a reivew of the aims and achievements of

the study, and an exploration of the poss¡b¡ìities for future research

uslng the simulator.
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CHAPTER 1

I NTRODUCT I ON

This thesis describes research aimed at the development of a

simulation model of the Control Data 6400 computer running under the

Scope J.2 operating system. ln the course of this development, a

number of new approaches to the development of such a model was

investigated. Particular emphasis was placed on val idation of' the

model, and the value of simulat¡on as a means of studying the behaviour

of a computer system was demonstrated.

1.1 FACTORS AFFECTING THE STUDY OF COMPUTER SYSTEMS

A large number of factors influence the development of a particular

study of a computer system,and this has led to a wide variety of

techniques being used by those wh<¡ carry out sr¡ch studies. These factors,

and the methods to which they have lead, are describe<l under the various

sub-headings below, so that the p'lace of the preseirt simulation in the

range of such studies can be readily seen.

I .1 .1 Purposes of Computer Stud ies

The techniques used for studying a comPuter system rvill

obviously depend on the purposes of the study. The common

appì ications of computer studies are sometimes compared and

classified in the I iterature (2, 8, 41, 47i. There are general ly

considered to be three areas of importance, which will be called
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performance measurement, performance Prediction, and performance

analys¡s.

ln performance rneasureínent, some estimate of the efficiency

of tlie system is the final result required. Measures for efficiency

include uti I ization of resources, throughput of jobs, etc. This

type of study often ass¡sts in the selection of a computer system

(te¡.

Performance prediction requires ên estimate of how the

system will behave r¡nder different conditions. This is required,

for example, when â new oPerating system or comPuter configuration

is designed, and evaluation of the system is required heiore ¡t

exists in real I i í'e (ZS) , I t is also important when changes to

an existing system (or its workload) are contemplated. so that

the effects of the changes can be investigated before they are

intr<¡duced (55). A particular form of this appl ication is

optimization of performance-, vrhere prediction is used to determine

the l¡est of several possible changes to a system (4, 28,30).

Analysis of performance can increase knowledge and under-

standìng of the mechanisms at work within the oPerating system.

These are not always obvious form a theoretical study of the

operating system, The ¡nteraction cf many processes, such as

those that usual'ly exist in a complex operating system, can

produce unexpected resuì ts. I,Jh i le perfot'mance measLlrement can
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only detect such results, Performance analysis can also explain

them. Performance analysis is mentioned by Naylor and Finger (47),

who calI it "descriptive analysis" and is discussed by BelI (2)

as rrdiagnostic evaluationt'.

The appl ications towards which the present study is directed

include both performance prediction and performance analysis, with

a bias towards the latter. The reasons for the bias is that, while

performance evaluation and prediction are of greater immediate

value, analysis produces more (and mç¡re tneaningful) information,

and would therefore L'e of greater use in research.

1.1.2 Methods Avai lable

Another factor influencing the method chosen to study a

computer system is the range of such methods that are avaiì¿rble'

Several techniques are in common use, each with advantages and

disadvantages in particular appl ications.

Hardware monitors (58, 63, 6B) provide one such technique'

There are simple ci rcuits (counters, timers, etc.) wi red into

appropriate pìaces in the system. They accumulate clata which are

usually recorded in machîne-readable form for later analysis'

Hardware monitors do not affect the operation of the systent in any

Wôy, but they requìre physical modifications to its hardware, and

can be expens¡ve.
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A more flexible approach is to use software monitors

(16, 28,38), which are modifications to the programs in the

operating system (or new programs added to ¡t) so that the

system provi des i nformat ion about i tsel f. Th i s method. has the

disadvantage that it alters the system being measured. lf the

information coìlected is very detailed, the system can be

appreciably slowed.

Benchmarks (¡4), kernels (64) and synthetic Programs (l)

provide a measuring technique basecl on a standard program which

ls run on the computer being evaìuated. These methods, described

in detail by Lr:cas (41) , are of ten used in select ing computer

systems. The i r sc.ope for pred i ct í ng and ana I ys i ng performance

is ìimited.

Analytic models of computer systems usual ly envisage the

system as a Markov chain (,23, 61) or as a set of queues (60). An

entire computer system is usually too complex to be completely

model led in thís way. Analytic models of subsystems, for example

pag ing systems (ZO) and queues (65) , a re rTrore common .

Simulat¡on involves the construction of a ìogical model

of the system, usually realized in the form of a computer

program. lt has the advsnlage that, once the simulator is con-

structed, the study can be performed without reference to the real

system, so that it is partici-rìarly suited to performance prediction.
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Comparisons of the above techniques have appeared regularly

in the literature (8, 19, 27. 41). The authors who include

simulat¡on in such comparisons (8, 41) general ly conclude that ¡t

is the most effective and tlexible approach, but Ìmmediately vlarn

that it is beset þ,ith difficulties. The d¡ff¡culties of simulat¡on

are discussed below (1.2). Cal ingaert (8) bel ieves that these

d¡ff¡culties are sufficie-nt to prejudice the effectiveness of

simulation as a measuring technique, and Lucas (41) suggests that,

while ¡t is the best method, simulation is justified only for

large-scale performance predictions. 0n the other hand, Nielsen

(So) and Bell (z) while real izing the d¡ff ¡c.ulties involved, regard

the effort required as justifiable.

The present study involves both performance predictíon and

performance analysis. lndeed, adequate performance analysis

often includes predictive experiments to examine aspects of the

system under extreme condítions. lt is therefore considered that

simulation, despite its difficulties, is the most appropriate

method for this study.

1.1.3 Historical lnfluences

Simulation models of computers have existed almost as long

as computers themselves. lt is inevitable, therefore, that past

techniques and ideas have a strong influence on the methods used

in present s imul at ion stud ies.



6

The earì iest cornputer simulation mode'ls involved only

hardware (39,62) and were used mainly to design processing units.

This application has gained wide acceptance and is still in use

today (zz).

Nielsen (50) gives a comprehensive account of how the need

to simulate software increased with the increasing complexity of

operating systems. The simplest models to take account of software

are those of sequential batch procêSSing systems (tB, 32,7A).

ln these moclels, however, sof tlare model I ing arnotrnts to I ittle

more than queue management and estimation of compilation and

execution times. lJith the more cornplex systems of the third

generat ion, mcre attent ¡on to sof tware i s requ i red, as sltovrrr by

Fox and Kesler (25) and Nielsen (SO).. Unfortunateìy, simulation

of software is difficuìt, and the influence of previous: w<¡rk,

with its emphasis on hardware, is such that software sirnulation

has tended to fal! behind the developrnent of new systems.

1.1.4 Generality

Another factor influencing the design of a computer

simulation is the generaìity required of it. t4any authors {25,29,

31,41) regard the ideal simulation model ôs one that can simulate

any system, once ¡t is fed sufficient inforrnation. The develop-

ment of such a model is beyond present-day technology (41), but

serious attempts in this direction have been made. The SCERT
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program (29) is an example. Programs designed along these lines

are generally based on empirical data about the systems being

studied, and there is I ¡ttle simulation of the processes

involved.

Simulêt¡on of the processes within an operating system is

generally done using a different technique in the form of an

event-based simulation (6, 35, 36, 40, \2, \3, 51, 55, 70) , and

is nearly always restricted to simulation of a particular system.

The event-based sirlulations sacrif ice general ity for greater

detail and accuracy.

For the purposes of t¡re present study, it was thought that

the additional detail gained from an event-based simulation more

than made up for the resulting loss of generality. ln any case,

general ity was not an important consideration because the study

ls aimed at analysis of a particuìar system, and not a widely

varying range of systems.

I . 1 .5 Types of Systerns

The evolution of simulation techniques with the development

of more sophist ¡cated operat ing systems has al i'eady been ment ioned

(t.t.¡). There is a great var¡ety of computer systems in use

today, and the technique used to simulate them naturally depend

on the type of system involved (1, 50).
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ln a system dominated by interactive users (4, 26, 49,

53), processing depends largely on the response times of users'

the sort of requests they make, and the pol icy r,rsed by the system

to share r.ìsources among them. ln a sequential batch processing

system, the off-l ine spool ing of jobs is important, so the

âctivities of human operators must be simulated carefully, as

in the studies by Hutchinson (lZ¡ and Day and t'latmough (18) .

ln a multiprogramming system dominated by batch jobs (35, 4O),

such as the one involved in this study, the dependence on

human act¡v¡ty is almcst eliminated, and the system is free to

schedule the avai iable jobs as ¡t I ikes. This last type of

system is fundamentally different from the others, th+refore, in

that ¡t is much less dependent on stochastic processes.

1.2 ThIE PROBLEI'lS OF S IMULATION

It was st-ated above (l.l.z) that many authors (2, 8, 31 , \1 , 50)

stress the difficulties of performing a computer simulatiotr effectively.

Since simulation was selected as the most suitable method for effecting

this study, these problems trad to be investigated, and either overcome

or avoided. lnvestigation of i:lrese problems was, in fact, one of

the principal aims of the development oF the simulator, anr'l is discussed

furtlrer below (l.l.z).
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1 .2.1 Level of Deta i I

The problem of choosing the leveì of detail at b,hich a

simulation should take place is often discussed in rev!ews of

simulation (2, B, 41, \7), but it is not often mentioned expl icitly

in reports of individual studies. The decision must be made at

an early stage in the development of any model. S¡mulations

described in the I iterature range from very detailed models of

the logical elements within processors (ZZJ to relatively coarse

models where many assumptions are made about the system. Nielsen

(lt¡ and Noe and Nutt (55) discuss the problem, describing in

detail the factors they considered in deciding whether or not to

simulate a particular process.

The problern is the trade-off between increased accuracy

(with more detail) and speed and simpl icitv (with less detail).

Deciding on an opt¡mal point in this trade-off is an important

and difficult step in the design of a model.

|.2.2 The Problem of VaIidation

Most reviewers of sîmulation techniques (2, B, 4î, 5q) stress

the importance of val idating simulation models. ln individual

studies, the stress placed on val idation var-ies greatly. Some

(33,55) give the probìem a great deal of attention, but ¡t is

often omitted completely, as pointed out by Noe and Nutt (¡f).
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Vãlidation is the process of proving experimentally that

a simulation model accurately reflects the corresponding real

system. The degree of accuracy required, and the range of

conditions over which ¡t is tested depend on the purposes and

design of the model. When val idation is carried out effectively,

¡t is usually a major part of the simulation project.

A few discussions of the phi losophy of val idation have

appeared (\7,69). Discussion of techniques is usualìy confined

to statistical methods (9, 24, 47, 46), where stochastic time

series from runs with tlre real and simulated systems are compared

to determine whether they represent similar systems. Because of

the stochastic variation in the series, exact agreement between

the two systems cannot be expected, and stat¡stical tech¡tiques

must be used to obtain a confidence estimate of whetlrer the two

systems are the sanìe. Naylor (\7) describes eight such techniques"

Little has been publ ished about deterministic val idation, protrably

because ¡t is conceptually sirnple (a direct cornparison of two

tlme series) and difficult to realize in practice (requiring that

both real and simulated systenls be free of random effects).

Hutchinson and Maguire (¡l) start their val idation by what looks

I ike a determin i st ic pi'ocedure.

1 .2.3 0btaininq lnformation about the System

Another major problem that must be resolved before a nlodel

can be constructed is the accumulatiort of information about the
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system. lnforrnation is needed abcut hardware, software and job

mix. Only a few authors (51, 55) have given their sources for

such information.

lnformation about hardware is usually obtained from the

manufacturer. Manufacturer's i nformat i on about processors

(instruction execution times, etc.) can be accepted vuith confid-

ence because these devices rely on strictly timed puìse ci rcuitry.

Data concerning peripheral devices, however, are general ly suppl ied

as average or ideaì figures, from which indivìdual units could

possîbìy differ. There does not seem to have been any investigation

of this matter by means of ohysical measurement of peripheral

devlces, as was done in the present study.

It was explained above (1.2.3'and 1.2.5) that in complex

operating systenrs, information about software is, if anything,

more important than inforrnation about hardware. Software

information has been obtained by consulting systems persorrnel (51),

by analysing accounting f i les (¡:) and by use of softwar-e monitors

(48). The method that gives the most detailed results, however, is

tracing of the software in execution, ¡nstruction by instruction,

as described by Deniston (19) and McKinley (44). This last

technique is the one used in the present study.

lnformation about the jobs run on the system is not essential

for constructing the model, but it is essential if the model is to
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be of any use. Again, a number of different methods have been

used, including the monito¡-ing of users' jobs as they run (44¡,

and analysis of accounting fiìes (Sl). I'Jhcn the characteristics

of the job mix have been measured, there stilI rernains the problem

of generating job streanrs that have these characteristics, so that

the model can be set to work on them (36,42,51).

1.2.\ Lanquage

A major practical diff¡culty in writing a simulation program

is that the commonly used programming languages do not cater for

the special needs of simulation. This has led to the creation of

a large number of minor languages and packages (21,52,59,70)

specifical ly for the simulation of computer systems. General

prrpose simulation languages, such as Simula (tZ) and Simscript

(45) are also used. Despite the availebility of special put'Pose

ìanguages and packages, mêny authors use Fcrtran, for reascns

discussed by irlielsen (49). Pac[<ages of subroutines that give

Fortran greater faci I i ty for s imulat ion have long been popular

(tl, 37). Choosing between the many languages and packagcs

arrailable is often d¡ff icult, and is discussed f requently (3t,

\9, 5t ).

1.3 INTRODUCTION TO THE PRESENT STUDY

As indicated above (t.t), the course of deveiopment of the

simulation model describecl here was infìuenced by many factors. Chief

arnongst these were the nâture of the system being studied and the aims
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of the investigation.

1 .3.1 The System Be i ng Stud i ed

The system being'simulated is that of the Computing Centre

of the University of Adelaide.' The work undertaken by the Centre

is typical of that done by most university instal lations. There

are numerous smal I undergraduate jobs mixed with a significant

number of ìarger jobs subnritted by advanced students and staff.

Sti I I larger jobs are provided by the university administration,

the I ibrary, and systems programming staff. The Centre also acts

as a service bureau for a number of externaì users.

The operating system being simulated is Scope 1.2, with

extensive additions from Scope 3.3. This is the most sophisticated

6400 operating system to be designed solely for batch jobs. The

system is a muìtiprogramming batch system, with no facility for

remote time-sharing. As stated above (1.1.5), this type of system

has special clraracteristics in that it is almost entireTy indepen-

dent of human activity.

Since the present study started, there have been some

extensive modifications to the hardware and software of the

University of Adelaide instal lation. The future incorporation

of these changes into the simulation is discussed in Chapter 10.
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1.3.2 Aims of the Study

The primary aim of this research is u.ras the investlqation

of methods to develop a rLlett validated simulationi model of a

complex, mufti-programmed computer operating system, specifically the

Scope J.2 system. The requirement for accuracy resulted in two

secondary aims being defined for the development of the model.

Firstly, the moCel was to contain no assumed information

about the system. lnformation about the lrardware and scftware is

never tal,.en at face value. The response times of the one peripheral

device that proved critical (a disc) were measured expl icitly, and

software wes investigated by using an instruction trace. ln the

final model, there is not a single quantity resulting from

assumption or intuition. All the information has been taken, as ¡t

vvere, from first principles.

Secondly, the model was to be validated in as exact and

detailed a way as possíbìe. t4ost of the validation is done deter-

ministrical ly, so that recourse to statistical methods is not

necessa ry .

The realizations of these two aíms are closely relatecl.

Because the quantities required for the model are measured rather

than estimated, there is I ittle cal I for stochastic simuìation.

The operations of most procejsses are known exactly. Hence the

val idation can be performed exactly, using deterministic

techn i ques .
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1.3.3 New Features of the Study

A number of procedures used in the course of this research

do not seem to have been described before. 0f particular interest

are the approaches made to some of the problems described in 1.2

(ìevel of detai l, val idation, and information about the system).

The usual approach to levels of detail is firstly to

simulate at some level, and then to val idate the simulation. lf

the model proves to be inadequate, the offending process is

identified and simulated with more detail. The direction of

development is thus from less rletai led to more detai led models.

The approach taken here is in the reverse direction. Sirnulat¡on

starts at a very detailed Ievel, and detail is removed onìy t^rhen

its removal will not affect the accuracy of the model. This

approach is necessary to incorporate the exactly known information

about the system, which is at a very detaiìed level (instruction

execut ion t irnes , etc. ) .

The val idation is almost entirely deterministic. As explain-

ed above (1.2.3), deterministic val idation requires that random

effects be removed from both real and simulated systems. This,

fi rstìy, requi res that the system be analysed !n sufficient

detai I for rhe stochastic processes to be identified. ln the Scope

system there are few such processes, and their elimination was

found to be possible to a surprisingly large extent. This reduction

of an operating system to a completely determinÎstic set of

processes seems to be v¿ithout precedernt.
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Gathering information about the system also involved new

techniques. Software is used to measure the resPonse times of

peripheral equipment, for which the manufacturerrs data are

usually accepted unquestioned in other studies. The methods

used here combined the techniques of programming and systems

eng i neer i ng .

1.3.4 Synops i s of Subsequent Chapters

The remainder of the thesis is largely devoted to describ-

ing the methods used to effect the ideas introduced above (l.l.Z

and 1.3.3). ln preparation for this, Chapter 2 describes in

some detail the CDC 640O computer and the Scope 3.2 oPerating

system. Chapter 2 is largeìy independent of the other chapUers,

and is provided for t-hose who may not be famiì iar with the

cletaiìs of the systenr. Chapter 3 gives an overview of the develop-

ment of the simuìator, anC introduces the practical impleme¡tation

of the ideas discussed above.

The detai led description of the research starts with

Chapter 4, which describes a detai led (instruction based) simulation

model. Chapter 5 describes how this model was validated, and how

its instruction traces were used to analyse the software of the

Scope system. Chapter 6 presents the methods used to measure the

response times of peripheral equipment. These resPonse times

are combined with the ïnfonmation of Chapter 5 (about software)

to construct a second, less detailed model, which is the main



product of the study. The construction of this model

in Chapter /, and Çhapter I discusses its validation.

completes the development of the simulation study.

17.

i s descri bed

This

Chapter ! presents some informal demonstrat¡ons of the

possible appl ications of the model. Final ly, in Chapter l0'

the problems and aims introduced above are rev'iewed in the light

of the completion of the study, and proposals are made for future

resea rch .
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CHAPTER 2

DESCRIPTION OF THE SYSTEM BEING S¡MULATED

ln describing the features of the CDC 6400 under the Scope J.2

operating system ¡t w¡ll be'useful to consider two areas separately.

Firstly the processors and other hardware will be described and

sec<¡ndly the use to which this hardware is put by Scope is discussed.

This approach provides a conveníent separation of avai lable features

into those which are determined by the hardv¿are and those which are

provided by the operating system. This distinction shows the high

degree to which the behaviour of this type of computer depends on

the characteristics of its operating systern. lt also clarifies the

philosophy behind Scope, and shows how it.exploits and is constrained

by the hardware for which it was designed.

Throughout the fol lowing discussion r¡Scope" wil I be t¡sed to mean

f 'Scope 3.2tt. Al I numtrers quoted wil I be in decimai, unless otherwise

i nd i cated .

2.1 CDC 6400 HARDI^/ARE

A detaiìed description of the processors and other hardt^rare of the

6400 would be out of place here. Control Data (l:) provide adequate

descriptions of the instructions sets of the processors and Thornton

(61) discusses in detail their design and the reasoning behind ¡t.

This section is simply a summary of the main components of the computer,



in sufficient detail for an understanding of the simulation

later. The various components to be discussed are shown in

19.

descr i bed

Figure l.

2.1 .1 The Central Processor

The 6400 component of most interest to the ordinary user

is the central processor (CPU). This unit performs rapid logical

and arithmetic conrputaticns and provides the programmer with

an instruction set (of 74 instructions) in keeping with these

capabi I ities. The CPU executes programs from central memory, to

which it has restricted read/write access. The computations

are performed in a set of 2\ registers. There are further

seven registers, not directly accessible to the programmer, which

hold such things as the base address and upper bound of memory

(which clefine the area of central memory avaiìable to the CPU)

and the address of the current ¡nstruction. Except for this last

quantity, which necessari ly changes during execution of a program,

the CPU has no pov'/er to a ìter any of i ts spec ia I reg i sters. lt

has no ability to communicate with input output devices or to

control other components of the system. lt is purely a computation-

al unit. 0f course, CPU programs will need to i¡ritiate control

of input output processing, and methods for doing this must be

included in the operating system.

2.1.2 Central Memory

Central memory is the main fast-access store for the 6400

ìarge number of 60-bit words (in thesystem. lt comprises a
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instal lation being simulated there were 65536), with an access

time of one microsecond. The organization of the CPU registers,

which define a base and bound for centraì nnemory, requires that

central memory be allocated to a running program in a contiguous

-block.

2.1 .3 Peripheral and Control Processors

The ten peripheral and control processors (ppUs) are the

real controllers of the system. Each has its owll memory of 4096

12-b¡t words, which holds the program that the PPU executes. A

PPU has a repertoire of 62 instructions, designed not for

arithmetic computation but to give wide-reaching fac¡ I ¡t¡es for

communicating with and control I ing other parts of the system. A

peripheraì processor can read or write in any word of central

memory. lt can interrupt the CPU and change any of its special

registers. Each PPU can send or receive data along data channeìs,

and can control any input output equipment connected to such channels.

However, a PPU has no access to the memory of another PPU' nor can

¡t d¡rectly affect the operation of another PPU in any way.

Note that although the ten PPUs can be regarded as seParate

entities for all practical purposes, they in fact share one

process'ing unit. Each PPU has access to the processing unit for

100 nanoseconds in each microsecond. The remaining time (rvhen

the other PPUs have the processor) is used to complete its memory

cycle. This means that only one Processing unit is necessary.
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Nevertheless, the PPUs are comPletely autonomous Processors so

far as their ìnteraction with the systenì is concerned.

The complete independence of a PPU means that it is impos-

sible in practice to investigate what ¡t is doing. lt cannot be

stopped ; neither its rnemory nor its registers can be inspected.

This raises problems in lneasuring the performance of PPU programs

in the system. Methods used to overcome these d¡ff¡culties are

discussed in the next chapter.

2.1 .\ Dat¿ Channel s

The main purpose of the data channels, of which there are

tv.relve on the simulated installation, is to provide communication

between the PPUs and the input-outPut equipment they controi.

Either data or control codes may be sent to the equipment by a

PPU, and either data or status codes may be returned. There is

no provïsion for a channel to interrupt a PPU, although in some

circumstances (for example, an attemPt to read data frc,m an empty

channel) a PPU can be temporarily stoppeC by the channeì'

Alternatively, two PPUs nray use a data cl'rannel as a

communications I ink between themselves, without any input-output

equipment being involved.
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2.1.5 The Clock

One of the data channels gives access to a cìock, which

counts memory cycles (microseconds) in a 1z'bit register. The

value of this register can be read at any time by any PPU. Note

that, because the register is only 12-bits long, the clock

operates in cycles of 4096 microseconds. This clock was used

extensively in the val !dation experiments described in later

chapters.

2.1.6 lnput-0utput Equipment

A wide variety of input-output devices may be attached to

the data channeìs, including aCaptors for communication with other

computers and remote terminals. More than one device may be

connected to the sarne channel. Each device has a set of fun:tion

codes that are used by the PPUs to control its operations. ln

effect, these devices can be regarded as processors that execute

prograrns, not read f rom a menìory, but sent down a clrannel by

the controlling PPU. The devices of interest in the sinrul¿tion

model are card readers, I ine printers, magnetic tape units, the

operatorst display console and, most particularly, discs.

ln view of its consideral:le importance in the construction

of the simulatlon model, one device, the 6603'11 disc, deserves

special attention. This disc !s the ma!n secondary store (about

75 milìion characters) for the system under study, and it is

accessed constantly by frequently used parts of the operating
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system. The storage medium is a set of 1/+ discs, giving 24

recording surfaces. This is shown in Fi gure 2. The control I ing

program may select either the left-hand bank of 12 surfaces or

the right-hand bank. Reading or rvriting of 12-b¡t words is done

in paralleì on the l2 surfaces of the chosen bank. Each surface

ls scanned by four heads, of which the controlling program selects

one. There is thus a choice of a total of eight head groups.

The heads can be moved radially across the disc surface to one

of 128 tracks. Data on a track is organized into sectors of 324

t2-b¡t words each. Selecting a data item on the disc thus involves

three operations : positioning the heads over the required track,

sw¡tching to the appropriate head grouP' and waiting for the

wanted sector to come under the heads. The detailed operstion

of this disc h,as found to be one of the most cr-itical aspects of

the simulation.

2.1 .7 Communication and Control Paths

The Scope operating system depends very largely on

communication between processors: lt is therefore of interest to

consider the fornts of communication Permitted by tlre hardware

between the various types of processor. This is summarized in

Figure 3. The CPU can cornmunicate with each other either through

central memory or along a data channel, and they can comnlunicate

with an input-output device along the channel (s) to which that

device is connected. Di rect communication between the CPU and
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the. input-outPut devices is not possible.

The paths along which control can flow are also of ínterest'

and are fairly simple. Any PPU can controi the cPU and any

input-output dev¡ce, but cannot control anotirer PPU. The CPU and

the input-output devices have no power to control anything.

?.2 THE CDC 64OO U¡¡OER SCoPE 3.2

The Scope J.2 operating system is designed to be embedded in the

6400 computer to make lt function as an efficient multi-Programming

system. The whole of Scope is a vast toP¡c and the only aspects of

it to be discussed here are its overall purPoses and operation, and

features which proved to be important in constructing the simulat¡on

model. More detai led descriptions can be found in various Publ ications

by Control Data (14, l5).

2.2.1 The Purposes of Scope

There are many ways in which the hardware faci ì ities

described in the last section can be used to suPport batch jobs.

A very early and sirnple approach, Sipros' u,as described by

Clayton, Dorf and Fagen (tO). The differences between this system

and the sophisticated facilities offered by the latest versions

of Scope illustrate how much the behaviotlr of a comPuter can be

affected by its operating system, without any changes in its

hardware configuration. For example, Sipros processed only one

job at a time. The user had a choice of three languages (CpU and
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PPU assembly language and Fortran) and the operator had avai lable

three displays to show what the system did. Scope 3.2 processes

up to seven jobs at once, with many languages available (about

12 at the ¡nsta I I at ion under study) and about tv,,enty d i sp I ays .

The basic aim of Scope 3.2 is the irandl ing of a large number

of batch jobs, several of whictr may be in execution at the same

time. The various resources required by the jobs must be allocated

in a reasonably efficient way, and according to such rules that

deadlocks are prevented. A wide variety of I ibrary programs

(compilers, f¡le-handling utilities, etc.) is made available to

the jobs. Data areas l¡elonging to one job must be protected from

both reading and writing by any of the others. lnformaticn for

accounting purposes must be generated and coìlected for ìater

analysis.

2.2.2 Distribution of Tasks

The peripheral processors' with their considerable por^,ers

of access and control, are ideally suited to the tasks required

by the operating system. By Far the greater part of Scope

þrocessing is handled by a relatively small number of PPU Programs.

These control the flow of jobs from input to output, and supervise

the al location of resources. Tasks which are closer to the user,

such as compilation and execution of his own Programs, are left

to the central processor. Users are not permitted to progrâm a

PPU, which can only be àon" Uy altering the system library, but
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they can call certain PPU programs when required for input-output

and other system operations. lt is this feature tl'at ensures

the security of Scope against niisuse by programmers.

PPU proErams are given 3-character mnemonic names (e.g.

DSD, the dispìay driver) which will be introduced as the

discussion proceeds.

2.2.3 The Monitor anC the Display Driver

The nrost ¡rnportant effect of Scope on the raw hardware

configuration is to enable one PPU to supervise the others. This

is achieved by software ; the supervising PPU executes a monitor

program and the others must request ¡ts permission before doing

anything that could cause resource confl icts. This technique

prevents such sitúations as two PPUs trying to control the same

input-cutprrt device at the same time, or simultaneclusly writing

into an area of mentory to which each thinks it has exclusi'.re

access. The monitor program is the only one in the Scope 3.2

system that interrupts the CPU or alters any of its speciaì

registers. This one monitor program can therefore control the

allocation of alì resources, deciding between conflicting Progrâms

accord ¡ng to the rules of tlre system.

Another important PPU program is the display driver, DSD,

which control s t'he operatorsr clisplay console and relays commands

entered by operators to the appropriate parts of the system.
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Both the monitor and DSD are loaded when the system is

lnitialized, and remain in execution as long as the system ís

running. The remaining eight PPUs become resources to be

a I I ocated by the mon i tor as requ i red.

2.2.\ Pool PPUs

The eight allocatable or pool PPUs execute a program cal led

PP resident, which continual ly ínspects a word of central memory

pecul iar to each PPU and cal led its input register. l.lhen the

monitor wants a PPU to execute a particular program, it writes

the program name in the corresponding input register. PP

resident in the appropr¡ate PPU detects this, and searches the

I i brary d i rectory (stored in central memory) for the requ i red

program. The I ibrary directory holds pointers to where the

program itself is stored (either in central menìory or on the

disc) and PP resident can thus read the program înto its PIU and

start executing ¡t. l/hen the program finishes, ¡t jumps back to

PP resident to await another request from the monitor.

In the course of executlon, a PPU program will need the

attention of the monitor, and this is obtained by the PPU writing

an appropriate request code in its output register (another word

of centÈal memory). The monitor períodical ly inspects each output

register looking for these requests, processing them and then

clearing them. The requesting PPU, sensing that its output

register has been cleared, knows that its request has been dealt
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w¡th. l4onitor requests are used for the al location of such

resources as the CPU, another PPU, an area of central memory' or

a channel to the job associated with the requesting PPU. Even

¡f ¡t requires none of these, the PPU program must at least tell

the monitor that it has finished and that the PPU is idle once

more. These communications between the pool PPUs and the monitor

are the heart of Scope 3.2. They played a crucial role in the

val idation of the simulation model described later.

2.2.5 System Tabl es

A considerable area of central memory (typically about 10000

words) is used by Scope for system tables. These include the library

di rectory, the PPU-monitor communications area, status information

for the resources of the system, and parameters for each of the

jobs in the system, whether uraiting to execute, executing or

cornpleted and waiting to prirrt. This area is never assigned to a

user program, and a user can never directly access it. PPL¡

programs frequently refer to these tables and sometimes alter them.

Before an alteration is made, permission must usually be sought

from the monitor. The need for this preparation is best i I Iustrat-

ed by an example. Suppose two PPU programs, P and Q, are both

looking for an empty entry in a table. P finds an empty entry and

is just about to fiìl it when Q finds the same one, similarly

deciding it to be empty. P wi I I write out its entry, which v¿il ì

then be oì/erwr itten by Q, and therefore is I ost. l,lhen changes to
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system tables are interlocked lhrough the monitor such chaos is

prevented.

2.2.6 Job Flow through the System

In order to keep track of the jobs currently executing,

the system uses the concept of a control point, an abstract

entity to which resources can be allocated. There are seven

control points under Scope 3.2 and in order to hold resourcesra

job must first be assigned to one of them. For each control

point there is a system table (the control point area) that holds

parameters necessary to continue processing of the job (..s.

control card images, CPU register contents and accounting

informat ion) .

Vthen a job is read in, it waits on an input queue. Scope

notes its central memory requirements and computes a priority for

¡t. A resource aì location program, lRA, is periodical ly cal led

into a PPU by the monitor. lf there is a vacant control point,

IRA searches the input queue and selects the highest priority job

for which memory is available. lf such a job exists it îs assigned

to the vacant control point and memory is allocated. Another PPU

program, ¡AJ, is called to advance the job through the various

steps described by its control cards, through which the user

specifies how Scåpe is to process the job. Control cards are

discussed below (2.2.7¡.

Processing a control card usualiy involves execution cf a
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CPU program. Ì./hen ã CPU program neéds the services of a PPU

program (for example to perform input or output operations) it

communicates this need to the monitor. A word of each control

pointls aìlocated memory is reserved for this purpose, and the

monitor periodical ly inspects this word for the job using the

CPU. I,Jhen it detects a request, the monitor assigns an idle PPU

as described previously (2.2.\). ln issuing a monitor request,

the CPU program has the option of recall, thet is, of request¡ng

that it relinquish the CPU until the PPU activity is compieted.

The monitor wiìl then assign the CPU to another control point, ¡f

any is waiting for ¡t. This can be done very rapidly b;, ¡þs

exchange jump instruction, which interrupts the CPLj and ex.changcs

Its registers with an area in central memory (rvhich wiì I hold the

registers of the program to which the CPU is being transferred).

Al I the information needecl by the CPU tc continue on the nern' progrêm

is then availablc. Monitor requests are also issued by the CPU to

inform the systern that the program has finished or wishes to abort

the .job.

At the end of processing for each control card, ¡AJ is

called to advance the job to the next. Vihen the last card has

been processed, or if the job is aborted, the end-of-job processor,

lEJ, is'cal led. This PPU program releases al I the resources

acquired by the job, and prepares its output f¡le for printing.
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Control of the reading and printing processes is managed

by a complex package of PPU programs that run at a specially

assigned control point and are col lectively named Janus. The

effective number of control points available to users is thus

six.

?.2.7 Control Cards

The wide range of software making up the Scope system library

is made available to users by means of control cards. The first

control card in a job cieck is always the job card, which identifies

the job and defines its initial resource requirements. 0ther

control cards may be used :-

1. to caìl by name a PPU or ,CPU program f rom the systern

I ibrary and to start it executing, supplying para-

meters to d irect i ts execut ion. Thi s type oi= card is

used to call conrpilers, editing packages, file-

handl ing prograíns and the I ike. For example, the

control card

coPY(x,Y)

directs that the program C0PY be executed with para-

meters X and Y. The result w¡ll be that the contents

of f ile X wil I be copied on to f ile Y. The form of

the control card is independent of the devices on

whichXandYreside.
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2. to load a compiled program from a userrs file (where ¡t

wil I usual ly have been written by a compi ler-), and to

load also any system subroutines referenced by the pro-

grarn loaded. Ëxecution of the program is then started.

3. to request a change in the allocation of resources,

such as an increase or decrease in memory aìlocation.

For example, the control card

RFL (2oooo)

requests that the central memory allocation of the job

be changed to 20000, words.

The control cards appear together at the beginning of each job

deck. Any number and any combination of control cards may be

used to produce r"¡hatever af f ect i s réqu i red . The cont rol ca rds

form, in fact, guite a powerful illanguage" of their own.

2 .2,8 D i sc Manaqenìen t

As mentioned above (2.1.5), some PPU programs in the system

reside irr central memory and others on the disc. Space in central

nìemory is valuable, so that only the most frequently used programs

cart be stored there. A large number of important PPU programs and

al I the CPU progratns (except for a ferv that work excl us iveì y for

the monitor, and, stay in sentrai *.mory) reside on the clisc. The

method used by Scope to manage the allocation of dísc space and

access to it is therefore of considerable importance to any study
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of the system.

When a PPU program needs to access the disc (and a CPU

program can only access ¡t v¡a a PPU program, so that this discus-

sion covers all possible cases), ¡t issues a request to the monitor

called a stack request. The monitor places thís request on a

queue in central memory. lf a PPU is already executing the

program control I ing the disc (cal led the stack processor, ISP),

then this is all that the monitor need to. 0therwise it calls

ISP into an ìdle PPU. 0nce in execution, ISP inspects the queue

and selects therrbestrrentry for processing. This selection is

based on a rough estimate of the access time involved in tlre

request, and uses a shortest access-time f irst pol icy. \t,hen the

stack request has been satisfied, lS? inspects its queue once

again, and the process is repeated for thc next request.

All requests for access to the disc musE be made through

the monitor, which <iirects them to the stack processor. Once the

stack processor seTects the request, it communicates di rectly

with the requesting PPU about its progress. lssuíng al I requests

through the monitor avoids the conflicts that woulcl arise if each

PPU made its own disc accesses.

The monitor always reserves one PPU for stack processing.

lf all the pool PPUs were assigned to other tasks and each of

them issued a stack request, deadlock would occur because no PPU

could ever become available to process the requests. As stack
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requests occur very frequently, the I ¡kl ¡hood of such a deadlock

would be high if precautions were not taken.

The disc involved in the system being studied is the

6603-11 disc. The management of this disc employs the technique

of half-tracking. Logical ly consecutive blocks of data are

written on alternate sectors. Thus the stack processor can read

or write a sector, and, whi le the unassociated next sector is

under the heads, can prepare itseìf for the following one.

This technique greatìy increases the efficiency of disc process-

ing .

As wel I as actual ly control I ing the disc, the stack

processor performs al I the tasks associated with the al location

of disc space. 0n the 6603-11, the un¡t of space for allocation

ls the half-track, that is, the alternate sectors for one track

(either 32OO or 4096 central memory words, deperrding on the track!s

position on the disc). The stack processor mäintains ìist

structures in central memory to record which haìf-tracks are assign-

ed to each fiìe, the order in which they should be accessed, and

the fi lers current positlon. A record of reserved and avai iable

half-tracks is also kept. Some stack requests (..g. to rewind or

to evict a file) only require changes in these tables, with no

actual disc access. Such requests have zero access time and are

dealt with before the others.
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2,2.9 Operator Activitíes

One cf the ainrs of Scope 3.2 is to minimize the need for

human intervention and indeed there are few situations where

operator action is required. These instances fal I ¡nto two

classes. Fi rst there are the tasks of maintaining input output

equipment, assigning tape units, respond¡ng to equipment faults,

etc. Secondly, Scope ailows the operator to manipulate the

priorities of jobs, to declare whether certain control points

are to be used or not, and to roll out and roll in jobs. The

last two operations result in the memory of a job (which must be

at a control point) being Ì^,ritten out on to the disc and released

for allocation to o'iher users. The rolled out job keeps its

control point, equ,ipnìent assignments,'disc space and other

resources, and can easily be re-instated by the system. ln

certain situations a ski I led operator can significantly improve

the performance of the system by using these commands. For

exampìe, if a very long job occupying ali the available memory

is running, and a number of very small jobs are waiting, the

operator would rol I oLrt the long job for a short time. The smal I

jobs could then run, anci the long job would continue later with

relatively I ittle increase in its running time.
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2.3 SUMMARY

A principal characteristic of Scope is the means by which processors

communicate - by issuing messages in appropriate places and waiting for

them to be acknowledged. Also important is the distribution of tasks

åmong the processors. The PPU programs control the system (the monitor

and DSD), control job flow (lRA, IAJ and IEJ), drive input-output devices

(tSe¡ and process CPU requests, while the CPU attends more directly

to the usersr needs.

The characteristics of PPUs, with thei r complete sovereignty and

inaccessibìe memories, make investigation of thei r activities very

d¡tf ¡cult. This is a rnajor problem since the PPU progranrs are so

important to the running of the system that their behaviour and

execution times need to be known in considerable detail.

Another aspect of the system that assumes particular irnportance in

the development of the simuìator is the communication between the

monitor and the PPUs. Requests issued by peripheraì processors to the

monitor provide a valuable set o1'frequent events that can be detected

and timed in the Funrring system. These events are a key featr,rre of the

val idation methods used for the moCeì.

lnvestigation of disc performance presents severe d¡ tf¡culties both

in the initial measurement of dìsc response times and in the validation

of disc simulation. A detai led knowledge of disc behaviour is necessary

because accesses to the main disc are fi-equent during even the most

f undarnental system operat ions.
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CHAPTER 3

DESIGN AND DEVELOPMENT OF THE SIMULATOR

The research described in this'and ìater chapters is di rected

towards the construction of a simulation model of the CDC 6400 system

running under Scope 3.2. Subsequent chapters describe the development

of the model in detai l. This chapter considers the main problems

involved in the simulation, and how these problems determined the

overal ì design of the project.

3.1 PROBLEMS IN DEVELOPING A MODEL

Any model of a computer system is subject to a nunrber of partially

confl icting requi rements. I t should be efficient, in the sense that

simulating a given period of real computer operations has a signíficantly

lower cost than that of the real operatìons themselves. 0n the other

hand, the model must achieve an adequate standard of accuracy, and this

impl ies simulation at a sufficiently detai led level. As requi rements

for accuracy beconre more stringent, the level of detail must increase,

and the simulator wi I I run more slowly. lf the simulator is nlade

faster by removirrg detailed operations, then its accuracy will probably

be impai red. Choice of a su¡ table balance between detai I and efficiency

is a most important part of designing the model.

Before this problem c¡f balance is considered, however, a considerable

amount of information about the computer and its operat¡ng system must

be massed. Study of the structure of the computer and the operating
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system before the model is constructed is indispensable, but is

d¡ff¡cult on the 6400, in view of the autonomy of the PPUs anci the

inaccess ¡ b¡ I ¡ ty of thei r memorîes.

Added to these problems is the necessity of proving the accuracy

of the simulator by means of su¡table val idation trials. The model

needs to be designed in such a v.ray that the tec-hnical problerns of

perforrning a convincing val idation are ninimized.

3.2 THE DEVELOPMENT OF THE SIMULAT!ON MODEL

The methods used to overcome the problems discussed above (l.Z

and 3.1), together with the peculiarities of the 64OO (introduced in

Chapter 2), largely determined the course of development of the

simulation. The various plrases in the construction of the simulator

are shown schematically in Figure 4. A brief outline of the development

will now be given,and this wiìl be expanded in later paragraphs in the

light of the problems solved during the development.

As shown in Figure 4, infcrmation about the 6400 system was obtained

by two methods : detailed simulation of Scope system programs and direct

measurement of the behaviour of input output devices. The fírst of

these, involving a simuìation, had to be val idated. Tinring inforirration

from the input-output devices divided into two classes : that which

was deterministic (¡.:. depending only on some electron¡c response,

and involving definitely predictabìe times) and that which was stochastic

(¡.". usual ly dependent on mechanical motion and therefore unpredictable).

The deterministic information was combined with the results of the
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detai led simulation (which were also precisely defined) to form the

deterministic event simulator, which could then be val idated using

deterministic methods. The (relatively few) stochastic processes

were then introduced, and the simuìator was vaì idated aqain using

suitably adapted methods.

3.2.1 The Problem of the PPUs

It was shown in ChapEer 2 that a major d¡ff¡culty in

studying the 6400 is the investigation of PPU activities. Much

the greater part of the activity of the Scope operating system

comprises the execution of a srnall number of PPU programs. These

programs themselves consist largely of different combinations of

a few basic system tasks, such as searching the lit,rary directory

or const ruct ing a stack request. I t i s irnportant that tl're

performance of these basic building blocks of Scope be accurately

measured. Three kinds of investigation are recìuired : identif i-

cation of the basic processes, measurement of their execution times

(and how these times vary w¡th different states of the system), and

gathering information about how the processes fit together in the

various system programs.

It is not possible to obtain th¡s information directly by'

monitoring the PPU activities in the real system. The PPUs cannot

be interrupted or interferred with in any way and their memories

êre inaccessible to the rest of the system.
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One way of carrying out the investigation would be to

lnspect the actual text of the PPU programs concerned. The

execution time for each PPU instruction is known (with a few

except ¡ons to l¡e d iscussed I ater) and so the t ime requ i red for

any segment ol= a program could be computed from the instruction

seguence. The execution times of the instructions ev.ecuted

would simply be aggregated. Doing this manual ly would, however,

be very tedious and therefore error-prone. The paths taken by

the programs often depend on the contents of the system tables,

which would not be available if such a technique was used. ln

addition, the program text does not show immediately where

programs spend their time. A much-exec.uted loop that iooks

insignif icant in assenrbly code might .wel I take the greater part
-of the execution time of the program of which it forms a part.

3.2.2 Detai led Sirnulation

Many problenrs, and in particular those concerned with the

PPUs, were avoided or overcome by carrying out simulations of the

64oo at two di fferent ìevel s of detai l. A detai led simulator

(s¡mulator A) was used to gather accurate information about the

operat¡ons in the system, especially in the PPUs. This simulation

was of course, slow, but the speed was not important because most

of the processes'being studied needed to be measur.ed only once.

This was because the only processes of interest here are those

ínternal to one processor (¡.". not involving communication

between processors). These results depend only on the programs
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being executed and.the processors executing them, and are

ldentical for each occurence. They do not vary with the state

of the system or with the number of jobs be.ing pr-ocessed.

Simulator A is ful ly described in the next chapter, and

its results are discussed in chapter 5. Briefìy, it operates

at the instruction leveì, simulating in exact detail every

instruction that takes place in each processor of the computer.

Its results include executîon times for proccsses local to one

processor, an analysis of the way in which these processes are

interl inked, and information about how processing varies with

the state of the system. The main purpose of this simulator.

v{as lnvestigation of PPU programs, about which it produced as

much information as was required. Gathering this information

by any other method wouìd have been very difficult, if not

impossible.

Because ¡t Ìs slow, Sinlulator A cannot be used to analyse

computer perfornlanqe over long periocis ; a less deta i led rnociel

is required for this. lt is worth noting, however, that any

quantitative results (obtained, for example, from the detaiìed

simulator) incorporated in this less detai led model are of great

importance because their accuracy can be ir¡creased (by more precise

measurement), and thus the accuracy of the main model can be

increased, but not at the expense of its efficiency. The less

detailed simulation program wiìl take the same time whether or not
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the numbers it uses are accurate. Thus accuracy in the numerical

results of the detai led símulator provides a I imited escape from

the di lemma of detai I against efficiency described in section 3.1.

3.2.3 lnput-0utput Equipment

The approximate response times for input-output devices

¿¡re given by the nlanufacturer in the relevant reference manuals.

Operations on these devlces usual ly involve mechanical motion,

so that the response times cannot be defined as precisely as

are the instruction execut¡on times. They are I ikely to be

subject to stochastic variation.

ln most instances, the operation speeds of these devices

are not crucial to the processing times of the system. For

exampìe, the card readers, punches and I ine printers are control led

by a subsystem of PPU programs cal ìed Janus (see 2.2.6). Tl¡is

subsystem operates with a large measure of independence from

the rest of the system. The response times of the devices ¡t

controls may affect the execution times of the programs in Janus,

but not those of the system at large. For such devices as these,

which have some degree of isolation from the important parts of

the system, the figures quoted in the reference manuaìs are

suff icicnt ìy accurate.

Certain devices, however, are very closely tied to the

fundamental operation of ttre system, for example the 6603 ¿¡sc.

Most processes that require access to the disc wait until the
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access is completed before continuing. Î'he response tlmes of

the disc therefore have a direct effect on the performance of

these processes, an important consideration, since disc accesses

are frequent. The only way of obtaining more accurate timing

information than that already available is to nìeasure directly

the required times on the system itself. The detaiìs of how

this was done are given in chapter 6. The response times for

the disc were for-rnd to fall into two classes. some, depending

only on electronic switching, were predictable with cor¡siderable

accuracy, (i.". comparable with the ðccuracy of the detai led

simulation results). Others i¡rvolved mechanical motion and r^¿ere

subject to Çcnsiderable random variation.

3.2.\ The Event Simulator

As is shown in Figure 4. the accurately preciictable equip-

ment response times and the information from the detailed sirnulation

were combined to form a prel iminary version of the f inal modeì,

the deterministic event simulator (s¡mulator B). This model is

realised in the form of a program that runs much faster (and with

considerably less detai l) than the instruction-ìevel simulator.

Its operation is described in Chapter /. lt works from a list

of scheduled events, vrhich can be modified during simulation.

The earliest scheduled event on the list is selected, and the

simulated time is set at the time of the event. The event is then

simulated, and the whole process repeated.
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All the information incorporated in Simulator B was

exactly pred¡ctable because al I the processing rules and

execution times were known either from the detai led simulation

or from the equipment measurements. The result was that,

although detail was lost in going from simulator A to simulator B,

accuracy h/as maintained at a comparable level. This was shown

by the val idation runs described in Chapter 8. Simulator B

incìuded all the 6400 processes except a few equipment responses.

The advantage of not incìuding the stochastic responses ät th¡s

stage was that it enabled a precise and detai ìed determinist!c

validation to be carried out on the (almost compìete) model, as

described below.

The last aspects of system ope,ration to be incìuded in

Simulator B were the stochast ic processes in the inpui-output

equipment. This needed no change in the structure of thc simulator

it merely involved activating those parrs of ¡t that simulated the

random processes. The distributions from which random variables

were selected were obtained by measurement in the case of the disc

and from the manufacturerrs information for other equipment which,

as previously explained, is less critical.

3.3 VAL r DAT r 0N

Multilevel simulation enabled the accuracy of the modeì and its

results to be checked and closely control led throughout its development

There were three points at which major validations were performed, as

shown în Figure 4.
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Firstly, Simulator A ì¡/as validated before its results were used

ilr Simulator B. This meant that the data used by Simulator B' was

correct, and errors in its performance could be attriL¡uted to errors

in the logic of its prcgramming.

The next vaiidaticn was of the deterministic version of Simulator B

Because the simulation at this stage v,,as stil I exact, with no random

effccts, a validation, to be a good one, needed to show exact agreement

between what the real computer did and what the sirnuìaEor Predici:ed for

the same situation. Any discrepancy would immediately heve pointed to

an error in the simulator (ot in the valïdation experiment). lf

validation had been delayed unt¡l the stochastic Processes were

included in the sinrulator, such Ciscrepancies might possibly have been

due to these processes. l'he approach used el iminated this uncertainty,

and thus ensured that the deterministic parts of the simuìaior !'Jere as

accurate as possible. Since the deterministic processes make up the

majority of system operations, this stage of the validation was most

important.

When the model þcas compìeted the only parts not validated were the

stochastic processes. l,Jhen these \^,ere introduced, the exactness of the

previous val idatíons no longer appl ied. Different techniques were

required, and these are discussed in Chapter 8.
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CHAPTER 4

THE DETA I LED S IMLILATOR

As explained in the last chapter, the main purpose of the detailed

simulator (S¡mulator A) is to provide information, both qual itative

and quantitative, about PPU activities in the Scope operating system.

The idea is for this simulator to be an exact copy of the 64OO running

under Scope. The advantage of the simulator over the real system is

that any part of the former can be inspected during simulation.

4.t ovERVIEV/ 0F THE tNSTRUcrtoN StMULAToR

Simulator A works at the level of individual processor instructions.

The level of detail of this simulotor is qbout as fine as is possibìe

v'r¡thout cons ider ing the interna I mechan i sm of the 6400 processors. For

a few exceptional PPU instructions, indeed, it is necessary to consider

the internaì mechanism in order to simulate the instructions properly

(see 4.2.2). Except for these instructions, the internal workirrgs ol'

the processors do not affect the processing time, so that further

refinement in the detai I of the simulation would be pointless.

The main part of the simulator is a set of subprograms that simuìate

the instructions of the central processor and the ten PPUs. These

subprograms operate on simulated registers, central memory and peripheral

memories, which are exact copies, word for word, of their real system

counterparts. The sub-routine simulating a processor simulates the'

programme stored in the processor's simulated nemory instruction at
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a time. The simulator is arranged to give the effect of the cpu and

the ten PPUs running at the same time. A limited range of input-output

equipment and the ttvelve data channels are also simulated. This whole

system is incorporated in a single cPU program that runs on the 6400

as an ordinary user job. The program, when running, is an exact copy

of the 64OO in microcosm, simulating the same instructions in the same

Programs as the real system in which ¡t is embedded. This situation

is represented in Figure 5, which is the same as Figure 1 with the

sirnulation program running in the usersrêrea of the system.

The simulator is a centrai processor program. The simulated CPU

and PPU registers, central and peripheral mernories, instruci ion codes

and so on are stored within it and may be printed at any time ciuring

simulatiorr. Hence the rlifficulties of inyestigating the prccesses

tak i ng p I ace in sovere i gn PPl.js i s ove rcome.

\.2 SIMULATION OF THE FROcESSoRS

The operat ion of the various parts of the instruct ion s imulator

wi I I now be described more ful ly. The discussion wi I I i I lustrate some

of the f iner details and d¡ff icuìties involved in such a simurlation.

\.2,1 Simularion of the CPU

Simulat ion of the. CPU at the ¡rìstruct ¡on level is a relat ively

simple operation and has been used before on the 6400 for such

appl icatÍons as debugging aids. The simulating program keeps a

set of rrregistersrramong v¡hich ìs the program address register, P,
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containing the address of the next instruct¡on in central memory.

The ¡nstruct¡on in simuìated central memory address P is decoded,

and appropriate action is taken depending on its requirements.

The register contents (including P) and central memory may be

changed by this process. The proc.dure is repeated for as long

as simulation continues or untíl a program stop instruction is

encountered. ln the latter case, further CPU simulation is

suspended until a PPU restarts it.

Between execution of two ¡nstructions by the CPU simulator,

a simulated PPU may execute a CPU interrupt instruction. This

instruction redefines all the registers in the CPU so that ¡t is

swopped from one progrâm to another. lf the CPU tras stopped,

th is wi I I restart i t. 0therv.rise there is no need for the CPU

simuìator to take special note of the event ; it continues as

before, executing the ne\^, program in the neb, area of memory.

Certain compl ications arise in the detai led implementation

of the CPU s¡mulator. For example, some instructions use 18-bit

arithmetic, which must be simulated using the 60-bit operations

avai lable to the simulator program. Al though these problems add

considerably to the complexity of the program, they are conceptual ly

minor.

\ .Z .z S imu I ar ion of the PpUs

'Simulation of the PPUs operates on the same principle as for

the CPU. l-he memory of each PPU holds the program being executed.
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The mechanism by which the program gets into the simulated memory

is described later (5.t.2, 5.1.3). Each simulated PPU has a P

register, containing the address in that PPUrs memory of the next

instruction. The instruction is read, decoded and acted upon.

-One subprogram simulates all the PPUs, the number of the PPU to

be simulated being passed to it as a parameter. Normally one

instruction is executed on each call.

A major compl ication is that execution of an instruction

is not necessarily completed in a definite time. Operations

involving data channels, for example, depend on the state of

the channel, which in turn may depend on another PPU using the

channel, or on the response of equipment attached to the channel.

This situation is sinrulated by breaking the instructions into

segments, one of which is executed on each call to the PPU

simulation subprogram, rather than the whole ¡nstruction. This is,

in fact, the way such instructions are executed by the PPU lrardware.

The mechanism of these instructions can be complex and a typical

example (ttre instruction to accept a data stream from a channel,

referred to as the IAM instruction) is shown in Figure 6.

\.2.3 Central Memory Management

The CPU and the PPUs both access central memory. The CPLj

can potentially request two accesses êt the same time (one for ciata

access and one to read the next instruction). Requests for access

to central memory are processed by a hardware device called the

stunt box. Central memory is organize<J into banks of 4096 tr,ords,
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consecutive addresses being in different banks. Simultaneous

requests for access to memory can be handled in parallel by the

stunt box if they are for different banks. lf they are for the

same bank, however, a deìay of about.2 nicro-seconds, caìled a

memory conflict, can occur. The number of central memory access

requests being ïssued by the system at any particular time depends

on the progräms being executed, but on average is about i.5 for

each major cycle. This figure was taken from about 100000 cycles

of process ing in the deta i I ed s i mu ì ator. l,/¡ th s ixteen mernory banks ,

this gives a probability of.03 that a memory conflict will occur

in a given cycìe. The expected value of delays due to mernory

conf I icts is thus about .006 microseconds for each ma.!or cycle

(one microsecond) of processing. This was cons idered to L'e too

small an effect to justify the reìatively complex task of

simulating ¡t.

Another aspect of central memory simulation is clearly shown

by Figure 5. The whole of simulated central memory is included ín

the real central memory of the simulating job, which itself occupies

only a part of the real cenLral memory of the computer. Thus the

area of central memory simulated is considerably smal ìer than that

available in the real system. This does not give rise to any major

problems because. there is suff icient simulated centraì ntemory to

support the Scope operating system and to run small jobs. This

is suffic.ient to simuìate al I the processes that the simulator

was designed to study. S¡milar consideratìons apply to the
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simulated disc which, as shown in Figure 5, îs a part of the

real disc.

I+.3 SIMULATION OF THE INPUT-ÛUTPUT EQUIPMENT

0nly the minimum number of input-output devices necessary to

support Scope was simulated in the detailed model. Three devices were

incìuCed : the 6603-¡ I disc, the operatorsr display console and a

magnetic tape unit. The first two are intimately connected with system

operations ; the tape unit is required to initialize the system, as

described later. -[hese devices are simulated by a sub-program which

operates according to the fol lowing general pattern. lt periodical ly

inspecls the status of each channel to which a device is connected,

looklng for a function code. Function codes will be sent along the

channel by the simulated PPU controlling the device. When a function

code appears, the subroutine performs the necessirry processing for

the device to repìy to the slmulated PPU. The device simulator is also

active during transfer of data betuleen a PPU anC an input-outf,rut cievice.

Essential ly, the equipment simuiator is an interface between the simulated

PPUs (which expect the input-output devices to behave as the real equip-

ment vrould) and the data areas used to represent the various devices.

The methods used to achieve this are described in detail below.

The detailed simulator is concerned only with the. activities of the

processors in the 6400. The measurements obtained from it are the

execution times for given segmcnts of processing, as expìained in the

next chapter. Sirnulation of the input-output equipment simply provides

logical i'esponses and data to the PPUs so that they can contirrue properiy
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v,rith their work. The eciuipment simuìator therefore does not need to

reflect the response times of the real equipment, as these response

times do not affect the segments of processing that are being measured.

The simulated equipment, in fact, responds to function codes within a

cycle of simulation.

4.3.1 Slmulation of the Display Console

Two processes take place in the display console. The more

complex of these is the display of inforrration on the console

screens. ln the reaì system this is done by first sending a pair

of coordinates down the display channel, and then sending a

stream of characters to be displayed at the position so defined.

ln the simuìator the display screens h/ere represented by an array

of characters, and data sent down thã sirnulated display channel

were entered in the appropriate position in the array. Tl¡e

contents of the array could be printed at any tinre during simulation,

producing an image of what the operator woulC see on ihe screens of

the real system at the sarne point in processing. During the

simulation runs, this facility proved to be a convenient way of

seeing the state of the simulated systenì at a glance.

The display console also accepts entries from its keyboard,

sending them back along the channel to the PPU. ln the simulator'

keyboard entries were read from cards into a keyboard buffer,

where they were avai ìable to the equipment simulator when requi red.

Keyboard entries were not often simulated in practice since rnore

powerful and fasten methods of communicating with the simulated
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system were readily available. These methods were based on

inspection and modificatíon of the simulated reglsters and

memories, and are described belou/ (5.1 ,2).

\.t.2 Simuìat¡on of the Tape Uni t

The simulated tape unit was required only for simulating

the initial ization of the system (described in 5.1.4). The

operations performed by the tape unit during this process are

simple, comprísing only rewinding and reading. The simulated tape

unit thus needs to provide only this small subset of the capabilities

of a real tape unit. The tape itself is represented by a sequentiaì

data file stored on the (real) disc, which the equipment simulator

reads and positions as demanded by the function codes sent along

the simulated tape channel.

\.3.3 Simulation of the Disc

The disc is the most difficult of the input-output dev¡ces

to simulate. The information stored on the sirnulated disc is

held on a large f ile on the real disc. Each recorcj of this f i le

represents a sector of the real disc, and contains an exact copy

of the 64 central memory words and 4 control words that this

sector would contain in the real situation. This disc sirnulator

accesses this file under the direction of the function codes sent

along the disc channeì by the PPUs.
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The disc simulation program can recognise five function

codes on the simulated disc channel. Two codes are to select a

track and to seìect a head group, and for these the simulator

simply records the number of required track or head. Another

code asks the disc to send the number of the sector currently

under the heads back along the channel (as a data item). ln this

instance the simuìator always returns the sector fol lowing the

last one accessed. During nornal operations the real disc would

be in this position, unless an unusually long time had elapsed

s i nce the I ast access.

The other two function codes initiate reading froín or

writing on a given sector. |Jhen one of these function codes is

received, the sector number is combined with the previously

recorded track and head group numbers to compute a unique disc

address. The corresponding position on the indexed fi le represent-

ing the disc is cornputed from this address. ln the case of a read

operation, information is read front the aPpropriate ¡-ecord of the

fi le and sent down the disc channel. For writing, information is

accepted from the channel and written on to the file.

The detail of what happens durlng transfer of data between

the disc (or any other input-output device) must be reflected in

the simulator for the operation to be model led correctly. l,Ihen a

sector is to be read from the disc, the simulated PPU will issue

track seletion, head selec.tion and read sector function codes.

Using these, the disc simulator finds the appropriate record on
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the indexed file and reads ¡t ¡nto a buffer. The PPU then

executes an instruction to read from the disc channel (the IAH

instruction, illustrated in Figure 6). This causes it to wait

untiì the first data item appears on the channel. ¡t accepts

the item, stores it and waits again for the next one. Meanwhile,

the disc simulator sends a data item dowtl the channel, and waits

for the channel to be cleared, i.e. for the PPU to accept the

item. The channel can hold onìy one data item (twelve bits) at a

time. ln order to simulate this process correctly, the processinE

in both the PPU and the disc must be broken into very small seg-

ments (transmission or acceptance of one item) and simulated

alternately. The necessity of breaking down some PPU instructions

in this way has already been discussed, (4.2,2). Here we see ttre

process from the other end of the channel, from the discrs point

of view.

4.4 TIMING CONSIDERATIONS

The subprograms that sintuìate the CPU, PPUs and input-output equip-

ment must be combined so that they work together successfully. The

simulated processors must also remain synchronized with each other so

that the timing measurements are áccurate. Some rePresentation of tl¡e

real-time clock (2. t.¡) must be provided within the simtllator to give

measurement of simulated time. This section explains how these requi re-

ments v,/ere met in the s imuì ator program.
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4,4.1 Paral lel Processing

Simulatlon of the paralìel operation of the processors and

input-output equipmcnt is achieved by cal I ing the simulating sub-

routíne for each processor in turn as shown in Figure /. This

technique provides an exact simulation, so long as each call

simuìates a segment of processing that is small enough to be unaffect-

ed by the activities of other processors during that same segment.

For exampìe, suppose that a processor P issues a request to another

processor, Q, at a certain time T, and suppose that Q detects the

request 100 microseconds later. Suppose also that each processor

is simulated, starting at T, fcr 200 microseconds at a time and

that Q is simulated before P. Q will look for the request from P,

but will not find it, because the issuing of the request by P

would not have been simuìated. Q would therefore behave differently

in the simulation from how it would behave in the real computer.

Suppose, however, that each processor is simulated for 50 microseconds

at a time, st¡ll a much longer interval than that actually used in

the simulation. The issuing of the request wi I I then be simuìated

before Q looks for it, and the simulation will be correct.

The time for which each processor is simulated must be small

enough for correct simulation of any communication between process-

ors. VJhen a stream of data is read from a channel, as described in

paragraph 4.3.3, the PPU and ¡nput-output device interact within

one PPU instruction, so that the instructÌon itself must be split

up, and only part of it executed'on each call to the PPU or device
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simulator. The same appl ies to the instruction for writing blocks

of central memory, where another processor can be affected before

the înstruction is completed. These instructions are excePtional,

though, and in all other instances simulation of one instruction

on each cal I to the simulat¡ng subroutine gives suff icient division

of processing for accuete paraì lel simulation.

\.1+.2 Synchronizinq the Processors

Another problem in combining the various Parts of the sim-

ulator is that different instructions tal<e different times to

execute. Those instructions that have variable execution times

have been covered above (4.4.t). ln addition, some fixed instruc-

tions take ìonger than others. \./ith the processor simulators

executing one instruction on """h."1ì, this could lead to trouble.

Suppose one PPU, A, is running a program with a hish proportion of

slow instructions (for example, an operation on a table accessed

by indirect addressing instructions which c<¡uld take 5 microseconds

each) while another PPU, B, lras a program consistirrg mainly of

short instructions (such as a simple counting lo<.:p, using instruc-

tions that take 1 microsecond each). For as lr:rrg as this slate

of affairs exists, A will run faster (reletive to B) in the simu-

lator than it would in tl're real system. This kind of deviation in

instruction mix would tend to even out in time, since PPU programs

usually conrprise a varied mixture of the types of processing used

in A and B. Such deviation is undesirable, however, and is eliminatecj

in the simulator (refcrring to the example) by blocking simulation
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of A for four cal ls after each long instruction. Thus sinrulation

of a 5-cycle instruction effectively takes five car rs to the

símulating subroutine, although al I the necessary computation is

done in the first call. similar methods are used to keep the cpu

synchronized with the PPUs. This technique does not interfere

with the paral lel processing consideratÌons discussed in 4.tr.l

since any instruction that can ínfluence another processor lvíthin

its own execution time is deaìt with special ly. The present

discussion appl ies olrly to instructions that are compìetely internal

to a processor, or whose influence on other processors is not felt
unt¡ I after thei r execution is complete.

4.\.3 The ctock

The basic l:ime unit of the 64oo system is the r,najor c¡cle
(one microsecond), which is the memory access time for both central

and peripheral memoríes. lnstruction execution times are nteasured

in terms of this unit, as is the clock maintained by the simuìator,

on which its timing results are based. This clock sinrpry is a

counter that is incrernented once for each execution of the main

simulation loop (¡.e. for each cal I to all the simulation sul.¡routines,

the outer loop of Figure 7. By recording the value of this counter

at the beginning and end of a segment of processing, the time

(¡n microseconds) taken by the segment can be calculated.
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4.5 SUMMARY

Simulator A is designed to give as detaiÌed and as accurate a model

of the 6400 system as practicable. To do this ît simulates the execution

of the programs in each processor instructÌon by instruction, maintaining

registers and memory that are exact images of those in the real system.

Limited simuìation of input-output equipment is carried out, to provide

the processors with the necessary logical responses and data for their

work. These faci I ities enable a detai led qual itative representation of

the 6400 to be set up and studied. lntroduction of a clock and resolu-

tion of some problems of synchronization enable the simulator- to be used

quantitatively as wel l, to provide timing measurements for prograrn

segmen t s .

The main appìication of Sinrulator A is the investigation and timing

of inaccessible PPLI processes in the Scope onerating system. This

chapter has described holv the s inrulator provides the necessary faci I it ies

for doing this. The next chapter wi ìl discuss the e.xperimenta'l techniques

evolved for the investigation.
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CHAPTER 5

DETAILED SIMULATION OF THE SCOPE 3.2 SYSTEM

As Simulator A represents exactly the workings of the computer,

its operations have the same order of complexity as those of the real

systeÍTr. Maintaining the simuìated system and analysing results from

it need special techniques which are described in this chapter. Also

described here is the method used for validating Simulator A, and the

resul ts of the va ì i dat i on .

5.1 USE OF THE SIMULATOR

Because it uses program segments to decode and execute each

instructîon, and because it uses one real.processor (the CPU) to do

the work of eleven simulated ones, the detailed simulator is slow.

Its precise speed depends on how detailed a report of processor activities

is required, but an averâge figure would be about 1000 linles slower than

the real computer. This rat io demonstrates the need for a pract ical

simulation to use faster methods, such as those employed by Simulator B,

described in Chapter /. Detai led simulation of the processing associated

wíth even a small job (involving say five seconds of real time) is a

large task, too large to be practicable in one simulation run. Techniques

are therefore required to enable the simulation to be continued over a

I arge number of runs. Th i s sect ion descr i bes such techn i ques, and

discusses a number of other matters related to the practical use of

the simulator.
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5.1.1 The Simulation Data Base

The (real) central rnemory used by the simulation program

can be divided into tw<.¡ parts : that which changes as si¡nulation

proceeds (simulated memories, registers, channels and equipnrent

information, etc.) and that which is constant (the progranr itself

and constant data areas such as tables of instruction mnemonics

and execution times). ln crder to continue sinruìation across

several runs, ¡t is sufficient to save the variable area of

memory at the end of a run in such a fornl that it can be reioaded

by the simulator at the start of the next run. The constant areas

are recreated automatical ly wherr the program itself is loaded.

The saved variable area wili be referred to as the simulatíon

data base

The data base has other uses besides carryirrg a simulat ion

from cne run to the next. lt greatly faci I itates initlal ization

of the system (descr!bed in 5.1.3). lt is also possit¡le to

inspect and modify the data base between runs, thus comrnunicating

with and altering the systen.

5.1.2 Ed¡t¡nq the Data Base

The efficiency of the simulation process can be greatly

improved by making careful chanEes to the data base between runs.

Areas of processing that have been studied in detail already can

be skipped by making the same changes to the data base as the

omitted processing would make. This techníque is particularly



69

useful for ìoading a PPU program from the disc, a frequent and

lengthy operation. After such a loading process has been simulated

a number of times, and its characteristics have been thoroughly

studied, much time can be saved by, instead of simulating the

loading operation, performing equivalent operations on the data

base. The required program is written into the simulated memory

of the requesting PPU in the data base. Qther changes (to pointers

and registers in the PPU) are also made, so that the result is

exactly as if the simulated PPU had perfornted the operation by

itself by issuing a stack request in the usual h/ay. The effect

of this modification can be aìlowed for in the results of the

simulation because the processes skipped in thïs way are weìl

understood from analysis of the results of previous simulation.

An example of the adjustment of results to allow for such modifi-

cations is presented below (5.2.3).

Another appl ication of changes to the data base is recovery

after bad simulation of an ¡nstruct¡on. Despite the extensive

qual itative checking described below (5.t.4), some errors in the

simulator vuere not detected until production runs had started.

The effects of such a malfunction could be eliminated bv suitable

modifications to the data base. For example, a difference in the

branching operations of the CPU (which was doing the simulation)

and the PPUs (which were being simulated) resulted ïn a zero test

taking the wrong branch when given an operand of -0. The first

time this situation was encountered dulring simulation, the error
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resulted in a small'table in the PFU's memory being set up incorrect-

ly. By changing the table in the data base, the error was corrected

without repeating the simulation. This was a valuable saving

because re-starting the simulation from the beginníng would have

taken considerable amounts of computer time and programming time.

At the same time, the simulation program itself was corrected so

that future execution of the offending insrlruction under the same

conditions would be correct. Fortunately, errors of this kind were

rare, only three being detected in some 500000 cycles of simulation.

5.1 .3 lnitial izinq the System

In the real computer, the system is brought intc operat¡on

by forcing a short program ¡nto a PPU from a nratrÌx of switches.

The other PPUs are forced to execute ínstructions to read from a

channel (the IAM instruction of Figure 6), and so wait until the

first PPU sends a program to each along the appropriate charrnel.

The instant at which this initial ization commences is the only

exception in the system to the sovere¡gnty of the PPUs. lnitial-

ization continues with the first PPU reading the system tape, which

contains al I the programs in the system I ibrary. The system tables

and the library directory are set up in central memory, and the

other parts of the system are started. The first PPU becomes the

monitor when the initial ization process (cal leC dead-start) is

comp I ete .

ln theory, the simulated system could be initial izeci by makìng

it simulate the entire dead-start process. A copy of the system
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tape could be used for the simulated tape unit. Correctly initial-

izing the PPUs and then simulating for as long as necessary would

result in a facsimile of alI the processes of dead-start. The

simulator would eventualìy have central memory set up. The monitor

and DSD would be executing in two PPUs and PP resident would be

running in the other eight. All the Programs from the system tape

would be set up on the simulated disc and their positions recorded

in the library directory (in simulated central memory). The

simulated system \^rould then be ready to run jobs.

Unfortunately the ent¡re dead-start process is too long to

be simulated in ful l. ì"he problem of initial izing the simulated

system, which is decidedly non-trivial, was solved by writing a

program to set up the data base from.the system tape. Central

memory, PPU memories, registers and channels are initial ized and

written on the data base. Vrhen the data base, thus initialized, is

used by the simulation program, simulation begins at the final stage

of system initialization. The monitor, DSD and PP resident have all

been loaded into the approprÌate PPUs and are executing. The CPU

is idle and the tables in central nìemory have been set up.

The most d¡fficult part of the dead-start simulation is

automatic construction of the I ibrary directory. This must contain,

in sîmulated central memory, the address on the disc of each program

in the system library. ln order to compute tlrese from the lengths

and sequence of the progrâms on the system tape, all the disc

al location algorithms of the Scope system have to l¡e simulated. For
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example, suppose that at a given point in the dead-start process

the disc has been filled up to sector S of half-track T, and that

this half-track contains a total of M sectors (},l ¡s 50 or 64 depen-

ding on which zone of the disc half-track T is in). Suppose also

that the next program to be entered in the library is N sectors

long. lf N<M-S, then the program will fit into the renraining space

in half-track T. lf N>M-S, the first M-S sectors are written on

to haìf-track T, and it is then necessary to select a new half-track

(usually T+1), which couìci involve a zone change (and thus a new

value of M). The remaining ll-M+S sectors of the program are then

written on the new half.-track beginn ing at sector 0. For some

programs, N-M+S is still greater than M, so that a further half-

track must be selected and the process repeated. This whoìe procedure

ls carried orrt for each program in the system I ibrary. The nalf-

t,rack and sector at which each program starts is recorded in that

part of the data base that represents the I ibrary directory (a part

of simuìated central menrory). The half-tracks assigned to the

system I ibrary are also recorded, in the disc reservation tables

(another area of simulated central memory). The prograrns of the

operating systenì êre written out on to the simulated disc file

in the appropriate positions.

5.1.4 I itative Val idation

A progrêm as complex as Simulator A, with its bit-by-bit

accuracy requirements, must be fully tested qualitatively before

being used. Qual itative val idation invoì,¡es checking that every
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lnstruction executable by every processor is simulated in the

correct way and gives the correct resuìts. Malfunction of an

instruction in the simuìated system, through an error in programm-

ing, is analagous to a hardware fault in the real system. The

effects of such a fault can be obvîous or subtìe, depending on the

nature of the fault and the frequency wïth which ¡t is encountered.

Most simulation errors have immediate and far-reaching effects,

usual ly cuìminating in deadlock of the sysiem before simulation has

proceeded very far. Errors of this type are easy to detect and can

be quickly eliminated. For example, one of the first errors

detected was that when a PPU read a single word fror¡ central memory,

the address of the word read was one nrore than it should have been.

This soon led to trouble because, among other things, the PPU

programs were looking in the wrong place for their instructions

from the monitor. An example of a subtle error was that, when -0

resulted from an addition in a PPU, the simulator did not convert

it to +0, as is done by the PPU hardware. The result of such an

addition, in the simulator, passed a test for negativity when ¡t

should have failed. The path taken by a PPU program, (and thus

its execution time) sometimes depends on the result of such a test.

lncorrect simuìation can therefore cause the simulator to produce

incorrect timing results, even ¡f ¡t is not fatal to the system.

A simi lar error, described above (5. I .z) escaped the qual itetive

testing and was not detected until simulation was underway.
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An ideal method for the qual itative testÌng of the simulator

is to simulate some of the dead-start process. S¡mulation of the

entîre process is impracticable, for reasons given above (5.1.3),

but only a part need be covered for testing. Dead-start is better

than normal system operrtions because the interaction of the

processors is much more vigorous (and so more sensitive to bad

simulation). Al I processors, al I channels, and al I three input-

output devices included in the simulation are used at dead-start.

Host PPU instructions are encountered during dead-start processing,

but CPU usage is more I imited. lf the simulator behaves correctìy

during dead-start, then the qual itative aspects of the program

(¡.". those involving the processes being simulated, but not

necessari ìy the t iming measurements) ,can be regarded as being

fairly rel iable. Correct behaviour of the system can be checked

by watching how it acts at various decision po¡nts. For example,

if a simulated keyboard entry is made requestirrg that a memory

dump be produced during dead-start, and the system skips over the

dump program, then something is wrong. Other areas that can be

checked are the simulated display (which sl'rouìd contain, character

for character, the same information as the reaì display screens at

the same point in processing) and the tabìes in central memory,

whlch can be compared with real central memory.

The CPU simulator was not much involved in the early stages

of dead-start and had to be more ful ly tested separateìy. This

vúas easi ìy done by running CPU programs with it and comparing the
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results obtained with those given by the same programs run with

the real CPU.

The qual itative val idation detected a number of errors that

would probably otherwise have remained in the simulator until

well into the productiorr runs. The area where it was of greatest

value was in checking the simulation of the disc, and the close

interaction between the disc and the PPU controll¡ng it during data

transfers, descr i bed above (4.3.3) .

Once the simulator has been carefully checked it can be

used to obtain quantitative results, as described in the next

section. Vlhen these h.:ve been obtained, they can be used for

quantitative val idation as described in 5.3,

5,2 RESULTS FROM THE DETAILED SIMUTATION

This section describes the resuìts from the detai ìed simulation and

the methods used to reduce them to a convenient fornt. The signifìcance

of some of the results is also discussed.

5.2.1 The Test Job

A short but varied test job was designed to run using the

simulated system. This job first did some simple resource manipul-

ations (changing its nrernory al location and setting system Flags).

This was followed by a Fortran compilation with errors, a recovery,

and then a compi lation clf a correct Fortran program. F¡nal ìy, the

compiled program was loadeC (lvith the required CPU progr"t, frot

the system library) arrd executed. The program comprised a short
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arithmetic computation and a print statement. After executing

this program, the job terminated normally. This test job was

designed to include execution of all the commonly used PPU

programs, wh i ch were the programs of most interest. llork with

Simulator A consisted mainly of working through the processing

connected with the running of this test job.

5.2.2 0utput frorn the Sinrulator

As it analyses and executes the instructions for each of

the processors of the 6400, Simulator A can trace what each

processor and input-output device does during a run, and parts

of thi s trace can be sel ected for print ing. For processors, the

trace comprises a I ist of the instructions executed, the contents

of any registers changed by each instruction, and information read

from or wrítten into central memory. For an input-output device,

the trace incl udes any furrct ion codes sent along the appropriate

channel, and data sent in either direction along the channel. ln

addition, timing marks can be included in the trace at intervalE

of 64 major cycles. Using these, the times at which events occur

in the system can be measured, as described beiow. The trace cen

be printed for any number of processors at a time, but usually only

one was taken at a time, for the sake of clarity. The timing

marks can be used to match up separate I istings for simultaneous

processes. An extract r"rclm tlre simulation trace for the monitor,

running in PPU 0, is shown in Figure 8. Most of the items in this

extract represent executions of PPU instructions, and include (from
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left to right), the PPU number, the P (program address) register,

instruction code, instruct¡on mnemonic, and A (accumuìêtor)

register. Also shown are words read from and wrìtten into central

memory by the monitor, as well as the tíming marks every 64

major cycles. The number of instructions executed between timing

marks var i es depend i ng on the execut i on t imes of the i nst ruct ions

concerned.

The time at which an event occurs in the simulated system

can be measured using tlre timing marks. For example, in Figure B,

to measure the time at which the monitor detected the request to

drop the PPU, the value of the preceding timing mark (tlOS3OOU) ¡s

noted. The execution tímes of the instructions simulated between

this timing mark and the request are then added, to give a total

of 1 105320g. This is the number of major cycles simulated since

the completion of the dead-start process. By similarly rotìng the

time at which the request was answered (which was 1106000g) cycles,

the time taken to process the request (4600 cycìes) can easily be

calculated.

During simulation of the test job, the times at which various

events occurred in the simulated system were recorded. Ëvents of

part¡cular interest were inter-processor communications (such as

PPU writing a request in its output register) and changes of

processors from one kind of task to another (".g. from loading a

prograrn to execut¡ng it). Processing of the test job was normal iy

sinulated at a rate of about 2 milIiseconds in each run, with
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separate traces being produced for each active processor. The

event times were collected by hand into a list called the simulation

log, and it was from this that the results of the simulation were

extracted for appl ication to Simulation B.

5.2.3 The Simulation Loq

A typical extract from the simulation log, shor^rÎng the times

of important events in the system during a Period of a few milli-

seconds, is shown in Figure 9. During its processing, the test

job produced about 750 of these events, each of which was timed

v¡ith an accuracy of about 1O microseconds, using tl-re simulation

trace as described above (S.Z.Z). Validation of these results
(see 5.3) r,las only possible, houever, to an accuracy of about 200 usec.
Figure !, at 760000g cycl".t"f;.3 modification to the data base,

replacing the execution of a stack request.

îlre first stage in the analysis of the simulation log was

the insertion of events that had been passed over by changes to

the data base as <lescribed above (5.2.1). ln the example of

Figure 9, the process passed over in this way was a stack request

to read from the clisc into central memory. lt was knolvn from

previous simulations of thi s process that it comprised the events

and corresponding tirnes shotnrn in Figure 10. These cvents were

lnserted into the simulation log of Figure ! by setting the value

of T in Figure 1O to 761770 (the times at which the stack request

would have been made). The tÌmes for the events after stack request

were increased by the time the stack request would have taken
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(46540g major cycles). The modified simulation log is shown in

Figure I 1. ln this case, 20 mi I I iseconds of processing was saved

by modifying the data base.

The times taken for processes internal to a processor

(¡.". not involving comrnunication with another part of the system)

are easi ly determined from the simulat¡on log, which records the

times at which such processes start and finish. The times for

some common processes are I isted in Figure 12. Execution times

for processes invoìving communication between processors (e.g.

servicing a request made to the monîtor) can be obtained by the

log as well, but these c.an vary, depending on what is happenÌng

in other parts of the system. For example, the time taken to

reply to a monitor request comprises (1) the time taken for the

monltor to detect, process and reply to the request, and (Z) tlre

time spent waiting whi le the monitor processes other requests

issued before the one being discussed. The first of these compon-

ents is fixed, ignoring the slight differences caused by the differ-

ent positions of the monitorrs poìling loop at which the request

might be issued. The simulation log was used to measure th¡s fixed

component of the nlonitor's response time, and the result (for most

types of requests - some take longer) appears in Figure 12 as Tr.

Component (Z) depends on what other requests have beert issued, and

must be determined for each situation as it arises. The methods

used for this are desc.ribed in the discussion of the event

simulation (Z.l.t).
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Process

Search of the I lbrary directory for

the ith program

Reading a PPU program i words lqng

from central memory

A complete search of the fíle table

A search for a particular file in

posltion i of the file table

Storage re-adjustment (without a

memory move)

Response time to a request to the

monitor from a PPU (monitor ldle)

Verification of a stack request

Figure I 2

75

Typ I ca I execut ion t imes for some comrnon Scope
Processes.
(The symbols are used in Figure 13)

Symbol

T
L

T

Ts

T

R

Execution Time
(mi I I iseconds)

.08 + 03¡

.02 + 005¡

3.5

.08 + 02¡

1.6

M
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5.2.4 Quant i tat i ve' Nenvorks

It is difficult to devise a way of representing the processes

that take pìace in a complex operating systenr. One method is the

precedence-decision network, developed extensively by Noe and Nutt

'(55, 56) in connection with the Scope operating system. These

networks ca¡r be used to describe a system at any ìevel of detail

and provide a picture of system operation from which a simulation

model can be designed.

The resuìts of analysing the slmulation log can be represented

as a series of such networks, one for each of the prograrns simulated.

These program networks link up to form a larger network ciescribing

the whole Scope system. The networks formed from the sinrulatíon

log are very detailed. Each arc represents either a process

internal to the program (¡.". not making any requests to other parts

of the system) or a delay while waiting from scme other process to

finish (".g. waiting for a Ppu to become avai labìe). processes in

the first class each take a definitely predictable time, which can

be measured from the simuìation log as described above. The time

involved in the delays depends on what is happening in other parts

of the system. Although this is not known in the generaì case, it

can'be found precisely in any particular instance. Networks

obtained f rom the detailed sirnulation therefore conta¡n, not only

information about precedence and decisions, but also quantitative

data about the processing time associ¿¡ted with eaclì arc.
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A typical example of the networks produced at this stage

of the work is shown in Figure 13. This represents the processing

associated with the execution of lRA, which allocates resources to

jobs and initiates job execution. Some of the processes represented

¿¡re not done by IRA ¡tself, but by the monitor in response to

requests from lRA. ln the following discussion, numbers in brackets

refer to the nodcs of Figure 13. IRA executes for the first time

tv,,o seconds af ter dead-start (t ). A PPU is assigned (z) and IRA

is loaded from central memory and starts execution (l). lf there

is an idle controì point, the file table is searched for a job

waiting to be run. lf there ís such a job, and there is sufficient

memory ava i lable t-o meet its requ i ren¡ents, a request is made f or

the memory to be assigned (5) and the job is set rtp at the idle

control pcint. 1-his process requires an interlock on the f ile

table, which is requested at (6) and released at (8). When the

control point has been set up, the job is ready for execution (9),

so IAJ (tn. program that interprets job control cards) is called

into a PPU l=or this purpose 1tO). Meanwhiìe, IRA returns to the

start of its processing (¡) to look for another idle controì point.

VJhen none remains, it asks the monitor to run IRA again after a

delay of about half a second, and releases ¡ts PPU (4).

These networks, and thei r appl ication to constructing

simulator B, are further d iscussed in 7.4.1 .
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5.2.5 0ther Results

A number of interesting results arose from the detailed

simulation besides those used in the construct¡on of the event

networks described above. These results, which are discussed

in detail below, were sometimes significantly different from what

had been expectcd intuitively, and thus reinforce the need for

precise methods for measuring the system.

A survey was made of the time spent by the PPUs on various

tasks during execution of the test job. The result is shown in

Figure 14. The time spent on repetitive tasks, such as searching

tables and waiting for requests proved to be considerabÏy higher

than expected. Relatively I ¡ttle processor time was spent on the

more interesting aspects of processing, such as contrc¡l I ing equip-

ment and job flow. This diagram does not take into account the time

that PPUs spent idlin9 (i.u. not assigned to any program, but wait-

ing for the monitor to give them work). lt gives an indication of

how PPUs spend their time when they have been assigned work.

The amount of time devoted by the system to stack processing

(¡.e. control I in9 the disc) was greater than expected. During

execution of the test;ob, twenty stack requests were issued, and

processing these formed the greater part of systern work on the jotr.

This result demonstrales the importance of accurate disc simulation

in Simulator B.
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Controlling job flotrr,
etc.

Searching tables

Ioading prlograms

The processes (in proport¡on to the time
invoì'ved) carried out by active PPUs

during execution of the test job.

Figure 14



90

5.2.6 Test inq PPU Proqrams

A secondary appl ication of Simulator A is the qual itative

testing of PPU programs. Experiments described later (5.3.2,6.4

and 8.2.2) need PPU programs specially written for them and these,

like all programs, need to be urell tested to ensure that they

behave in the required manner. This is very difficult to do using

a real PPU, because there is no way of monitoring the actívities

of a real PPU. The usual error tracing techniques (printing key

variables, dumps of memory, values of registers, etc.) cannot be

appl îed. Simulator A provide an ideal answer to this problem.

lf the program to be tested is simulated, then every instruction

executed, every decision made and every result cornputed can be

traced in ful l, and any errors can be readi ly detected. An

additional advantage is that this testing by simulation c.an be done

as a normal job, whereas using a real PPU would require dedication

of the whole system, because a malfunctioning PPU program can easiîy

deadlock the system.

5.3 VALIDATION OF THE DETAILED SIMULATOR

Qual itative val idation of Simulator A, which is necessary if the

simulator is to remain in operation at all, has been discussed already

(S.l.tl) . Quarrtitative validation (¡.". val idation of the tirning

information produced by the simulator), whi le not necessary for the

operation of the simulator, is essential ¡f its results are to be treated

with any confidence. Quantitative val idation can be achieved by a

comparison of the simulat¡on log vlith some similar seguence of timed



events from the real system as

problem posed by the val idation

in the real system.

it runs the same test

9t.

job. The technical

sequence of eventsis measuring such a

5.3.1 Use of Monitor Requests

Validation requires that a sequence of events in the real

system be timed while the test job is running. lt is to avoid

just such measurement that the detai led simulator is required

anybray. However, for the purposes of val idation ¡t is not necessary

to have an exhaustive list of every event of interest in the system.

All that is required is a subset of reasonably frequent events for

comparison with the corresponding events in the simulation log. lt

is important that the events chosen can be measured without putting

a noticeable load on the system. lt'would be unacceptabìe, for

example, to incorporate timing subroutines in the programs used by

the test job, since this would result in the system being signifi-

cantly different from the one being simulated. The measurement

must not alter the systemrs behaviour with regard to the test job.

ldeal candidates for measurement in the real system are the

requests that the PPUs make to the monitor. They are sufficiently

frequent (about 100 were issued during the processing of the test

job) to provide an accurate comparison. They appear in fixed locations

in central memory, and can therefore be easily detected. The nature

of the request, the name of the requesting program and the PPU in

which the program runs make each request uniquely identifiat¡le.

The instant at which a request is issued is r,rell defined by the
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changing of the appropriate output register, Which can be detected

by any PPU. The sequence of requests can be reproduced exactìy by

repeating the associated processing.

5,3.2 Measurement of Monitor Requests

ln order to measure the times at which.requests v,/ere made

by PPUs to the monitor in the real system, a special PPU program

was written. This program first scheduled the test job to begin

after a small delay, during which it initialized itself . VJhile

the test job ran, this prograrn continually scanned the PPti output

regîsters (in central memory) looking for new requests. When one

was found, the requesting PPU number, program name, the request

code and the time were copied into a buffer in central memory. The

time was computerJ by monitoring the system clock (see 2.1.5). This

progrêm !..,as ca I I ed the sub-mon itor, because its scann ing of the

output registers is similar to that carried out by the monitor.

An important proctícal consideration in carrying out experi-

ments with the sub-monitor was that special programming of a PPU

is required. As explained in Chapter 2 (Z.Z.Z), the stability and

security of the Scope system Cepend largely on users not being able

to programme PPUs, and sc' experimentation with new PPU progräms is

incompatible with normal system operations. Experiments involving

the sub-mon i tor th"r"fo.. requ i red ded i cat ion of the whol e computer,

with the attendant d¡ff¡culties of obtaining such a facility.
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. The times produced by the sub-monitor were subject to small

but inevitable uncertainties. A monitor request could be issued

at any time, but it was not detected (and timed) until the sub-

monitor read the output register concerned. 0n rare occasions,

a request wês missed aìtogether by the sub-monitor because it was

issued, processed and cleared (by the monitor) before the sub-

mon i tor found i t. The average t ime requ i red by the sub-mon i tor

for a complete scan of the output registers was about 200 micro-

seconds, so that uncertainties up to this figure can be expected

from its results.

The sub-monitor had almost no effect on the rest of the

system. During scanning, the onìy resources it used were one PPU

and an area in central memory. Both'PPUs and central memory were

ln plentiful supply at all stages duríng the experiment. so this

produced no problems. The sub-monitor did not make up any requests

to other parts of the system while it was scanning.

After the test job had been run, the sub-monitor wrote its

buffer (containing the results) from central me,.nory on to a file.

During this part of the experiment it could issue requests, since

the measurement phase was over. A separate analysis program t^,as

used to.print the results in lhe same form as they appeared in the

simulation log.
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5.3.3 Fi rst Val idat ion Resul ts

Figure 15 shows part of the first comparison between the

times for reaì monitor requests (detected by the sub-monitor)

and the tirnes for the corresponding events in the simulation log.

Note that Figure 1! incìudes one of the requests (number 12) that

was missed by the sub-monitor, but which was detectecl during

simulation. F¡gure 16 is a graph showing the differences between

the event times of Figure 15.

It can be seen that the two sets of times, while comparing

reasonably well, do not reflect the accuracy one might expect

from a simulator as detaiìed as Simulator A. 0n the other hand,

the differences remain fairly constant over a number cf events,

showing which areas in the simulation (or the validati<¡n) need

closer attention. For example, something appears to have happened

to have displaced all requests after the first by about i.3 milli-

seconds. Requests 9 and 10 are displaced further from the rest of

the I i st.

Further investigation proved that these errors were due' not

to inaccurate simulation, but to differences in the conditions under

which the test job ran in the real and simulated systems. For

example, in the simulated system, the test job was the first one

after dead-start, to request central memory. ln the real system, the

job to start the sub-monitor ran befc¡re the test job. Memory

assignment fcr the first job after dead-start takes longer than for

subsequent jobs, and this resulted in the time between the first
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Real Time Simulated TimeReques t milliseconds milliseconds))

1.

?,

3.

4.

5.

6.

7.

B.

9.

10.

1r.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21 .

Memory al ìocation ( tnn¡

Fi le table interlock ( lnn)

Job table access (lnn)

Job table access (lnn)

Accounting message ( lnn)

Accounting message (lnn)

Change cont rol po i nts ( t nn)

Stack request ( tnl¡

Schedule re-execution ( tnn)

Drop PPU (lRA)

Reserve disc channel (tSP)

Change control points ( tse¡

Change control points ( ¡ SP)

Account i ng message ( tnl¡

Account ing message ( tnl¡

Account i ng message ( lnl¡

Job Status Request (ln¡)

Account ing message 1 tnl)

Stack requesr ( ln.l)

CPU assignment ( lA¡)

Drop PPU (tnt¡

0.36

0. 88

I .40

1 .51

2.28
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7 .2\

11.80

11.80

12.06

I 3.05

m i ssed

t+8.57

49.40

50.53

51 .66

52.49

53.79

60. 38

60.75

61 .11

0. 34

2.12

2.62

2.88

3.52

4.rq

8. 51

12.81

9.03

9.30

1 3.84

15.12

\g.sl

50.51

51 .96

52.79

53.50

54.81

61 .49

61 .9t+

61 .9\

Figure 15. (continued overleaf).
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Request Rea I T ime
(mTî1ffiãs)

S imul ated Time
(rni I I iseconds)

22.

23.

Reserve disc channeì (lSP)

Change control points (lSP)

61.33

62.52

6z'5t

63. 80

Figure 1$ First results from the val idation of the detailed
simulator.

(continued from orevious page)
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two requests being 1.3 mi I I iseconds longer (in the simulation) than

it shouìd have been.

In the simulated system, the idle control points were not

eligible for assignment (i.e. IRA could not use them to initiate

a new job, even if one was available). ln the reaì system, due to

the design of the sub-monitor, th¡s was not the case, and so IRA

executed another search l=or waiting jobs, delaying requests 9 and

10 by about 4 mi I ì iseconds.

5.3.\ Final Validatiorr Results

UJhen the d iscrepanc ies deScr ibed above brere overcome by

simulating the relevant sections of processing under the right

conditions, the results shown in Figure 17 were obtained. The

differences between the real and simulated systems are plottcd

in Figurc'lB. lt was mentionecj above (.5.3.2) that there is a

lag of up to 200 microseconds between when a request is macie by a

PPU and when ¡t is timed by the sub-monitor. lt can be seen from

Figure 18 that all the clifferences between the real and sinrulated

request tinres fal ì in the interval covered by this 200 microseconds

uncertainty. This is a most favourable result, as ¡t indicates

that the results of Sinrulator A are accurate, within the abil ity

of the sub-mon i tor to test them.

The frequent d i sc accesses caused d i fficui ty in the val idat ion

process. The real disc response times were not included in the

simulation, but were ir¡cluded in the sub-monitor results. As stated
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Real Time Simulated Time
Reque s t ( \miìliseconds (milliseconds)

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21 .

Memory al location (lnn)

File table interlock (lnn)

Job table access (tnn)

Job table access (lnn)

Accounting message ( tnn)

Accountïng message ( tnn)

Channel controì points ( lnn)

Stack request to read c.cards

Schedule re-execution ( lnn)

Drop PPU (lna)

Reserve disc channel (tSP)

Change cont rol po i n ts ( t Se¡

Change control poi nts ( I SP)

Accoun t i ng nres saqe ( t nl l

Account i ng message ( ln;)

Accounting message ( lA¡)

Job status request (lA¡)

Accounting message (tnl¡

Stack .request ( ln¡ )

CPU assignment ( ln¡)

Drop PPU ( tnl¡

0.36

0.88

I .40

1 .61

2.28

2.95

7 .24

1r.80

11.80

12.06

13. 05

m i ssed

\B.sl

49. 40

50.53

51.66

52.49

53.79

60. 3B

60.75

61 .11

0. 34

0.84

I .34

r .60

2.24

2.86

7.23

11 .66

11.74

12.02

12'96

13.97

48. 39

t+9.36

50. 3B

51 .6\

52.35

)r. oo

60. 34

60.69

60.99

Figure 17. (contiirued overl-eaf ) .
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Reques t Real Time Simulated Time
ílliseconds ) (milliseconds)

22.

23.

Reserve disc channel (lSP)

Change control points (tSe¡

61.33

62.52

61.26

62.5\

Figure 1/ Fínal results from the val idation of the detailed
Simulator.

(continued from previous page)
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above (4.3), the results of Simulator A do not ínvolve disc accesses,

so that this does not affect its val idity, but ít does prevent

continuous comparison of request times right through the running

of the test job. The comparisons were therefore broken up ¡nto

sections between dísc accesses, and each section gave as goocl a

comparison as that shown in Fîgure l/. At a later stage, when the

disc responses had been studied, it was found, as mentionecl in

3.3.1, that the times for some disc accesses couìd be predicted

exactly, whereas others took a random time. predictions were made

for the exactly predictable accesses occuring in the test job, and

there were incorporated in the simulation log. The results in

Figures 17 and 1B include one of these exact disc accesses, which

is respons lble for ';he ì ong delay between requests 12 and 13. As

shown in the results, the predicted disc response tîmes maintain

the same leveì of accuracy as the other quantities measurect.

5.4 SUi'1MARY

Simulation methods such as those descritred in this chapter prcvide

a way of studying the internal cperations of the Scope system with detail

and accuracy. PPU activities are particularly difficult to cbserve in

the real system, and instruction level simulation, whi le slow, can

provide al I the dctail necessary, as well as supplying timing information.

The instrinsic slowness of such a detailed simulation is alleviated to

some extent by suitable design of the simulation program, perrnitting

processes a I ready stud ied to t¡e sk i pped .
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Col lection and analysis of data f rom the simul.ator is a major

(and tedious) undertaking, but this is offset by the interest of many

of the results obtained (5.2.4), the unexpected nature of which justifies

simulation at a detai led level. Represent¡ng the results of the símula-

tion in a clear way is difficult, but precedence-decision networks of

the type discussed in 5.2.3 fill most of the requirements. Such a

rePresentation serves to clarify the often intricate interactíons of

the processes making up the Scope system.

A most inrportant need is for adequate validation of the simulator.

Great confidence cannot be placed in the results of an unvalidated

simulation. The good val idation results obtained for Simulatcr A

increased confidence in the quality of the model, and this more than

justified the effort of designing and running the val idation experîments.

The f inal resul t of this prel iminary simr.¡lation study is a detai led,

quantified description of the important parts of the Scope system

prog rams . l,Jhen cornb inecl wi th the inf ormat ion about input-output equ i p-

ment discussed in Chapter 6, this iorrns an invaluable pool of data from

which an accurate and eff icient simulation model can be built.
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.CHAPTER 6

MEASUREMENT OF EQUIPMENT RESPONSE TIMES

The one aspect of system opera'tions not covered by the detailed

instruction simulator is the behaviour of the input-output devices.

Study of these devices vuas ca¡'ried out independently of the detai led

simulation and comprised three stages. Firstly, the relative importance

of each device to the operation of the system was considered. The

information already available (¡n reference manuals and so on) about

these devices was then studied. For some devices this information was

sufficient for adequate simul¿tion. For others the avai lable information

r¡ras not precise enough and a third stage of investigation was unCertaken.

This involved direct measurenrent of the rãsponse t¡mes of the equipment

using special ly written programs.

6.1 OVERV I EI^/ OF THE INPUT-OUTPUT EoU IPMENT

The degree to which accurate simulation of a device is critical

to good overal I simulation varies considerably, depending on the devíce

concerned. Many devices are so divorced from the main operations of

the system, for reasons tc be given, that their response times have

I ¡ttle overal I effect. 0thers are intimately involved in the most funda-

nlental processes of the Scope operating system.



105.

6.1.1 Non-critical Devices

Under Scope, al I the card readers, I ine printers, card

punches and plotters (collect¡veìy referred to as unit record

devices) are managecl by Janus, a subsystem of ppu programs. Janus

controls its own processing by maintaining a set of schedulecl

processes called alarms. Each alarm comprises a process code and

a time at which the correspondïng process should be initiated.

when the alann time has passed, the alarm is said to have gone off.
For example, suppose that a cai'd reader and some other devices are

active. There will be a number of alarms set at any given time,

but suppose one for "read a card'r has just gone off. "lanus, by

means of control rnessages sent to the card reader, initiates the

reading of a card. lt then sets an alarm for processing the clata

read in after a time T. 'I is set so that by the time the alarm

goes off, the reading of the card will have finished. ln the

meantime Janus pi-ocesses any other alarms that may go oFf. processing

of the card reading operation v¡ill not continue until T has expired.

The time actuaìly taken by the card reader to read the card therefore

has no effect on the operation of Janus or of the system as a whoìe.

The important time is the alarm time, T, which is pre-defined in the

Janus program.

Similar methods are used by Janus to control

rec.ord devices. The respcnse times of these devices

not ef fect the t iming o1' other parts of the system,

the other unit

therefore do

ìong as they

The only

SO

do not exceed the corresponding a'larm times in Janus.
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complication is that alarms can go off while another is being pro-

cessed, so that the alarms queue for attention. The times involved

in such a queuing process depend on the time taken to process each

alarm, that is on PPU program execution times, which have already

been examined using the detai led instruction simulator. The unit

record equipment itseìf has no effect except in exceptional circum-

stances.

The exceptions include such things as card jams, printers

running out of paper, and so on. These are not internal to the

input-output dev¡ces i they occur randomly and involve action by

the operating staff. Such problems are considered in the discussion

of the simulat¡on design, in Chapter 7.

6. t .z rhe 6603 D í sc

In contrast to the unit record equipnrent, the 6603 ¿¡sc is

the device in closest association w¡th the operation of scope. The

main reêson for this is that the system library is stored on the

disc. Except for a few constantly used PPU prograrns (which are

stored in central memory), every program, either PPU or cPU, must

be read from the disc whenever ¡t is loaded. For exampre, nrany

PPU programs cal I in PPU sub-programs. lf the required subprogram

is disc resident, the program must wait until the subprogranl can

be accessed and read from the disc. Thus the execution time of the

program is dependent on the response time of the disc. l{e alreacy

know the executîon times of the other parts of the program from

the detailed event sinlulator. ldeally, then, disc access times
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should be known wíth comparable accuracy.

6.1.3 0ther Devices

The only other devices considered are magnetic tape units.

Under Scope, these are controlled by PPU programs that ere loaded

when required. Once loaded, the programs perform the required

operation, tell the requesting program that the operation is com-

plete and finish. The time required for the operation often involves

the response tinle of the tape unit, which ¡n turn depends on tape

transport speeds and so on. lf tape units were as crucial to the

operation of Scope as the disc, ít would be necessary-to know their

response times accurately. Thcy are peripheral, however, and the

system, once initiated, can run without them. ln the simulatíon

tapes were not consiclered during the initial stages of const;uction

arrd val idation.

6.2 INFORMA.TION IN THE MANUFACTURER'S DocUMENTATIoN

The ntain source of information about equipment response tirnes is

the appropriate manufacturer's manual (lZ). Each response I ime given

ín the manuals is found either from theoretical consideratioris, or from

measurements on similar (but not the same) devices. Thus, tlie times

given may vary sìightly from the corresponcling response tinres of the

devices at the simulated instal lation. For many devices, as has been

explained, the exact response times are not cr¡t¡cal to accu¡-ate simula-

tion, and the times given in the manuals are adequate.
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The important times for the unit record devices and the magnetic

tape units are given in Figure 1!. The card reader and card punch

operations are simple; the onìy important times are those taken to

read or punch a card. The line printer has a more complex set of

operations, but the time to print a Iine is the most important. The

operation of plotters is not very împortant as they are infrequently

used. These devices are, of course, mechanical, and some degree of

randomness can be expected in their response times. This random varia-

tion is not given in the manuals, but in any event it would be small

enough to be covered by the design of Janus, as explained above (6.1.t).

The information suppl ied about disc operation times is shown in

Figure 20. As was explained in 6.1.2, these times need to be known

with the same order of accuracy as the program execution times. The

times in Figure 20 are accurate, at best, to the nearest mill isecond.

This is not good enough for direct inclusion in the simulation. There

is need for nlore accurate measurements of the performance of the disc.

6.3 OPERATt0N oF THE 6603-il DtSC

The structure and operation of the 6603 disc have already been

intrcduced (2.1 .! and 2.2.7). This section describes in greater detail

the processes necessary to access the disc, so that the techniques used

to measure its operation times (described in Section 6.4) may be more

readily understood.
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Card Reader

Card Punch

Read first card ïn a deck

Read subsequent cards

71.2

49.2

6oo.

75.

.016

.20

.043

.015

5.0

Punch a card

Line Printer

Magnet ic Tape

Print I ine wÍth less than 48 d¡fferent

cha rac te rs

Print I ine with more than 48 ilif ferent
\

cha racte rs

60

Transfer l rjata word (f¡¡gn density)

Read involving a record mark

I'lrite involving a f ile mark

lnitiate rewinding

Start tape motion

Times (in mi I I iseconds) requi red by various input/
output devices to perform their operations.

Figure 19
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Revolution Time (n)

Transfer one sector :

inner zone

outer zone

Time for disc to rotate from sector s

to the reference mark, L(s) :

inner zone

outer zone

Time to change head groups at sector's

Time to change tracks at sector s

Fiqure 20:

67.

.634

.493

R ( 1 o3-s) /1 o3

R(r 31 -s) /t31

L (s)

L(s)+3n

Times (in milliseconds) for operations on the 6603
disc, as given in the manual.
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6.3 1 Structure of the Disc

The 6603 disc unit contains fourteen discs, giving a total

of twenty-eight recording surfaces, twenty-four of which are used

for data. These are divided i'nto two banks of twelve, one on e.ach

side of the driving motor (see Figure 2). lnformation goes to

and from the disc in l2-bit PPU words, and the 12 bits of a word

are simultaneously written or read, one on each of the 12 surfaces

of the chosen bank.

lnformation is written and read by heads, of which there are

four for each recording surface, arranged radially as shown in

Figure 2. Each of these heads has access to a ring-shaped area of

the recording surface called a zone. The twelve heads occupying

the same zone of the surfaces in a given bank form a head group.

There are a total of eight head groups, since there are four zones

and two banks. Only orre head group may be used at a time, and

switching between them i s achieved electronical iy. Aì I the heads

together can move radially across the disc surfaces.

lnformation is arranged on the recording surfaces as shown

in Figure 21. Each of the zones contains 128 tracks. The motion

of the heads across the recording surface determines whích of the

tracks is used. Each track is made up of a number of sectors, 128

for tracks in the two outer zones and 100 for the tracks in the

two inner zones. A sector holds 320 bits of information, and so



C'rOup si,,ritch gap

Reference
Mark Sector 0

112.

Sector 1

Direction of
revolution

Zone 3
l-nner
zone

outer
Zone 1

Figure 21 A recording suface of the 6603 ¿¡sc.
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the 12 surfaces in a head group together hold 3zo ppu words. ln

addition, each sector contains a number of extra words that hold

pos it ion ing informat ion. These wi I I be referred to as rrcontrol

wordsrr. They are accessible only to the PPU that controls the

disc, and they can be used to assist the disc control program,

as will be explained larer (6.3.3). The most important of the

control words contains the number of the track to u/hich tlre sector

belongs. A sector is the smallest part of the disc that can be

accessed individual ly.

The disc has a reference mark at the beginning of sector 0

and there are pulse marks at sectors 24,64 and 88. These are

used by the circuitry of the disc itself for timing purposes t

they are not di rectly accessible to the control I ing progrêm.

6.3.2 Access to the Disc

Before information is read from or vúritten on the disc,

procedures must be carried out to ensure that the correct part of

the disc is used. Three selections need to be made: selection of

a head gioup, selection of a track within that head group, and

selection of a sector within the track.

Head group selection is performed electronical ly, and takes

about a millisecond. However, a change of head group can only be

made when the heads are over the group switch gap (see Figure 2l).

lf a comnand to change head groups is issued at some other point

in a revolut¡on, the issuíng program must wait untiì the. group
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swîtch gap reaches'the heads before it can continue. Thus a wait

of up to a revolution is involved. Modifications made to the

disc have el iminated thi s delay in some ci rcumstances ; these

are described in 6.3.3.

Track selection involves mechanical motion of the heads

over the disc surface. The process can only be initiated when

the heads are over the group switch gap, so that a delay of up to

one revolution can occur (as for head group sv¿itching), depending

on the position of the disc when the track selection command is

issued. Once initiated, the movement takes three revolutions to

complete. Track seìection thus involves a wait of three to four

revolutions, that is, using the revolution time given in Figure 20,

201 to 268 mil I iseconds. Again, mod,if ications to the disc have

changed the characteristics of this process, and these are described

in paragraph 6.1.1.

Once the heads are positioned over the correct track, and

the right head group has been selected, it is necessary to wa¡t

until the required sector comes under the heads. This waiting

time depends on the rotation speed of the disc.

When reading or writing is underway, it takes roughly half a

mi I I isecond to transmit one sector. ln practice, only one sector

is ever transmitted at a time because the clisc control programs use

the technique of "half-tracking". Alternate sectors are used in

sequence so that while the intermediate sectors are under the heads,

processîng of the Cata transmitted call take place.
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The hardware of the disc can generate a status word that can

be read at any time by the controlìing program. This status word

is not recorded on the disc surface, but is generated when required.

The information contained in this word is shown in Fígure 22. lt

includes the number of the sector currently under the heads, and

bits that tell if head motion or head switching are in progress.

This status word should not be confused with the control words, which

are recorded on the disc surface and which can only be read when

they are under the heads.

6.3.3 Dísc Modifications

A number of modifications have been made to the 6603 a¡sc

since it was first designed. These enable it to work much faster,

but they make its operations more complex and more difficult to

simulate. As these nrodifications have a considerable effe-ct on

the tinring characteristics of the disc, it was necessary to include

them in the simulation.

The first modification concerns head group switching. lts

effect is to allow switching at any point during a rotation' except

when the switchìng is frorn an inner zone to an outer zone (oì- vice

versa). Thus in most cases switching takes only about a mill isecond,

and ¡t is not necessary to wait until the group switch gaP is under

the heads.
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p=l i.f a parity error has
occurrecl.

h=I if a head. switch is in progress.

=l if a track change is in progress

Flgure 22 : The format of the disc status word.

current sector numberpht
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The second modification reduces the time required for track

selection. lnstead of taking three revolut¡ons plus the t¡me to

reach the switch gap initially, track selection now takes eleven

t iming pul ses. A t iming pulse occurs whenever a pul se mark (at

sectors 0, 24,64 and 88) passes the heads. Thus instead of

taking 3 to 4 revolutions, the process takes 2* to 2 3/t+ revolutions.

The two modifications mentioned so far êre introduced at the

same time, and a disc so modified is referred to as a 6603-l disc.

A third modification further reduces the effective time for

a track change. The disc is altered so that reading ancl writing

can take place while a track change is in progress. One of the

control words of each sector, as mentioned in 6.3.1, contains the

number of the track to which the sector belongs. !,i¡th tÍris

modification, the program control I ing the disc can therefore read

the current track number while the heads are moving. when this

number remains constant at the number of the lvanted track, it is

assumed that movement of the heads has finished, and infor¡nation

transfer can take place, despite the fact that the track change may

not be logical ly complete. Logical compìetion, which is signal led

by a change in the appropriate bit of the status word (f¡gure 22),

still takes eleven timing pulses as explained above. The track

change must be logicalìy cornplete before another track change can

be initiated. lt is only the data transfer that can proceed socner.

A disc with this modificarion is called a 6603-ll disc, and this is

the type of disc being simuiated.



Time for one revolution :

Number of sectors in one track (H)

lnner zone

outer zone

Time for n sectors to pass the heads

r(n)

Time for switching head groups

I nt ra-zone

lntèr-zone

Time for heads to move from one track

to another :

Time for logical completion of a track

change (during which another track change

command cannot be received) :

0< s<2\ :

25< s<64 i

65. s<88 :

89< s< N :

r 18.

100

128

nr
ñÐ

H

T (N- s+3)

T(24-5)+2R+r(64)

r(64-5) +2R+r(N-61)

T(88-5) +2R+r(N-61)

T(H+3-s)+2R+T(64)

R

a

Figure 2l Operation times for the 6603-l I Disc.
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These modifications lead to a different table of times for

disc operatíons (f¡Sure 23). Note that the determination of the

times is now a much more complex operation. l^Jhereas previously

(Figure 20), all the access t¡mes depended only on the revolution

time, R, and the ¡n¡t¡al sector, s, there are now two more quantities

to consider : Q (the time taken by the heads to move and stabilize)

and H (the time required to switch head groups within a zone).

A most interesting aspect of these modifications is that

they were only discovered by the measurements of the disc describeci

below (6.4). The documentation original ly avai lable did not include

them, although the effects of the third change (reading during track

selection) on the disc ccntrol program had been observed during

detailed simulation of the program. ,Thus the experiments to measure

the performance of the disc not only improved the accuracy of

quantities already known ; they also suppl ied further vital inform-

at ion about the d i scrs belraviour.

6.3.\ An Example of a Disc Access

The processes described above are perhaps best il lustrated

by an example. Suppose that the disc is positioned at track 56,

head group 1, sector 74, and data are to be written on track 12,

head group 6, sector 6/. The operations involved in this example

are il lustrated in Figure 24, which shows events plotted along .r

time axis. This diagram wi I I be referred to frequently in the

discussion that fol lows.



Head switch initiated.

ference mark passes
ads, head switch

let.e, verif ication
tarts.

Required. sector under heads,
all other operations complete,
writing starts.

rack change
09ica11y complete.

t=0

Track change
initiated.

Required sector
under heads, but
track change
incomplete.

Head notion
ôeases

Verification
complete

Fîsure 24 The processes ðssociated with the disc access discussed
in the text.
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Suppose that the disc access starts at time t=0. The first

change to be initiated is the selection of the required track

(number 32). A command is sent to the disc to initiate movement of

the heads from track 56 to track 32. This is shown below the time

axis in Figure 24. Completion of this request will take a time Q,

which is unknolvn at present.

lmmediately after sending the track change command, the

program control I ing the disc sends another command to switch from

head group 1 to head group 6. This change is from the outer zone

to the inner zone, and so can only take place when the group swltch

gap is under the heads. The change will be complete by the time

the reference mark reaches the heads. Using the formulae of

Figure 21, it can be seen that revolut¡on from sector 74 to the

reference mark, in tl¡e outer zone, takes T(N-74-3) , which is .433R,

where R is the disc revolution tinre. During this period, which is

shown above the time axis in Figure 24, no further disc operatîon

can take place.

Once the head switch is complete, at t=0.433R, the ciisc control

program can read control words from the disc, to check for completion

of the track change initiated at t=0. ln order for the track change

to be considered complete, the correct track number (lZ) must be

read from 36 successive sectors. Because of the half-tracking, a

successful test takes a time of t(72). The disc is now switched to

the inner zone, so that'this time (using Figure 23 again) is .700R.

Once the heads have steadied at t=Q, therefore, a further ./00R nrust
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elapse before the track change is considered complete.

lf Q < .41¡n, the heads will have steadied by the rime

checking starts, so that checking will succeed immediately. The

total time required for the track change is therefore, in this

case, .4¡¡n (the time at which checking starrs) plus .700R (tfre

time required for checking) or 1.133R. lf, on the other hand,

Q > .433R, checking will not succeed ímmediately, and the track

change wil I not be considered complete until t=Q + .700R. This

second situation is the one shown in Figure 24, below the time

axis. ln Figure 24, Q- is about 1.2R.

Track selection and head switching have now been dealt with,

and onìy sector selection remains to be considered. The sector to

be written on is nurnber 67, wh¡cfr w¡it pass under the heads at a

time t(67) after the reference mark. For the inner zone, T(67) is

.718R. ln thîs exarnple, it has been shown that the reference mark

first passes the heads at t=0.433R, so sector 67 w¡ll first pass

them at t=.433R + .718R or 1.151R. This will happen again at inter-

vals of one revolution, that is at t=2.151R, T=3.l5lR and so on.

These are shown in Figure 24 by arrows below the time axis. At any

of these ¡nstants, and only at these instants, writing on the required

sector can commence. Note that the disc is also in tlre correct

position at t=0.1!1R, but w¡-iting cannot possibìy start then because

the head switch is still pending.
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. Sector selection requires that writing starts at one of

t=l.151R, t=2.151R, t=3.1!1R, etc. tJhich of these instants is the

one depends on the value of Q. ì^lriting wil I start at the f irst

such instant that occurs after the track change is considered com-

plete, that is, after t=Q + .700R. lt can therefore be seen that,

depending on the value of Q, writing will start at the following

times :

lf <Q<.45tn , t=1.151R

lf .45tn < e < 1.451R, t = 2.151R

lf 1.45tR . Q < 2.45tn, t = 3.151R

lf 2.451R < Q < 2.486n, t = 4.t5tn

Note that Q cannot be greater than 2.486R. This is the tlrne required

for logicaì completion of the track change (¡.". for l1 pulse marks

to pass the heads). Head motion r¿ill always be completed by this

time. ln Figure 24, Q falls w¡th¡n the second of the intervals

above.

This example wi l l be discussed further in 6.4.4, after the

measurements of the disc response times are described.

6.\ MEASUREMENT OF 6603-II RESPONSE TIMES

Exami nat ion of

for any d i sc access

R,

N,

s,

the formulae of Figure 23 shows that the time required

i s determi ned by fi ve quant i t ies :

the revolut¡on time of the disc

the number of sectors in the current zone

the sector currently under the heads
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H, the time requÍred for an intra-zone head switch

Q, the time required for the heads to move from one

track to another.

ln order to simulate a disc access properly, alì these quantities need

to be known accurately. Two of them, N and s, can be calculated. N is

readily determined from the current zone, which is always the zone

selected in the last disc access. Determination of s is more complex.

Provided that the value of s is known to be so at some ¡n¡t¡al time to,

then s can be calculated for any subsequent time t us¡ng the expression

+

This expression is simply the number of sectors that have passecl the heads

since to, reduced by the modulus operation to aìlow for the revolution

of the disc. lf s > N, then the group switch gap is under the heads.

Three quantities, R, H and Q, remain. These cannot be calculated,

and, if a better estimate of their vaìues is required than that given by

the manufacturer, they must be measured directly. The methods used to

measure each of these quantities wilì now be described.

6.4.t Measurement of Dísc Revolution Time

The time taken by the disc for one revolution was the first

and most important quantity measured. This quantity is used in

every calculation of disc access time, so its accurate determination

is vital.

(so
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ln order to measure R, a PPU program was written so that

direct communication with the disc was possible. Since new PPU

programs cannct be introduced to the system during normal operations,

for reasons given in 2.2.2, testing and running of this program was

confined to after-hours periods when the whole system could be taken

over. The program, in fact, requi red I ¡ttle testing at this stage,

because its correct operation had been assured by running ¡t with

Simulator A, as described in 5.2.6, and watching its behavîour.

The operation of the program is shown in Figure 25. The

position of the disc was obtained at frequent intervaìs by inspect-

ing the disc status word (f¡gure 22). At the same time a nricro-

second clock was maintained. as for the submonitor describeC in

5.3.2. VJhenever the sector number in the disc status word became

zero (¡n¿¡cating that the reference mark had just passed the heads),

the time was recorded in a buffer in central memory. After 2000

revolutions had been timed in this way, the PPU program finished

and started a CPU program which analysed the resuìts. This was

repeated a number of times.

The results of one run of this program are shot"n in Figure 26.

From the operation of the measuring program (f¡gure 25), it can be

seen that there is a delay between wlren the reference mark passes the

heads and when the program detects that it has done so. This delay

can be as long as one inner loop of the program (in the event that

the reference mark passes the heads iinmediately after the sector

number is read). This maximum deìay is about 50 microseconds, and
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Figure 25
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the recorded times are thus spread into a band about 50 microseconds

wide, which is shown in Figure 26. lt can be seen that, during the

2000 revolutions measured, the band moved I ¡ttle from its mean

position (thu maximum deviation was 40 microseconds). This índicates

that the disc revolution speed is, for al I practical purposes,

constant. lt is important that this fact v,,as verif ied by the

experiment, because the constancy of R is assumed by the formulae

of Figure 2J. The mean value obtained for R was :

R = 6.5.50 t o.o2 milliseconds.

Note the difference of 1.5 milliseconds from the value gíven in

Figure 20.

6.\.2 Head Switchin T ime

Measurement of H, the time required to switch from <¡nc head

group t<¡ another within the sarne zone, was effected by a program

simi lar to that used for measuring R. This program simi larly

maintained a microsecond clock. lt issued a request for a head

switch, and then continual Iy inspected the disc status word (Figure

22) until the flag indicat!ng that the switch was in progress had

cìeared. The elapsed time was recorded for later analysis. About

200 such measurements produced an average value for H of about 1.105

milliseconds, with a maxímum deviation of .003 milliseconds. These

resuìts had to be adjusted to allow for the delay between the comple-

tion of the group sw¡tch, and the detection of this completion by

the program. Thîs delay had a possible range of 0 to 10 mîcroseconds.

The final value obtained was thus :
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H = 1.100 + o.oo5 milliseconcls.

As switching from one head group to another in the same zone is

a wholly electronic process, one wouìd expect is durat¡on to be

almost constant. This is ineed shown by the above result.

6.\.1 Measurement of Track-Chanqe Times

The only information available about Q, the time required

for the heads to move from one track to another, was that it depends

on the distance that the heads must travel, and that it varies

between 60 andl60 milliseconds.

ln order to measure Qr a program was written to ¡n¡t¡ate a

track change, and then to check for its completion by the same method

as used by the disc control program in the operating system. A

counter was set at 36. sectors were read from the disc continually

while the heads were moving. After each sector was read, the control

word containing the track number of the sector was compared with the

number of the destínation track. lf they were different, it was

reset to 36. l,lhen the counter reached zero, the track change was

regarded as being cornplete. Figure 27 shows the operation of the

program in flowchart form.

The program measured the time between the initiation of the

head movement and the compìetion of the track change. The correspon-

ding value of Q was this time ìess the time required for the

verification, T(lZ). The program obtained a value of Q for changes

from track a to track b, wlrere a and b each took the values 0, B,
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16, ...r 120. The results of tuJo sets of measurements are shown

in Figure 28.

The most obvious characteristic of the results of Figure 28

is that they vary widely from one track change to another. Even

two changes with the same start and destination tracks sometimes

show considerable variation (u.g. 52 and 62 nilliseconds for changes

from track 60o to track 50o). There is no obvious relationshipö 'ó'
between the d¡stance the heads travel and the time taken. The only

obvious factor irr the results is the difference betweerr changes

that pass from one half of a zone to the other (across the boundary

between tracks 77g and 1008) and those that do not. Changes in

the former category take a considerably longer time then those in

the I atter

Regression anaìysis was appì ied to the results of Figure 28

to determine if there b/as any relationship between the disf-ance

between tracks and the time for head movement. The distance between

tracks was defined as the difference between the track numbers, and

ur¡ll be referred to as x. For track changes within a haìf-zone,

the f ol I owí ng resu I t ',vas obta ined :

e = 61.64 - 0.1É,x + .O1Sx2 (S.0. = 9.1) mi ll iseconds.

For track changes crossing the boundai-y between tracks 77g and 100g,

the following result was obtained :

Q = 139.2\ (S.0. = 9.0) milliseconds.

The distributions of times for the two class of track changes are

approximately normal.
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6.4.4 The SignÌficance of the Disc Response Times

The values of R and H determined above (6.4.1 and 6.4.2)

show such smaìl variations from one measurement to the next that

they can, for all pract¡cal purposes, be regarded as constants.

The values of Q, on the other hand, show appreciable random fluctua-

tion. Q is a stochastic variable and is, in fact, the only signifi-

cantly stochastic quantity involved in the operations of either the

processors of the 6400 or the disc. lt is the only quantity in

the system discussed so far that cannot t¡e accurately predicted.

The fact that Q is subject to random fluctuations does not

mean that every disc access involves unpredictable delays. A

considerable number of disc accesses do not involve track changes,

and are thus independent of Q. Even for accesses that do involve

a track change, the possible variation in Q is often unirnportant,

t¡ecause of the need to access a part¡"ui"r sector. The sector- to

be. read or written is under the heads onìy at definitely fixed

instants, one revolution âparl. Although the track change has a

random duration, Q, the disc access as a whole cannot proceed until

one of these instants, wirich are not random (because R is not randonr).

The uncertainty in Q becomes an uncertainty about which of two

exactly pred ictabl e del ays occur.

This effect can be seen in the example discussed above (6.¡.4

and Figure 24). The resr.rlts of 6.3.4 were expressed in terms of R.

lf the value of R, wfiich is now known, is subst¡tuted, the foììowing

possibilities can be calculated for the tíme taken for the disc
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access

lf Q< 29.5\, thent= 75.39

lf 29.5t+ <Q.95.04 , thent=140.89

lf 95.04 < Q < 159.23, then t = 206.39

lf 159.23 < Q < 162.83, therr t = 271.89

Al I the times are now in mil I iseconds. From the results of 6.4.3,

it can be found that for a change from track 56 to track 32 (the

change involved in the example), the expected value of Q is 76.66

mill iseconds, which is within the second of the intervals above.

Assuming that Q is normal ly distributed, with a standard deviation

of !.1, the folìowing probabiiities will apply to the possible

times for the disc access :

A probabiì ity of -10-4% that f = 75.j9

A probab i t i ty of 97 .72 that t = 1 40. 89

A probabil ity of 2.3% that f = 206.39

A probability of -10-t0% that t = 271.89

The only values with any appreciable probabilÌty are the second and

third. The cont¡nuous variation of Q has thus been reduced to a

choice bètween two deterministic possibil ities.

The concepts considered in this section assumed great

importance in the simulation of clisc accesses (described ¡n 8.3.1)

and in the approaches taken to validation of the simulator (8.4).

They are discussed again in Chapter B, in connection with these

topics.
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6.s SUMMARY

The results obtaïned from Simulator A are accurate to within about

l0 microseconds. ln order to maintain a proper balance, the response

times of peripheral devices should be known with comparable accuracy,

where they are significant in the timing of system operations.

The only avai lable source of information about equipment response

times is the manufactu¡'er's documentation. This cannot be expected to

be completely accurate or definitive for a particular Ìtem of equipment.

However, many devices, such as those controlled by Janus, are so

shielded from the rest of the system, from the timing point of view,

that the values given by thc manufacturer are adequate.

The only device for which it was necessary to undertake extcnsive

experimental measurement was the 6603-l I ð¡sc. These measurements were

necessary becattse the information avaiIable about the disc was not

sufficiently accurate, considering the vitaì roìe it pìays in the operation

of the Scope system.

Measurement of the disc response times produced a number of signifi-

cant results. Firstly it made known such quantities as the revoìution

time ¿nd head switching time with a much greater degree of accuracy than

would otherwise have been available. Secondly, it revealed the details

and unexpected complexities introduced by the modifications descríbed in

6,3.3. lt also showed that some response times (revoìut¡on time and head

sw¡tching time) could be predicted with an accuracy comparable with that

alreaciy obtained for prograrn execuEion times (f rom Simulator A), whereas

track changes have stochastic response times that can only be predicted
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w¡th¡n a certain range. Fïnally, analysià of the processes involved in

a disc access showed how thís stochastic effect is greatly modified by

the need to access a particular sector.

These results had a significant effect on the development of the

simulation model. The methods chosen from the validation of the model

were' to a large extent, determined on the basis of the experimental

results presented in this chapter.
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CHAPTER 7

DESIGN AND CONSTRUCTION OF THE EVENT SIMULATOR

The culmination of the experiments and measurements described in

the last three chapters is the clevelopment of the event simulator

(Simulator B). The information about system software obtained from

simulator A and the information about peripheraì devices discussed in

Chapter 6 are brought together, as shown in Figure 4, to form Simulator

B. This chapter describes the overall design of Simulator B and the

techniques used in writing it, and discusses some of the problems that

were encountered and the i r sol ut. i on.

7 .1 BAS I C DES I cN C0NS r DERAT I 0NS

ln order to understand the basic requirements for the design of

Simulat<¡r B, some knowledge of its intended purpose is necessary. The

simulator is intended for practical studies of the Scope operating system,

as it behaves on the CDC 6400 computer. The main requirements are that

it be reasonably fast, that means of specifying infornration to ir. (about

the system and about the job stream) be simple but flex.ible, and that

the program itself be written so that it is easy to understand and easy

to mod i fy.

The speed of the simulator needs to be such that an appreciable amount

of processing can be simulated at reasonable cost. Considering the high

level of detai! at which the event simuìator works, a speed of about 30

times the real sy-.¡s¡ (¡.". simuìating half an hour of normal processing
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in about a minute of simulator execution time) was considered a reasonable

goal. At the instal lation being simulated, the longest period of interest

is the normal operating day, about l2 hours, which would thus involve a

24 minute simulation run. ln most instances, a much shorter run would

suffice to show the effects of a given modification.

The ease w¡th which the simuator is used depends to a large extent

on the methods by which information is introduced to it. lt is necessary

to specify to the simulator what kinds of jobs are being submitted to

the simulated system, and what pieces of equipment and software are

present in the computer configuration being simulated. The design of the

method used to specify this information requi res careful thought.

The effect of a change in the logic cf the operating system would

normalty be reflected in the simuìator by a corresponding change in the

simulator program. Such a change would be necessary ín eTther of two

cases : if it was desired to investigate the effects of a proposed

change, or ¡f it was desired to update the simuìator to reflect a later

version of Scope. ln the former case, the change would usuaìly be tempor-

ary; in the latter case it would be permanent. To facilitate these

changes, the simulation program needs to be written in such a way that it

is easily understan<1able, and so that the relevant section can be readily

located and altered without hav.ing to search through large sections of

irrelevant program. This suggests a modular approach to the writing of

the simulator.
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7.1.1 Choice of Lanquaqe

The simulation languages available at the time of wríting

Simulator B were Simscript (4S) and Simula (17). Simscript was

not considered as a candidate for reasons of efficiency. The choice

bras thus between Simula, and the most efficient non-simulation

language on the 6400, Fortran.

S imu la brou ld prov ide a natu ra I and conc î sc mearìs of descr i b ing

the processes being simulated. I^lhen Simulator B was being designed,

however, the Simula compi ler avai lable was new and unreì iable.

Documentation of the language and of the compiler was inadequate. 0n

the other hand, Fortran, while not a language in which simulation

programs can be written very naturaìly, was very wel I knou;r:, and

had a thoroughly reliable compiìer. lt was decided that the advant-

ages of Fortran outweighed the inconvenience of using it, so that

Fortran was the language chosen for Simulátor B.

ln order to minimize the inconvenience cf writing simulation

procedures in Fortran, the simulation program used a package of

subroutines to do the work of scheduling, queue management and other

simulation tasks. ln this way, the disadvantages of using a non-

simulation language were largeìy offset. The simulation package,

which is further described in Section 7.2, enabled Fortran to be

used, in effect, as a simulation language.
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7 .1 .2 Cho i ce of Techn i ques

There are a number of techníques that can be used as the basis

for a simulation project. The most popular described in (¡) are

event-based, process-based and ent í ty-based s imulat ions. I f a

simulat¡on language is used, the technique used is normal ly pre-

determined (for example, Simula uses the process-based approach).

Since Fortran had been selected for this project, however, the choice

of technique was open.

The event-based approach was chosen because the concepts of

the system acquired from the experiments previously described were

largely event-based. For example, the network in Figure 13 is made

up of events I inked by inter-event periods of known duration.

lmplementation of this kínd of structuie as an event-based simulation

model is conceptual ly a relatively simple process.

7.1.3 The External Point of Vie.w

A most important aspect of the design of the simulator is its

interface with the user, that is, the methods used to specify infornl-

ation to it and to obtain the corresponding results. lnput to the

simulator is in two sections. The simpler of these contains inform-

ation needed to control a particular simulation run. This input takes

the form of commands to the simulator, each of which takes effect at

a particular moment of simuìated time. A typical sequence of sucir

commands can be seen in Figure 2j, which will be examined in detail

below (1.1.1), where the range of commands available and a description
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of their effects are presented.

The other input section is for specifÌcation of the jobs

being fed into the simulated system. Design of this section of the

input involved a job specification language, and is discussed more

fully in paragraph 7.3.3. Briefly, jobs are described by data cards

resembl ing Scope control cards. These specify the type of process-

ing required (compilation, loading, execution, copying, etc.), the

files concerned with the process, and some indication of the amount

of process i ng i nvol ved.

Output from the simulator is of three kinds : traces, dis-

pìays and reports. Tracing gives information at an intricate level,

so that each segment of processing can be studied. Displays present

an overall p¡cture of everything going'on in the system at a Part¡cu-

lar instant. Reports I ist accumulated stat¡stics about the perform-

ance of the system. These results are described further, with

examples, below (1.1.4 and 7.3.5).

Flexibi I ity is an important consideration in the design of

the input and output facilities of the sirnulator. The specif ic.ation

of jobs and the reporting of their processing can both be done

at widely varying levels of detai l.

l

I
I
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7 .2 S I MULAT I 0N SUBRoUT I NES

As stated above (7.t.t1, a large proportion of the bookkeeping tasks

associated with the simulation was managed by a package of subroutines.

This section describes these subroutines and shows how they enable

Fortran to be used as a simulation language, though not, of course, with

the same power of flexibility of a real simulation language such as

Simula.

The use of packages of subrout¡nes to "extendrrFortran in this way

is a common technique and has been applied to sïmulation (1t, 37). The

subroutines described here were developed to answer the needs of this

particular simulat¡on project. They are not restricted to computer

simulation, however ; they can be (and have been) used for many differeni

types of d i screte event s imul at ion

7.2.1 The Event List and the Sequencer

The timing aspect of the simulat¡on is controlled by a list

of, scheduled events. The method is essentially the same as that

described by Macdougal I (4¡). Each entry on the event I ist has

three attr¡butes : the nt¡'ìlber of the event scheduled, the job with

which the event is assocîated, and the time at which the event is

to be s imul ated.

A sîmulation proceeds, events are added to the event I ist

by the scheduler as described below. There rnust always be at least

one event on the I ist, or simulation cannot continue. The simulation

process is control led by the sequencer, which is responsibìe for
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initiating each event at the time for which it is scheduled. The

sequencer operates as shown in Figure 30. The event list is scanned

and the earl iest scheduled event found. The simulated time is set

equal to the time for which this event is scheduled, and the event

is removed from the list. A call is made to a subroutine EVENT,

whichr given the event number and the associated job number, performs

the processing necessary for actual ly simulating the event. VJhen

simuìatÎon of the event is completed, EVENT returns control to the

sequencer, and the process is repeated. S¡mulation is terminated

by an input command to the simulator, as described in paragraph

Note that the subroutine EVENT is the place where the operations

of the processes to be simulated are described. lt is not one of the

subroutines of the simulation package, which are independent of what

is being simulated

7.2.2 Event Scheduling

An event is scheduled by adding it to the event list. This

is done by a subroutine SCHEDULE, which accepts the three attributes

of the event (event number, job and time) and places them in the list.

A check is made to ensure that the event is not being schaduled to

occur at a time in the (simulated) past, in which case it could not

be simulated at the correct time. ln a correct simulation program,

this would never happen, but the check was found useful during the

development of the simulator.
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simulation is started by schedul ing the first event, and

then transferring control to the sequencer. Thereafter, events are

normally scheduled by other events as they are simulated. For

example, simulation of event number 4, to assign a ppU to a job,

will schedule whatever event represents the processing to be done

by the PPU when it is assigned. The event wiìl be scheduled at the

current time plus the time required to assign the PPU and to load

the required program into it. This process is described in more

detail beìo'^, (7.4).

7,2.3 Queue Manaqement

Management of queues is an essential part of simulating an

operating system. The queuing subroutines in the sirnulation

package provides the necessary o.o""rrinn to inspect the itenls on

a queue, to add an item, to remove a selected item, to retrieve the

length of a queue and to maintain statistics about the d¡stribution
(with regard to time) of the length of a queue. This processirrg is

avai labìe for up to 1O queues.

An example will serve to illustrate the operation of the

queuing subroutine. suppose that item x (which will usuallv be a job

number) ¡s to be added to queue k, which at present has N entries

on ¡t. A call of the form :

cALL QUEUE (2,k,x)

is made, where the rr2rr is.a key specifying that an item is to be'

added to the queue. ltem x îs added to queue k, tlre queue length is
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incremented (to N+1 ) and the t ime T' , is recorded. Suppose at some

later time Tr, an item y is to be renpved from queue k according to

some priority scheme. Each item in the queue is inspected so that

the appropriate one can be selected. The ¡th item is obtained by a

cal I :

CALL QUEUE (l,k,z,i)

where the ltem is returned in z. When y has been chosen from all

such items z, ¡t is Celeted by the call :

CALL QUEUE (3,k,y)

Item y is removed from the queue and the queue length is decremented

(to tt). The time at which the queue lengrh ìast changecl (Tf ) !s

subtracted from the current time (TZ) ?nd the difference is added to

the accumulated time for wirich the queue has had length N+l.

Firral ly, TZ is recorded as the time of the queue length last changed.

It woulcl have been possible to furtherrrautomaterr the

queuing process by implementing various common queuing pol icies and

bui lding them in to the queuing subroutine. The queuing pol icies

used by Scope are not usually simple, however, and the same policy

is seldom repeated in different parts of the system. The process

of selecting items from queues r^/as therefore included in the simulation

proper, not in the queu ing suirrout i ne.

Queues are used in the simulation to represent a number of

entities in the Scope system. These include the input and output
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queues, jobs waiting from the CPU or a PPU, jobs waiting for an

increase in memory allocation, the disc request stack, and jobs

awaiting the allocatìon of a device or a channel. Each of these

represented by a separate queue.

7.2.\ Resource Management

Another important and frequently used subroutine manages the

allocation of resources. lts main task is to keep note of which

resources (processes, input-output equipment, channels and control

points) are assigned to which jobs. lt maintains statistics

concerning the length of time for which each resource is assigned

to a job. The subroutine Ìs calìed either to assign or to release

a resource. lt performs a number of checks on the processes ¡t is

asked to perform, and detects erroneous situations such as the

reìease of an unassigned resource, or the.assignment of one that is

already assigned to another- job.

7.2.5 Error Diagnostics

During the development of the simulation program, ¡t is

desirable for the program itself to be able to detect errors in

itself and to diagnose them in a sensible way. Several such errors

have already been mentioned : an empty event list, attempting to

release an unassigned resource, etc. The event simulation procedures

(in subrout¡ne EVENT) can also detect errors. For example, if a job

on the output queue issues a request for the CPU, something is wrong,

and this can be detected by the program segment that simulates CPU
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EVENT L IST 0VERFL0I'l
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Figure l1 Some of the error messages provided by the
simulator. Asterisks indicate variabìe
fields.
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al location.

A subroutine ERROR is invoked whenever incorrect símulatíon

is detected. Thi s pr¡nts a sui table d iagnostic nressage, and deter-

mines whether the error is sufficiently serious to stop simulation.

Some indication of the range and kind of errors detectable is shown

in Figure J1.

I,lhen the simulat¡on program is running correctly, subroutine

ERROR should never be invol<ed, except for errors in the input to

the simulator. Al I the diagnostic fac¡ I it¡es are retained in the

production version of the s¡mulator, however, since as previously

described, using the simuìator can involve changing the program,

in which case errors could be introduced.

7 .3 I NPUT AND OUTPUT

The methods used by the sîmulator to communicate with the user were

introduced above (2.t.3¡. This section describes in greater detail the

facilities available.

7 .3.1 Control of the S imuì at ion

One of the input streams read by the simulator is a set of

conlmands control I ing the simulation run. Each command comprises an

invocation time, a keyword, and opt¡onal parameters. lf the

invocation time is omitted, the time of the previous command is used.

The command is obeyed rvhen the simulated time reaches the invc¡cation

time. The commands must appear in order <¡f increasing invocation

t ime.



The keyword in each command describes the action to be

performed. The recognized keywords are

PPLiB

15r.

indicates that alteratíons to the PPU program

llbrary of the simulated system follow. The use

of this command is described in 7.J.2 below.

indicates that alterations to the CPU program

I ibrary fol low. This command is also discussed in

detail in 7.3.2.

defines the equipment configuration. The parameters

defi ne the nurnber of ava i labì e pr i nters, readers,

etc.

defines the speeds of the input-output devices.

The pararneters include the disc revolution speed,

card read i ng rates, and ,so on.

defines the position of the 6603-l I disc at the

start of the simulation run. The track, head group,

and rotational position can be specified-

CPLIB

EQU I PMENT

SP EED S

D tsc

The commands listed so far would normally be used only at the

beginning of a simulation run (unless, for example, it was desired

to investigate the effects ofr sây, adding another I ine printer to

the running system, in which case an EQUIPMENT command would be used

part-way through a run). The folìowing commands are used at any

time during the run :
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TRACE start tracing a particular aspect of simulated

processing. The tracing faci I ities are described

i n 7. 3.4 bel ow.

. UNTRACE has the opposite effect to TRACE.

DISPLAY produces a display of the system, or indicates that

displays are to be produced at regular intervals.

READ defines the number of jobs available to be read.

This enables the reading of jobs into the simulated

system to be batched, as ¡t is in the real system.

For example, READ 6 indicates that another €r job

decks are present in the reader hopper to be read

when Janus is ready., Subsequen.t jobs in the input

stream do not become available until another READ

command is encountered. This technique simulates

the operators collecting a batch of jobs from the

input counter and loading them into the hopper.

END indicates that the sirnulation run is to stop.

Figure 29 shows a typical sequence of control cards for a

short simulation run. lnitially tracing is switched on for several

aspects (¡ob flow, input and Janus). The PPU and CPU libraries have

entries added to them (as described in the next paragraph) and simu-

lation begins. At 10 seconds, a display is requested, and at 15

seconds some alterations are made to the trace flags. Simulatíon then

continues until 60 secclnds when the END command is encountered.
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Definition of Simulated Libraries

The operation of the relatively few PPU programs in the Scope

system has been built into the program of Simulator B, as will be

described below (7.4). This takês care of the operation and timing

of the PPU programs in the system. The only other information the

simulator requires about the PPU programs is where each resides, so

that when one has to be loaded into a PPU, the correct procedure can

be simulated. For each PPU program in the system, the simulator

needs the length, the positon on the disc, and whether the Program

is also kept in central memory. This information is specified through

the PPLIB conrmand in the simulat¡on control stream. For example,

the first entry after the PPLIB command in Figure 2i refers to the

PPU program lRA. The copy of IRA storèd on the disc starts at half-

track 11, sector 45. These two numbers form the disc address of

lRA. The next number of the card defines the length of IRA to be

3 sectors or about 200 central memory words long. The asterisk

denotes that IRA is residerrt in central memory as well as being on

the disc. When the loadinE of IRA is simulated, the simuìator can

extract th¡s information fronr the I ibrary and schedule the appropriate

loading sequence.

CPU programs are not individual ly cater-ed for in the simuìator

program. lnstead the simulator uses the same processes to Process

all CPU programs, both those in the system and those from users.
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This is possible because a CPU program, when running, appears to the

system as a sequence of requests from the program to the system,

separated by periods of execution. The effect of the program on the

system is determlned solely by the nature of these requests and the

times at which they are made. This information, which is available

from Simulator A, needs to be specified for each CPU program in the

ìibrary of the simulated system, as well as the information required

for the PPU programs.

For example, the first CPU program defined in the CPLIB of

Figure 2! is RE\./lND. This program.simply issues a single call to

the PPU program Cl0 to rewind the file, and then ends. The timing

involved in this process was found from Simulator A. Looking at

F!gure 2!, the f irst card of the REt^llND definition gives its position

on the disc (fralf-track 1!, sector 24), and its length (2 sectors).

REt^/lND is not resident in central memory (no asterisk) and so must

be loaded from the disc. The last two quantities (.0055 ana 1) are

the total (default) execution time and the r¡umber of monitor requests

the program makes during executÌon. The monitor requests themselves

are defined on subsequent cards. The card fol lowing the REWIND card

specifies a call to Ct0, to perform a rewind operation (code 2) on

whatever f île is named as the parameter of the RE\.JIND program when

its execution is simulated. This parameter is variable and is

signified by ¡þs:t:k field. The Cl0 request is to be made.005 seconds

after RËì/lND starts executing.
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The second CPU program in Figure 29, C0PY, contains two

examples of a repeated request. The c0PY card itself is set up the

same v\,ay as the REI,Jll,¡D card above, but with the specification that

two requests follow. The first of the request cards define a call

to clO to read (code 0) from the file named as the first parameter

of COPY. This request is to be first issued at.005 seconds after

the start of execution, and then at intervals of.01 secontls untîl

the program stops execution. The second request (to write on the

flle named as the secorrd parameter) is also repeated. The number

of requests actually issued when the execution of C0PY is simulated

will depend on its execution time.

The method by which these definitions of CPU programs are

used to simulate CPU program execution, is described in 7.5.1.

7.3.3 Job Specification

Besides the command stream, the other source of input for

the simulator is the descriptions of the jobs in the input stream.

These descriptions are written in a specially contrived job

specification language, which resembles the format of Scope controì

cards.

As explained in 2.2.'/, the processing required f rom the Scope

system for a job is described by a set of control cards. These can

call for the execution of any of the Scope library programs, for the

execution of programs stored on a userrs file, or for a change in

resource aì ì ocat ion. The job descr: ipt ions for the i nput to the
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simulated system take the form of 'rcontrol cardsrr that correspond

closely in appearance and meaning to the Scope control cards. The

correspondence is shown in the examples of Figure 12.

The first card of each simulated job description contains

the job name, the job's initial memory requirements and its CPU

time I imit. ln the real Scope system these quantities also appear

on the first card in the deck, the job card. The first card of the

simulated specification also contains the number of cards in the

simuìated job deck, so that the correct size of input fiìe can be

computed. The latter consideration is necessary for accurate

simulation of disc al location, as explained in 7.5.2. As an example

of this first card, the first job in Figure 32 has a time ì imit of

100 seconds, and requires 40000 words of central memory. There are

100 cards in its (simulated) deck.

The subsequent cards of each job specification describe the

processes to be simulated for the job. There are thi-ee types of

process tlrat can be specified, corresponding to the three types of

control cord I isted above.

The simplest type of control card is that specifying a resource

request or other similar opei'ation. These operations do not involve

the execution of a speciaì CPU or PPU program; in the real system

they are processed directly by the program that interprets the

control carcis ( la¡) . The r-equests of th is type that are recogn izecl

by the simulator include':
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RFL(n) requests the allocation of n words of central

memory to the job. This card can be used to

change the memory al location specified on the

simulated job card.

PAUSE requests that the system suspends processing while

the job waìts for some act¡on from the operator.

EXIT provides an ilexit pathrr ilr the event of a normal ly

fatal error. lf EXIT is encountered in the normal

sequence of control cards, processing of the job

stops. lf a fatal error occurs befcre the EXIT

i s encountered, process i ng cont i nues wi th the cards

fol lowing the EXIT. lf the job contains no EXIT

card, a fatal error stops its processing.

Because each of these special system request cards involved

specialize,J processing, ner^, cards can be introduced to the simulated

system only by changing Ehe simulator program. The processing for

new cards of th¡s type should be added to the event that ¡nterprets

cont rol ca rds .

The second type of process that can be specified by a control

card is the execution of an absolute central processor program from

the system I ibrary. The prc'grams contained in the ì ibrary are def ined

by the CPLIB card described in Paragraph /.3.1. The control card

itself contains the program name, parameters (t¡le names) to be used

during the execution, and the period for which the program is to
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execute. The system I ibrary wi I I normal ly contain programs for fi le

handl ing, compílers, and a loader for the relocatable programs gener-

ated by the compilers. Each of these was studïed using Simulator A,

and the details of the requests they made to the system u/ere record-

eà for inclusion in the simulated library table of Simuìator B.

The programs in the standard simulated I ibrary include :

REt^rlND(X) positions f ile X at the beginning of

i nformat i on.

COPY(X,Y) copíes tile X on to f ile y.

EVICT(X) releases space assigned tc¡ file X. This is

done automat ical ly at the end of the .icb

for all but the.output file but ¡t is some-

times converrient to use it during process-

ing.

RUN (X ,Y ,Z) standard Fortran comp i I at ion, wi th i nput

from file X, compiled program written on file

Z and I isting on fi Ie Y.

C0MPILE(X,Y,Z) a general compíler whose request characteristics

are a compromise of other compiìers than Fortran.

The parameters have the same significance as

for RUN.

L0AD(X) load the relocatable program from fi ìe X. Also

load required subroutines from the system

I ibrary.
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This standard library can be aìtered or extended by use of the CPLIB

card in the simulat¡on control streams, as described above (l.l.Z).

The third and last kind of control card calls for execution

of a user's program. The program must already have been loaded by

a LOAD(X) command. The EXECUTE card specifies that the loaded

program be executed. The card I ists all the requests that the

program will make to the operating system, in the same way as the

CPLIB cards define the requests that system programs make (see

7.3.2) .

Finally, the last card in the specificatíon of each job is

an END card signifying that another job follows.

Specification of a typ¡cal sequence of jobs is shown in

Figure 12. The Scope control cards that wouìd be used for the real

job appear also. lt can be seen that the two specifications are

very simi lar. This feature of tl're design lvas del iberate, in order

to simplify the process of job specification for users of the

simulator, who would presumably be fami I iar wíth the Scope formats.

7.3.\ Traci_ng

Tracing is the most detailed level at which Simulator B pro-

duces information about the processes it is simulating. For tracing

purposes, the processes simulated are divided into about l5 di sjoint

sets, each representing a different aspect of the systemts behaviour.

Typical exampìes are disc' accessing, overal I job flow, memory

management, file operations, etc. Each item of the t-race output
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Figure ll : A section of a trðce from Simulator B
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comPrises the simulated time at which the event of interest occured,

the name of the job involved, and a brief message describing the

event. A typical segment of trace output is shown in Figure 33.

Note the use of three dummy rrjob namesrr : +++++++ (for commands

f rorn the simulator control stream), :t:!:!:k:!:k (for resource management)

and $$$$$$$ (for events simulated). Figure 33 also shows how

various levels of tracing can be invoked by using the TRACE and

UNTRACE commands.

7,3.5 Displays and Reports

Displays give a picture of the state of the simulated system

at a given moment in time. They are designed to resemble the con-

sole displays generated continually by Scope in the real computer

in order to keep the hurnan operators informed of what is going on in

the system. They have the same purpose in the simulated system,

except that they cannot be generated continually. ln the simulated

system, the console is merely an abstraction, so that instead of

appearing on the console screen, the displays are printed as part

of the s imulat ion or-rtput. The informat ion shown in a d ispl ay in-

cludes a list of all jobs in the system with their current status,

a display of the activities of the jobs occupying control points,

a table of what each periphcral processor is doing, and an account

of all allocations of space on the 6603-lt disc. A sample display

is shown in Figure J4.
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REPORT 
=

60
I
6
7

'4
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REA.L CPU T IF4E ( SrC ) s

SIMULATOR:COMPUTER TIME RATIOS
NUIIBEIì OF JOBS READ ¡
NUI"IFER OF JOi3S CU|\4PLETED:
TUR¡-¡P0g¡P TIMF-S (SEC) :
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COÑE UTILiZAÏION (P.C.) :

.051
,454
.352

34.796
27.906
41.676
58.288
2l .466
44,67 I

Fígure ll : A report generated by Simulator B
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Reports are intended to summarize iniormation from which the

overall performance of the system can be judged. They include an

account of how queue lengths are distributed in time, and various

quantities on which an estimate of system efficiency can be based,

such as job turn-around times, through-put, CPU usage and so on.

using these quantìties, a rapid comparison can be made between two

systems, so that the effect of a change from one to the other can

be assessed. A typicaì report is shown in Fígure J!.

7 .\ S TMULAT I NG SCOPE t¡' tTH THE EVENT S tMULAToR

This section describes the method by which the informatiorr about

Scope obtained from Simulator A was incorporated into Simulator B, using

the auxi I iary subrout ines described in Sect ion 7.2.

7.\.1 lmplementation of Results from Simulator A

The results of the work rvith Simulator A, as previousìy

explained, took the form of precedence-decision netl¿orks of the kind

shown in Figure 1J. l'he nodes represent events and the arcs repres-

ent delays between events. Some arcs have conditions associated with

them, and these conditions must- be satisfied before the arc is

fol lowed. Other arcs have no conditions and are fol lov¡ed in al I

situations. Suppose an event E is represented by node N. After

event E occurs, processing continues along each unconditional arc

leaving N and also along each conditional arc leaving N for which

the condition is satisfied. A number of possib¡lities arise from

this rule, some exampìes of which are :
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(t) lf there is no arc that can be followed from N, as with

node 4 in Figure 11, then no subsequent process is to

be initiated after event E.

(Z) lf there is one uncoñditional arc leaving N, as with

node I in Figure ll, then this is the only possible

path that can be taken, and the event at the other end

of the arc must be scheduled with a delay equal to that

associated wi th the arc.

(¡) ln many instances, there will be more than one arc

leaving N, but the conditions associated with them wil I

be such that only one is ever followed in any particular

instance. The arc chosen wil I be chosen according to

the conditions applying in the system when E occurs.

Once the decision is made, the procedure is the same as

in case (Z) above. ln Figure l3 nodes 2, l, and 5 are

of th¡s type.

(4) lt is possible for more than one arc to be followed from

a node at the same time. This impl ies that another

process has been initiated. For example, in node 9 of

Figure lJ, there are two unconditional exit paths. One

is the cont¡nuation of processing by IRA (arc 9 - 3) and

one is the assignment of a PPU to a ne\^, process, the

execution of IAJ (arc 9 - 10). Both must be followed,

so that simul"t¡on of the event at node 9 must include



167.

scheduling the events at both node 3 and node 10, each

with the appropriate delay.

Once a particular event is simulated, if the network segment

associated with it is known, the schedulíng of its successor events

is thus easily arranged. Each event in the operation of the system

is scheduled appropriately by its predecessor in the netvrork, and

will thus be simulated at the appointed time. lt remairìs only to

¡nit¡ate simulation try schedul ing the one event that has no

predecessor, the dead-start of the system.

The only situation not covered by these considerations is the

case wlrere a node has more than one predecessor. Suppose, for

example, that the network contains a node N, with predecessors A and

B. lJhen the events at A and B are simuìated, each wilI schedule

the event at A, probably at different tirnes. The network structure

impl ies that the event at N cannot be simulated until the deìays

ossociated with both these sclredul ing operations have expired.

That is, event N shouid be simulated at v¡hichever of its scheduled

times is the later. ln the slmulator program, th¡s is arranged by

programming each such event N so that it rnust be invoked twice before

its simulation actual ly takes pìace. There are very few !nstances

of this situation in the system. An er.ample is the cal ling of a

CPU program from the systern I ibrary. Execution of the program

cannot be simulated untiì the CPU is assigned to the job and the

loading process (done by the stack processor) is complete.
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It should be noted that Simulator B does not explicitly use

the network structure itself. tlhile ít may have provided a neat

method of programming to have included the network as a data

structure from which the program was driven, it was decided to build

the network impl icitly into the structure of the program. This

was done in order to make the program easier to follow by its

intended users, who would find its structure similar to the structure

of the system progranls being simulated, which do not use an expl icit

network. Use of a network-driven program wouìd simpl ify the overal I

structure of the simulator, but the structure of an event, taken in

isolation, would be harder to understand.

7.\.2 An Example

The process of converting the network from Simulaior A into

a program segment for Simulator B can be illustrated by the example

in Figure 16. This shovrs the networks for the process of requesting,

assigning and loading a PPU. The event of interest is the request

for the PPU, corresponding to node I in each network. The program

segment for the event is shown in Figure 37.

When a PPU is requested, ¡t is necessary fi¡-stly to see if

any PPU is available for aìlocation. lf there is none, the requesting

job is put on the PPU queue and no further events are scheduled

(node 2). lf a PPU is available, ¡t is assigned. Processing there-

after depends on the residence of the PPU program requested. lf

it resides in centraì memory, the time required to firrd and load ¡t
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Program is
CM resident

(TM+TL+TR) (unknown time
for stack
request)

I

I

Il
I

I

I

Program is
disc resídent

(TM+TL)

w.itiil o,,
PPU queue

Figure 36

Node 1:
Node 2¿

Node 3:

: Precedence-decision network for the request
and assignment of a PPU.

Request assj.gnment of PPU.
Issue stack request to read the
PPU program from disc.
First event in the execution of
the PPU program.
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can be calculated immediately, and the next event for the requesting

job can be scheduled with this delay. This next event (node x) is

variable, and will depend on the PPU program being requested. The

event that scheduled the PPU request would have made this information

available to the PPU assignment event. lf the PPU program is disc

resident, a stack request is scheduled. There is no way of telling

in advance just how long the stack request r.¡il I take, so the next

event after the PPU assignment cannot be scheduled. lt becomes the

next event to be scheduled after the stack request is processed,

and will automatically be scheduled by the events simulating the

d i sc access.

Releasing a PPU from a job A cancels the assignment. The PPU

queue is inspected to see if any jobs are waiting to use a PPU.

lf there are such jobs, one is selected, say B, and removed from the

queue. The PPU assignment event is scheduled for B. No further

e\rent is scheduled for A, since no event for job A depends r-rpon the

PPU bei ng rel eased.

7 .5 SOME D I FF I CULT AREAS

Although most events in the system could be programmed in a relatively

straightforward manner (as described in the example of J.l+.2), a few were

nrore difficult, malnly because of the complexity of the programs being

simulated. This section describes briefly some of these d¡ ff¡cult areas,

and out I ines the nrethods used to dea ì lvi th them.
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7.5.1 CPU Program Execution

lf a CPU program made no requests to the system, simulating

it couìd be done simply by obtaining its execution time, T, (which

is defined either in the job strèam or in the simulated system I ibrary

table) and scheduling the next event after execution with a delay

of T. T wouìd be added to the accumulated CPU time of the job.

CPU programs do make requests to the system, though, and the

input to the simulator (see /.3.2) enables the user of the simulator

to spec¡fy just what requests are made and when. As shown in the

last example of 7.3.2, a request can be defined as a repeated request,

to be simulated when the program has been executing for times, t,

t*Xr t+2x, until execution stops, where t and x are defined in

the program specification. A repeated request may also be defined

starting from the end of execution, to occur at times T-t-2x,

T-t-x, T-t. Repeated requests are useful for defining copying and

other file-processing programs, vvhere input and output requests are

repeated in this manner. The event that simulates a segment of CPU

processing must be capabìe of identifying the next request, however

it has been defined, and computing the time at which ¡t will occur.

The request corresponding to the event must then be scheduled at the

appropriate time.

This is done by keeping a list of future requests and their

invocation times for each job executing a CPU program. t/hen the

CPU is assigned to a job, the next request is identified. lf it is

a single request, ¡t is removed from the I ist ; ¡f it is a repeating
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request, ¡t is left in the list with the repetition time, x added

to the invocatiorr time. The type of request to be simulated is

determined, and the event to initiate ¡t is scheduled with a delay

corresponding to the invocation time. Simulation of the request

may or may not involve releasing the CPU ; this depends on the

nature of the request. lf the CPU is released, it can be assigned

to another job while the request is being processed, or it can

remain idle. !/hen the request to the system has been processed

(unless ¡t is the end of program request) t¡,e job concerned requests

the CPU aga in. l^lhen the CPU is ass igned , the whol e process is

repeated until the CPU program errds.

7 ,5.2 Stack Process inq

Stack processing is Cifficult to simulate because of the

complexity cf the operation and because of the amount of information

that must l¡e maintained in orcier to do ít properly. The net,,vork for

a disc access is shown in Figure JB. Simulation of the process

involves 5 events corresponding to the 5 nodes in the diagram. At

event l, the stack processor starts inspecting the stack and choosing

which request to process next. Some requests (such as rewinding or

evicting a file) can be processed simply by changing tables, and do

not require a disc access. These result ín a direct return to event

l, after a suitabl'e Celay (which wil I depend on the number of entries

in the stack and the nature of the request).
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lf a disc access is required, tests must be made to see what

processes are necessary to simuìate it (event 2). ln order to take

the correct path(s) from node 2, the simulator must know both the

current position of the disc and the position of the disc of the

data ¡t is required to access. This allows the correct sequence of

head switches, track selecrions and sector selections to be carried

out. The current position of the disc ¡s determined from the last

access (which defines the track and head group) and the time (which

determines the rotationaì position). The position on the disc of

each file in the system is determined when ¡t is written, using the

sarne algorithm as the real system. Thus during subsequent access-

ing of a fiìe, the corresponding area of the disc will be known and

so the appropriate events wi I ì be s imulated. The only except ion

is the systerï I ibrary f ile, which contains the programs in the

operating system. This is set up at dead-start and occupies the

lowest addresses on the disc.

' lt was found convenieirt to be able to issue a stack request

by disc address (specifying the physical address on the disc at which

it was desired to read or write) or by file name (where the current

position of the fiìe was retrieved from the file table, and converted

to a disc address). This flexibi I ity aìso contributed to the com-

plexity of the stack processing events, but greatly simpl ified many

other areas <¡f the simulator where stack requests v,,ere set up and

sclredu I ed .
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7.5.3 Memory l,lanaqement

l,Jhen a job requests an increase in the amount of central

memory allocated to it, whether at its initiation or during its

processing, the monitor uses a relatively complex algorithm to

compute the optimal plan for obtaining the required memory. The

criterion for optimization is the minimization of the memory to be

moved. ln Figure 39, a number of jobs are shown occupyíng central

memory. lf job E has to increase its memory al locat¡on sl ightìy,

this is obviously best achieved by extending E's al located area

downwards. This wouìd involve no movement of memory. lf job A

wanted an increase, it would be better to move A up, giving it the

resulting gap, than it would be to move B, C, D and E down. A

request for an increase by job C would lead to a more cornplex

situation. The algorithm used by the monitor is capable of investi-

gating al I these possibi I ities.

ln the real systern, when the monitor decides that ¡t is neces-

sary to move the memory associated with a control point, aìl activity

at that control must cease before the move can take pìace. The

monitor then assigns the cPU to a storage move program. I^/hen the

move is complete, the cPU is reassigned, and any suspendecJ activities

are restarted.

Simulation of this process involves firstly implementatÌon of

the algorithm to find the best move strategy. For each control

point whose storage is to be moved, the simulator must then deìay

for as long as it would take to stop the control pointrs activities.
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This time is obtained by consideration of the activities currently

going on at the control point, which are known to the simulator.

The CPU is assigned to the memory move program for the required

time (which is computed from the amount of memory to be moved).

The pointers that define the memory of each control point are then

updated, the CPU is re-assigned, and the control point îs reactiv-

ated. This procedure is repeated for as many control points as

need to be moved.

lf a job requests more mernory than is currently avai lable,

¡ts f¡eld length is automatïcally reduced to 1OO, words (tfre

mínimum required to sustain a running job) and the job is put on

a queue. l,Jhenever a job releases memory, a check is made of the

requests on this queue to see if any can be accommodated now that

rnore memory is avai labìe. lf such a queue entry does exist, its

request for memory is re-scheduled.

Accurate simulat¡on of the processing concerning central

memory is important because cent¡'al memory is one of the resources

in the system that is in short supply. System performance would

thus be expected to be more sensitive to errors in this area of the

simulat¡on than in many others.

7.6 SUMMARY

The design and construction of Simulator B brought together inform-

at¡on from many different areas. The results from Simulator A, the equip-

ment responses from Chapter 6, the requi'rements for the external character-
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istics of the program, and the restrictions of the language in which the

program is written all had a vital part to play in the design and imple-

mentation of the simulator at al I ìevel s.

Once Fortran had been chosen as the language in which to write

Simulator B, the first task was to make Fortran more like a simulation

language by writing a set of subrout¡nes for managing time, event

schedr.¡ling, queues and resources. A few such relatively simple sub-

routines made the programming of Simulator B much easier, and made the

program text considerably easier to fol low.

The design of the inner workings of the simulator was largely pre-

determined from the network structure of the system (mapped out using

Simulator A) and the faci ì ities provided by simulation subroutines.

The external interfaces of the program also'needed careful consideration,

and were designed for maximum flexibi I ity. lnput to the simulator

coulcl be used to define the equipment configuration, software, and the

job stream as well as to define parameters to control the simulatiotr run.

Qutput could be produced at almosl any ìevel of detail, from a listing

of every event as it was simulated to nothing but a statistical sumntary

at the end of the run.

Certain areas of Scope processing proved diff¡cul t because of thei r

complexity or because of the quantity of information required for adequate

simulat¡on. These problems were not fundamentaì ones, however, and were

solved by careful programming anci many trial runs.
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, Once the simulator was h,ritten, and the obvious.errors el iminated

from it, the next stage was it.s val idation, which is described în Chapter

8. ln Chapter !, some examples serve to illustrate the uses to which

the simulator can be put, and the results that can be obtained from it.
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CHAPTER 8

VALIDATION OF THE EVENT SIMULATOR

The process by which information from Simuìator A was transformed

lnto the program of Simulator B was described in Chapter 7. The inform-

ation concerned was verified by virtue of the fact that Simulator A was

successful ìy val idated, as described in Chapter 5. There was ample

opportun¡ty, however, for errors to be introduced during the translat¡on

process described in Chapter /, and it was therefore necessary to

val idate Simuìator B when this process had been completed. Thi s

validation checks the val idity of alì the logic 'of the Simulator D

program, and is shown in Figure 4 as rrdeterministic val idation'r.

It was then necessary to introduce the stochastic effects (which,

as has already been noted, were few in number) and to examine their

effect on the accuracy of the sirnulated system. Because the syslem had

become stochastic, a different method of val idation t^ras used, and this is

shown in Figure 4 as rrstochastic val idation". The two phases of val idation

are described in this chapter.

B. 1 METHODS OF VAL I DAT I ON

There are tbro approaches to val idation, stochastic and deterministic

that were considered in the validation of Simulator B. lt may be useful

to review the genei-al techniques of each and to díscuss the signif icance

that can be attached to their results.
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B. t. t Stochastic Val idation

ln a stochastic val idation, the system being símulated

usually contains some unavoidable random effect. The result of

this effect in the real system.will often not be the same as that

of the same effect, under the same conditions, in the simulated

system. For example, consider the case of a computer operator

responding to some request from the system. The time taken by the

operator in the real system is, say, x. ln the simulated system,

the response time would be generated from some random distribution,

and could possibly be x but is more likely to be some different

value y. The difference in the response times x and y will probably

iead to further differences between the two systems in later

process i ng. The resul ts obta i ned from the two systems, runn ing

the same jobs under the same conditions, will be different, even

if the sirnulation is a good one. The val idation thus becomes a

stat¡stical problem. One must determine the probabil ity of 
,the

two different results coming from the same system, given the probable

stochast ic var iat ion permi tted. Much work has been done i nvest i gat i ng

su¡table methods for such an analysis, for example by Fishman and

Kiviat (Zt+¡. To achieve an acceptable level of rel iabi I ity, a

stat¡st¡cal analysis needs a large number of observations (¡.e. a

large number of runs on the real and simulated systems). l/hen such

analysis reveals a discrepancy between the two systems, it usual ly

cannot pinpoint its cause, so that findîng the error could be

d¡ff¡cult.
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8.1.2 Deterministic Vaì idation

No real system is ever completely free of noise, and so no

system can strictly be described as deterministic. Often, however,

a process can be predicted with such accuracy that, for all

pract¡cal purposes, it is noise free. This is the sense in which

the word rrdeterministicrr is used here.

ln order to carry out a deterministic val idation, al I random

effects in both the real and simulated systems must be eliminated.

One way of doing this is to set up the system in such a way that

there are no random processes in it. Alternatively, a run can be

made on the real system, with random effects included, and the actuaì

values taken by each random variable measured. ln the latter case,

when the run is repeated in the simuiated system, the values

measured are supplied to ihe simulator so that they can be used in

place of a random selection when the stochastic effects are simulated.

The stochastic effects are thus replaced by known effects for the

particular run.

lf all randorn effects can be removed, all thât is necessary

for a deterministic val idation is to run the two systems under the

same conditions and to gather suitable information about each run.

Because the processes concerned are known in detail, and all

quantities invc¡lved have definiteìy known values, the results from

the two systems should correspcnd exactly, provided that the

val idetion experiment is correctly set up. lf there is no one-for-
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one correspondence between the events in the two systems' then there

is an error in the simulator. The difference observed could not

have arisen because of some stochastic effect. The place in the

runs at which the difference is first observed often indicates

the section of the model where the error wiìl be found.

8.1.3 Comparison of the Two Methods

Although ¡t is conceptual ly a much sirnpler process than

stochastic val idation, deterministic val idation gives much more

definite results. \l/ith a statist¡cal val idation, one can only say

that the simulated system mirrors the real system at some confidence

level , whereas with a deterministic val idation the only I imit on

the precision of the test¡ng is the accuracy with which quantities

can be measured in the two systems. The disadvantage of determinis-

tic validation, however, is the diff ¡crrlty of fulf il I ing tht:

conditions ¡t recluires - el imination of al I stochastic effects.

ln many systenìs, the stochastic effects are so mâny and so frequently

encountered that their el imirration is impracticable. ln some cases'

it might be possible to remove stochastic effects, but this might

change the system beyond recognition, so that the model being vali-

dated bore l¡ttle relation to the originaì system. ln the case of

a computer simulation, however, ít is more likely that a deterministic

simulation is viable, since so many computer operations involve

discrete logical steps with definitely known behaviour. The

Scope 1.2 system, for example, contaïns very few stochastic oPerations.

These can be removed with l¡ttìe effect on the design of the system.
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It was therefore considered most desirable for a deterministic

validation to be carried out, so that the non-stochastic parts of

the system could be checked thoroughly.

8.2 DETERMINISTIC VALIDATION oF SIMULATOR B

ln the case of Simulator B, it was possible to arrange a determinis-

tic val idation by el iminating al I significantly random effects from the

system. As has already been noted, the onìy frequent stochastic operat¡on

in the systenì is the movement of the heads of the 6603-ll disc from one

track to another. All other operations necessary for running the system

can be val idated deterministical ly, provided that the track changes can

be el iminated from both real and simulated systems.

B,Z.t El imînation of Track Chanqes

It was a trivial matter to ensure that track changes were

eliminated from the simulated system. A call to the error subroutine

vlas inserted in the proqraîì segment responsible for simulating the

event I'select a new trac!<'r. lf no error message was printed by the

simulator, then no track change had been attempted. Changing tracks

was avoided by ensuring that the system only ever wanted to access

one track, and was managed in the simulator in the same way as in

the real system, as next described.

It was more difficult to eliminate track changes from the real

system. The system had tc be set up in such a way that access to

only one track was necessary or possible. When ¡t is realized what

nonnal operation of the system is like, witlr track changes going on
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continual ly (usual ly more than one a second), .this is a fai rly

rigorous constraint. Nevertheless, it was found that a workabìe

version of the system could be set uP using only one track. All

the system library and all the files associated with jobs had to

fit on one track, which, when half-tracking and head switching are

considered, amounts to l6 half-tracks (the un¡t of the disc so far

as assignment is concerned) each of which has 58368 central memory

words. lt was found possible to reduce the space taken by the

system I ìbrary to three half-tracks by deleting al I Programs not

actual ly used by jobs run during the val idation. Thus many PPU

programs could be deleted, and all the CPU programs except one.

Since the simulator uses the same logic to simulate all CPU programs'

as explained in Chapter /, simulat¡on of any one Program is suffic-

ient to test the logic for the execution of all CPU programs.

Reduction of ihe system I ibrary to three haìf-tracks left

13 half-tracks for use by the jobs being run, which was sufficient

to have a number of jobs executing at once, actively competing for

resources and thus using the more complex Parts of the system -

those used to resoìve confì icts.

There is one other piece of information that is normally

stochastic that had to be made fixed, and that is the rotational

position of the-disc at the start of the validation run. This can

be readily defined in the simulator by use of the DISC card in the

simulation control stream. ln the real system it was fixed by

temporari ly blocki ng al I jobs from execution unti I the reference



187.

mark passed under the heads. This was done by setting up all the

control points in such a v\,ay that the job initiation program (lnn)

bypassed them. VJhen the reference mark reached the heads, the

control points were unlocked and the waiting jobs were free to be

selected by the system for execution. The time at which this happen-

ed was used as the origin f rom which al ì subsequent events \^,ere

measu red .

8.2.2 The Validation Experiment

The deterministic val idation experiment consisted of setting

up a dead-start tape for the reduced, one-track operating system.

The computer was then dead-started using this tape, and the control

points were locked from assignment to jobs. The jobs to be executed

during the validation run \^/ere then read in. A speciaì ly brr¡tten PPIJ

program was run to unlock the controi points immedietely after the

reference mark on the disc passed under the heads. 1'his PPU program

then behaved in exactly the same way as the sub-nronitor, described

more ful ìy in Paragraph 5.3.2. As in the val idation of Sinrulator A,

the sub-monitor, while executing, produced detailed timing inform-

ation about the processes going on elsewhere in the system. These

processes included the jobs previously read in, since, with the

control'points unlockecl, these were now free to execute. VJhen

these jobs had finished, the information that the sub-monitor had

produced about them was recorded on punched cards for later analysis.
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The choice of punched cards, by the way, gives some insight

into the restrictions posed by the need to keep to one track of

the disc. Al I other media (e.g. magnet¡c tape or permanent disc

files) require special software in the operating system to support

them. Since the operating system for this val idation had to be

kept as small as possìble, all such special software had to be

excised from it. The card punch is controlled by Janus, which had

to be included in the system anyway to control the card reader and

I ine printer.

A corresponding run was set up in the simulated system to

reflect the restrictions irnposed on the real system (¡... onìy one

track being used, and all the control points locked until the disc

vvas appropriately positioned). Job descriptions corresponding to

the jobs run on the real computer were supplied to the simulator.

0n completion of the simualation run, the events (and corresponding

times) corresponding to the real systemrs monitor requests vrere

identified. The times for tlrese events in the two systems could

then be compared.

8.2.3 Results

As explained above, the advantages of deterministic val idation

is that it should give a one-for-one correspondcnce between real

and simulated events. There is no need for stat¡stical tests to be

performed so that some measure of confidence in the resuìts can be

obtained. The two systems either correspond, or they do not.
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The fi rst time the determinîstic val idation was attempted,

four identical jobs were run on the two systems. Each job called

for execution of the systemrs one CPU program, which read from the

input file (requiring the execution of the PPU program Cl0 and a

stack request) and did some processing (about 1/3 second) not

requiring PPU assistance. lt then wrote on the output file and

finished. Each job required 40000U words of central rnemory, about

3.5 seconds of CPU time, execution of about 6 PPU programs and l0

stack requests. Four such jobs tryi ng to run s imul taneousl y resul t

in competition for these resources. lnsistence that the simulated

system manage this competition in exactìy the same way as the real

system, with exactly the same timing, is a stringent test of the

accuracy of the simulator logic.

The results from the first run of the four jobs described

above is shown in Figure 40. lt can be seen that there is a vague

correspondence between the event times in the real and simulated

systems, particularly at the beginning of the run, but the results

are not nearìy close enough to be satisfactory.

By considering the nature of the deviatîon between the two

systems shown in Figure 40, it was possibìe to identify the errors

in the simulator that produced the deviations. For example, the

most obvious inconsistency in Figure 40 is that job 3 ran much

earlier in the simulated system than in the rea.! system. This was

found to be due to an error in setting up the simulated system.

lnstead of having the correct 120000g words of central memory as
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Fígure 40. (continued overleaf).
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(continued from previous page)
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in the real system, ¡t had 160000 words, so that three jobs could

fit in at once instead of two, as in the real system. Correcting

this error and performing the simulation run again gave the results

shown in Figure 41. These show a marked ïmprovement over the results

of Figure 40, but the agreement in some quantities is still not

good enough. Some investigation showed that the remaining deviations

were due to errors in the simulation of the 6603-ll disc (¡t w¡ll

be observed that the discrepancies of Figure 41 are aPProximately

an ¡ntegral number of disc revoìutions, and this clue di rected

attention immediately to the disc simulation as the I ikeìy source

of the error).

After a series of five such corrections and re-runs, the

results shown in Figure 42 were obtaÌned. Here the deviations

between the real and simulated times are about as good as can be

expected from the measuring methods used. lt is interesting to

note that the accuracy shown in Figure 42 for Simulator B is compara-

ble to that shown in Figure 17 for Simuìator A (discussed in Chapter

5). This is a very sÌgnificant resuìt, for it shows that careful

design of a simulation model can result in ¡'easonabìe eff iciency

without sacrificing the accuracy obtained from a much more detai led

simulation.

B. 3 s I MULAT I ON OF RANDOM EFFECTS

I,then the deterministic val idation was completed, the simulator could

be regarded as an accurate model of the Scope 1.2 system, except that ¡t
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Figure 41. (continued overteaf).
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(continued from previous page)
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Pigure 42. (continued overleaf).
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Job 1 Job 2 Job 3 Job 4EVENT

l,lrite dayf ile on output
file

Evict input fi le

I EJ (and therefore the
job) finished

CPU time for job

PPU time for job

Fiqure 42:

1.260

| .258

I .450

1.448

1.523

1.520

2.766

2.7 63

2.891

2.888

2.962

2.960

3.022

3. 020

3.024
3. 023

1.\53

1 .451

2.894

2.891

1.582

1.580

1 .585

1.583

0.330 0.330 0.332 0.331

0.186 0.313 o.l8g o.3lB

Times in the real (top) and simulated (uottom) systems
for various events during the running of four
equivalent jobs. Run number 5.

(continued from previous page)
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did not include stochastic operations. There are tv,/o dífferent types of

stochastic effect that need to be considered : track changes on the

disc and responses by the operator.

8.3.1 Track Changes on the Disc

As has explained, all operations involving the 6603 disc are

frequent, and therefore need to be simuìated careful ly. Measurement

of the times involved in changing tracks on the disc was described

in Chapter 6. lt was also mentioned (6.4.4) that only in scme

cases is tlre stochastic effect of such a track change important.

The sector to be read or written is under the heads only at

definitely fixed instants, one revolution apart. Although the track

change has a random duration, the disc access as a whole cannot

proceed until one of these ¡nstants, which are not random. ln

many cases, the range of stochastic vcriation possible in the track

change I ies completely within t.he interval between two such instants,

and so the stochastic process cannot affect the overall L¡ehaviour

of the system. ln some instances, however, the random duration of

the track change may result in uncertaìnty as to whether the data

transfer to or from the disc will occur at one such instant or the

next.

This phenomenon is shown diagramatically in Figure 43, where

the events are plotted along a tinle axis. ln each of the cases

illustrated, â track change is initiated at To, on the left-hand

side of the diagrarn. lts completion time is represented by the
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probabi I ity distribution curve on the right-hand side, which has

a mean of 139 milliseconds and a standard deviation of 9. These

values are the results of the measurements described in Chapter 6,

and are derived in 6.4.3. The instants, T1, TZ, etc. represent the

successlve instants at which the required sector is under the heads.

ln case A, the times at which the track change could possibly finísh

are wholly between T, and Tr. The disc will not be ready to trans-

mit data at Tr, but it will be ready at Tr. lnformation transfer

wiìl therefore start at Tr. ln case B, there is a probability of

about 0.5 that the track change will finish before Tr. The data

transfer could therefore start at T3 or TU with about equa!

probability. ln case C, it wilI most Iikely start at Trr but

could possibly be deìayed until T4, wi[h some smal I probabi ì ity.

Simulation of a track change involves, fi rstly, calcuìat ion

of the mean time for completion of the f rack charrge, M. The f irst

T¡ greater than M is then found. This T. is the most I ikeìy start-

ing point for the data transfer, and is the one chosen by the simu-

I ator. The s in:ul ator than est imates the probab i I i ty, P, of the

alternative course being taken in the real system. This is done by

find the closest T. to M. P is then the integral of the probabiìity

distribution function between T. and the nearer asymptote. lf
J

T. > M (in vihich case i-j), then there is a probabil ity of P that
J

the real system will be one revolut¡on slower. lf tj ç M, then

P is the probability that the real system br¡ll be one revolution

faster. S¡nce the simulator always selects the most I ikely course



200.

of actÎon, P is always less than or equal to 0.5. P is estimated

by a simple interpoìat¡ot'ì on values of the normal distribution.

This is fairly crude, since only an estimate of the probability

is required. The value of P, and whether ¡t is for a slower or

faster access, are printed in the s imulation trace.

8.3,2 Operator Responses

Operator responses differ greatly from track change times

in two respects. They are required much ìess frequently (on average,

about once every 250 seconds as against about once second for track

changes), and the times involved are much less certain and vary

more widely.

ln order that operator responses could be simulated, it was

first necessary to measure the time such a response could be expected

to take. This could be done readily by analysÌng the dayfile (tne

accounting file generated by Scope which lists varîous events in the

system). A dayfile was examined and the times of messages caìling

for operator action were recorded. For each such request, the

message correspond i ng to the operatorr s compl et i ng the requ i red

action was located, and the response time was taken to be the time

between the two events. For example, suppose that there is a request

fc¡r a tape to be loaded at time Tr. The assignment of the tape by

the operator occurs at time Tr. The correspondíng response time is

thus T, - Tl.



201 .

Distribution wit.hin
0-I0 second interval

100 5

rlF
0 L20

The distribution of
(in seconds.)

IBO

operator response timesFigure 44

60



202.

Study of a large number of operator requests in this manner

resulted in the distribution of response times shown in Figure 44.

The graph is composed of two separate distr-ibutions of similar

shape, with peaks at 2 and 55 seconds. The requests peaking at

2 seconds are those requiring no action from the oPerator other

than an entry at the console. The distribution for these requests

when plotted separately, decl ines rapidly and is almost zero by

the time 60 seconds is reached. lt is most unusual for an operator

to ignore a simple request as long as this. The requests peaking

at 55 seconds are those requiring some additional action (loading

a tape, rerrewing paper in a pr inter, etc. ) . Tlrese decl ine more

slowly, approaching zero at about 3 minutes.

Simulation of an operator response can be done in one of two

ways. The precise time the operator is to take for a particular

request can [:e specified in the job descripticn (tne pRUSE command

described in 7.3.3 is an example of this). The simulator then

uses the specified time. Alter¡ratively, if no time is given, the

simuìator generates a random time from the distríbution in Figure

44.

8.4 PROPOSED METHOD FOR STOCHASTIC VALIDATION

The scheme proposed for ihe stochastic val idation of Simulator B

was essential ly the same as for the deterministic val idation, except

that trac¡changes on the disc were permîtted. The normaì system ì ibrary

could be simulated and a considerabìe number of jobs could be present in
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the system at one time. lf a stream of jobs was run using the real system

and the same stream run through the simulator, and a set of times for

various events obtained for each run, then the th,o sets could be compared'

Such a procedure would enabìe the simulator to be validated over a longer

period of processing than was possible with the one-track system used

for the deterministic val idation.

ÌJith the addition of the stochastic track changes, ltowever, the

process of comparing the two sets of data becomes more involved. As

previously explained, differences between them could be due either to

legitimate stochastic effects or to errors in the simulator. Various

statistical techniques are available to assist in comparing tvro stochastic

time series in order to determine (with a given level of confidence)

whether they characterise the same system: Naylor and Finger (47) I ist

a total of eight. These statistical techniques assume that the system

being modelled is entirely stochastic, in the sense that every inter-

event time is subject to random fluctuations. ln Simulator B, however,

the syste¡n being studied is almost whol ly deterministic. lt ís only

occasionally (on average about once a second) that a process involving

a stochastic delay (¡.e. a track change) occurs. For many of these

processes, the random effect is canceìled by a later deterministic

effect (the accessing of a particular sector) . \^Jhen the random effect

is important, it determines whether a disc access occurs on one revolu-

tion or the next. That is, the choice is L¡etween two deterministic

sequences of events, rather than from a continuum of different

possibilities.
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The operation of Simulator B is thus made up of deterministic

processes interrupted at comparatively infrequent intervals by a random

choice between two poss¡b¡ I ¡ties. Statistical techniques designed for

completely stochastic systems were not considered suitable for val idat ion

of Simulator B. lt was decided instead to extend the deterministic

val idation techniques to accommodate the stochast¡c choices, as

explained below.

8.4. I Design of the Experiment

The proposed stochastic val idation fi rst requi red the

generation of a significantly large (say 20) batch of jobs

having the same distribution of characteristics as the everyday

64OO input stream. (ff¡is pr.oblem of,generating jobs is discussed

in Chapter 9). This batch would be run with the real system and

v,,¡th Simulator B, and corresponding evettt times recorded for the

tv,,o runs. The two sets of times couìd then be compared as for

the deterministîc val idation, except that at some stage a track

change might occur that caused the two systems to take different

paths thereafter. ln one system, a track change might be completed

just in time for the required sector to be accessed. ln the other,

because of the random effect, the track change could take longer'

and the system would have to wait for another revoìution to perform

the access. This would delay al I subsequent disc accessing by one

revolution, and would interfere with al I subsequent processing in

the system. The comparison of the two event sequences, therefore,
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could only be made as far as the fÌrst disagreement.

Once the f irst such disagreement v',as identif ied, another run

could be made on the simulated system set up so that the simulator

took the same course at that point as the real system had. This

would enable the comparison to be continued to the next disagreement.

The process wouìd be repeated until the whole run had been validated.

Thus, in a piecewise way, the whole system could be validated

determirristical ly.

The proport¡on of track changes ìeading to disagreements

would be fairly small, since the simulator always takes the more

I ikely of the two possible courses. Often the probabi I ity of

the less possible course is very low, so the chances of the real

system behaving differently are not great. At each point where

the dísagreernent actually occured, a check woulcl be made on the

estimated probabi I ity for this happening (the quant¡ty P, caìculated

by the simulator as described in 8.3.1). A disagreement where P

was very low would give reason for suspicion of the probability

estimation.

8.\.2 The Head Crash

After the vaì idation procedure described above was planned,

but before it could be put into operation, a ilhead crashrroccured

on the 6603-l I disc at the installation being used. This happens

when the heads of the d.isc come in contact with the moving record-

ing surface, damaging the magnetic material. This head crash was
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severe, and the damage ì/',as cons ïderab I e, so the Comput i ng Cent re

decided not to attempt repairing the disc, but to continue using

the new 844 disc packs, which by that time had taken over much

of the work of the 6603 anyway.

The head crash, unfortunately, meant that the planned val id-

at¡on could not be done, since it uras impossible to run the job

streams on a reaì version of the system being simulated (i.". a

6400 computer with a 6603 as the main storage device). Even ¡f

the disc h-:d been repaired, tl¡e val idity of the planned procedure

would have been in doubt, because the characteristics of the disc

would probabìy have changed as a result of the accident.

!"ith no possibiIity of proceeding with the stochastic

vaìidatîon as planned. otlrer methods for checking the simulator

had to be i nves t i gated .

8.5 STUDY OF THE STOCHASTIc MODEL

' A number of methods for completing the stochastic val idation in

spite of the head crash were investigated. None of these methods,

which are described below, was both feasible and satisfactory. lt was

desirable, then, to determine how important a p.lrt the stochastic events

played in the operation of the system - that is, to find how often the

probab i I i ty of a d iscrepancy betvreen real and s imulated systenrs was

significant.
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8.S. I Methods Considered for Stochastic Val idation

After the head crash prevented any further runs on the real

system, two methods for performing the stochastic val idation were

cons i dered .

Although jobs could no longer be run on the real version of

the simulated system, information was avai lable abor¡t how suclr

jobs behaved in the form of accounting fi les. A ì imited suppry

of these was available from the time before the head crash. These

¡r',ere examined to see if the information they contained was suff icient

for them to be substituted for the system ¡tself. The accounting

f iles d¡d contain enough.information about what happenecr to

jobs as they ran through the system, but there was insufficient

information about what sort of jobs they were. Because of this, the

sanre set of jobs could not be defined for running through the simu-

lated system. For example, the accounting fi les give no incl!cation

of the frequency and types of PPU requests made by a userrs program.

Thus an effective validation could not be performed for lack of

information about the jobs being run.

A second approach was to subst i tute the 844 d i sc packs for

the 6603- I I in the simulated system. This wouìd make the simulated

system equ.ivaìent to the real system once again. Unfortunately, the

information available about the operation of the 844 disc was inade-

quate. For exampìe, the access time is quoted as l0 to 37 milii-

seconds, with no indication of the distributíon. lncorporation of

the 844 in the simulation model would have required a complete
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sequence of measurements as described in Chapter 6 for the 6603.

This would have been time consuming and costly. Because of increas-

ed system loads and longer running hours, it was less feasíble to

take over the whole system in order to carry out the measurements.

ln view of these diff¡culties, together with the relatively smal I

gain at stake (validation over a longer time span than had hitherto

been possible), it was decided not to attempt such a procedure.

Both schemes for a stochastic val idation were, then, found

want¡ng. The simulator has not, therefore, been val idated over a

long time span. The shorler val idations, however, showed that its

performance in almost all areas was extremely close to that of the

real system. There is no t'eason to bel ieve tllat thi s accuracy

would deteriorate with time. l'he only aspect of the simulation that

has not been validated is the probability estimates for discrepancies

due to tracl< changes. These estimates, based directly on physical

mei¡surements of the disc, are only informative, and their precision

is not crucial.

8.5.2 Frequency of Stochastic Events

The operation of Simulator B can be regarded as a Markov

chain as shown in Figure 41. At certaín times, there is a random

choice between two courses of action, shown by the branches in the

chain. The probabi I it¡es associated with each branch can be computed

(as described in 8.3.1), and the simulator always selects the branch

with the higher probab¡l¡iV (l-p). lt prints the probability
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A segment of tlre operation of Simulator B

represented by a Markov chain. The heavy
I ine indicates the path taken by the sÌmulator
Branches to the left indicate possible delays
of one revoìution. Branches to the right
ind icate possible advances.

Figure 45



210.

associated with the alternate branch (p) for the information of

the user.

Because of the head crash, the values of P could not be

compared with the occasions on which the real system actuaìly took

the alternative branch. However, a study was made of the frequency

with which P is signif icantly large. lt wi I I be seen f rom Figure

45 that p (i.e. the probability of taking the less likely branch)

is often negligible (.Oot). ln two instances, it is fairly high

(.13 and .2\). A much larger number of simulated disc, accesses

was studied to determine just how P is distributed within its

possible range of 0 to 0.5. The ¡esult is shown in Figure 46, which

shows, for a given threshold probabil ity Pr, the percentage of

decision points for which P t Pa. Thus, if a probabiIity of 0.1

for a cliscrepancy is regarded as significant, then about 267; of

track changes wi I I give appreciable poss¡bi I ¡ty of a discrePäncy

occuring.

P is the probab!l ity that, at a given branclr, the simulator

will choose a path different from that taken in the real system.

From this it can be seen that the probabil ity of the simulator taking

the correct branch in each of n successive track changes is

(r

where P. is the value of P at the ith decision point. ln Figure 45,
I

the probability of the simulatorrs whole path being correct is 0.63.

n

I
l=l

P
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The calculation of P is dependent on the.standard deviation

of the distribution of track change times, which was ! milìiseconds.

It was intendeci to carry out more exhaustive measurements of track

change tÌmes to see if a better mechanism could be found for simulat-

ing them than the regression formulae derived in 6.4.3. lt was

hoped that such a study would enable the times to be predicted from

a narrower distribution, which would have the effect of lowering the

standard deviation. Unfortunately the head crash on the 6603 disc

prevented such measurenrents, so the standard deviation of 9 m¡ I I ¡-

seconds had to be kept.

It shouìd be noted that the decision points where P is signi-

ficant wi I l, on average, be evenly dîvicied between advances and

delays of equal magnitude. Over a long period the real system, even

though it takes a different (and ìess likely) path than the simuìated

systern, would behave in a similar way. For long periods, where the

detail of what happens at any instant is not of interest, the

possibi I ity of discrcpancies due to track changes can therefore be

d i s rega rded .

8.6 SUMMARY

Val idation of Simulator B was spl it into two phases. F¡ rstly, the

simulation of the intricacies of Scope logic was val idated. The processes

involved in th¡, *.r" "ll deterministic, and so the validation couìd be

based on an exact, event-for-event comparîson between the real and simuìat-

ed systems. Tl're val idation proved diff icult in practice, since ¡t required
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that the Scope system be set up in such a way as to use only one track of

the 6603 disc. Despite the d¡ff¡culties, the val idation was successful ly

carried out, and the comparison obtained was as good as that obtained in

the validation of Simulator A. This shows that a great deal of detail

can be removed from a simulation model (as in the transition from

Simulator A to Simulator B) without adversely affecting its accuracy,

so long as care is taken about just how detail is removed. Simulation

at the more detailed ìevel is necessary in order to find where detail is

not critical.

After the deterministic val idation, the stochastic track changes were

implemented. These do not make the system whoì ly stochast¡c, but require

that it make, at times, a random choice between two deterministic courses

of action.

Validation of this process was precluded by the unforseen demise of

the 6603 disc in the real system. Methods of bypassing the problem were

considered and found want¡ng. All that could be done, therefore, was to

determine how important a part the stochastic effects played in the system,

and how often they could be expected to cause deviation between the real

and simulated systems. Over long periods of time, these discrepancies

cancel one another.

Except for its prediction of discrepancies due to track changes

(whích in any case are only informative and do not affect the operation

of the model), Simulator B can be regarded as validated. The results of

the valídation show that its bähaviour is very close to that of the real

system in all respects.
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CHAPTER 9

SOME EXAMPLES OF THE USE OF THE SIMULATOR

. For the purposes of illustration, a number of simple investigatíons

were carried out using the simulator. These enabled the simulator to

be evaluated in a situation closer to real life than in the validation

runs. Ease of specifying the details of jobs and of the operating

system could be estimated for the sorts of problems the simulatoi'wês

designed to study.

Briefly, the investigations carried out were:-

1. examination of the effects on the system of moving the

PPU program Cl0 from centraì memory to tl-re disc.

2. identification and improvement of bottìenecks in the system.

3. examination c¡f the effects of different priority schemes

on the performance of the system"

These investîgations are typ¡cal of the sort of problems considered by

tl"rose interested in pred ict ing the performance of a computer system.

g. I PRELTMTNARY C0NStDERATt0NS

There âre two problems that rrust be considered in almost any

investigation of the performance of a computer system. The fîrst is

the determination of the kînd and mix oF jobs the system wiìl be process-

ing. The second is to decide that measures will be used to judge the

operat lon of the system. Both these probì ems are d i ff i cuì t. The
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d¡ff¡culties, and the assumptions made in this study, are now described.

9.1.1 Job Classes

The types of job submitted to a computer and the way in which

these types are mixed are subject to complex fluctuations. The

job mix will vary with the type of computer and with the nature

of the installation. Even with one particular system, there will

generally be fluctuations depending on the time of year, day of

the weel<, and time of day. ln most ¡nstal lations there wi I I be a

growth trend as wel l.

The main characteristics of a job, so far as its effect on

ihe system is concerned, are its size (i.". the amount of process-

ing ¡t requires) and the type of processing needed (i.e. dominated

by central processing or by file accessing). VJith jobs run on the

6400 under Scope, a quantitative measure of both these characteris-

tics can readily be derived from the CPU and PPU processing times.

As a measure of job size, the system time can be used, where :

System Time (Sf) = 4 x CP Time + PP Time.

The weighting of CPU time by four is somewhat arbitrary, but has

some foundation in that this factor is used in the 6400 accounting

programs, indicating that a unit of CPU time is generally thought

to berrworthrrfour units of PPU time. As a measure of how much

file accessing, as opposed to central processing, a job does, the

processing ratio can be- used, where :
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Processing Retic (pp.) = PP tine/CP time.

As an indication of what this quantity means, consider the fact

that jobs involving long compi lations or assembl ies usual ly have

a PR very close to one. This type of job would therefore involve

I'equailramounts of file accessing and central processing. Jobs

cloing trivial processing (".S. copying) on lengthy f iles would

have a higher PR, while jobs involving much processing with little

file accessing would have a loler PR. Because of the PPU overheads

involved in initializing and terminating a job, the PR for small

jobs is generally much higher than it is for large jobs doing the

same sort of processing. ln other words, System time arrd Processing

Ratio are not completely independent.

A sequence of about 200 successÌve jobs that were submitted

to the 64OO on a typical working day were examined, and their system

time and processing rat¡os calculated. A scatter diagram of these

jobs, plotted against the two measures, is shown in Figure 4/. lt

can be seen that the jobs l=all into several clusters, shown in

Figure 47 Ay the boundaries tabulated in Figure 48. These clusters

wi I I be cal led job classes.

Defining the class of a job purely in terms of its processing

times has the disadvantage that it bears no relation to the origÌn

of the job. Since different users would be expected to submit

different classes of jobs, it was decided to look at the orginators

of the jobs in the various classes, to see if there was any definite

relationship between the two. The jobs plotted in Figure 4/ were
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Class A 5\.7"/" sr<40

Cìass B 20.9% 4o < st < 200

Cìass c 16.22 sT > 200

PR<50

PR<50

PR>50

sT > 200 .5 < PR < 4

sT > 200 PR < .5

Class ù 5.17"

Cì ass E 1.3%

Class F 1.7% sT > 200 PR>4

Fisure48 : The proportions in which jobs of various classes are mixed
in the 64OO input stream during term time (frr:m a sample
af 25o jobs).



found

Class

Class

Class

Class

Class

Class

219.

to originate as fol lows :-

A : S impl e comp í I at ion-execut ion jobs submi tted by students

learning a programming language for the first time.

B : Jobs subm¡tted by more advanced students and research

workers requiring more (and more sophistícated)

resources than the jobs in Class A. Most of the runs

described in this chapter, for exanrple, were Class B

jobs.

C : Jobs restricted almost entirely to fiìe handling

(copying, I isting and permanent fi le manipulations).

These jobs are run by more sophisticated users to set

up files for later jobs.

D : Long jobs using similar €mounts of FPU and CPU time

(".g. long compi lations and assembl ies). These usual ly

come f rom systems prograrnming staf f .

E : Long jobs made up ìargely of central processing. These

are rare, and usual ly invoìve mathenratical appl ications.

F : Long jobs with appreciable central processing and very

large amounts of PPU processing. These jobs come from

such users as the university administration, the I ibrary,

etc. They are usually rare but can dominate at some

times of the year (e.g. during the processing of enrol-

ments).
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There brere very few disagreements between classification by ST and

PR and classif ication by origin. Only about 26% of jobs fel I into

different classes under the two different schemes. The class

divisions used would therefore seem to be natural and consistent

ones.

9.1.2 Job Mix for Simuletion Runs

The distribution of jobs among the various classes in Figure

\7 is tabulated in Figure 48. As was mentioned at the beginning

of this section, the distrîbut ion varies with time. For example,

during university vacations, there are far fewer Class A jobs.

0uring term, especially when a large class has a programming

exercise due, Class A jobs dominate. Other classes of jobs are

also subject to periodic fluctuations, aìthough not usual ly as

dramatic as those of Class A. The distribution shown in Êigure 48

is from a typical day during the university term.

Simulator B is designed to predict the effect on the system

of changes made to ¡t. Because of the variation in job mix, ¡t

is necessary to make such predictions over a range of job mixes,

and to make a final judgement only in the light of the overall

result.

For the purposes of the studies described in this chapter,

the distribution shown in Figure 48 (a typical term-time job mix)

is of greatest interest, and job streams selected from this distri-

bution wi I ì domînate in the experiments that fol low.
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ln order to simpl ify the specification.of jobs to the

simulator, a job generating program v',as written. Thîs program,

given the distribution of the jobs among the classes, generates

a random sequence of jobs conforming with this distribution. This

stream is in a form suitable for feeding to the simulator, as

described in 7.3.3. For example, the job generator, asked to

produce a job stream where the distribution A:B:C:D:E:F was

322:1:1:0:0, produces the sequence of job descriptions shown in

Figure 4!. The jobs shown have a simpler structure than most real

jobs would, but the amount and type of processing they require are

similar to those of real jobs. lf, for a particular job, a more

exact specification is required, the job generator can be- bypassed,

and the job description given expl icitly.

For most of the runs to be described, a stream of thirty jobs

were used with the classes represented in the ratio 17 6:5:2:0:0.

ì,/hen this stream was run lvith the simulator, it produced the

distribut ion shown by the arrows in Figure 50. The distribution

of real jobs from Figure 4/ is also shown for comparison.- lt can

be seen that the thirty jobs generated fit fairly well into the

overal I distribution.

9.1.3 Criteria for Eval uation

It is sometimes difficult, given two versions of an operating

system, to say which is better. lt is even difficult to say what

rrbetter" means. The definition varies, depending on whose interests

are at stake.
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The user of a computer system will judge the performance

of the system by the time he has to wait for a job to run through

it, i.e. the. rrturn-around timerr. As the user sees i t, turn-around

time is the time between when his input deck is submitted for

running, and when the output becomes avai lable. Simulator B does

not simuìate the processes of collecting card decks and distribut-

ing outputs. Turn-around time wiìl therefore be defined as the

time between the beginning of reading and the end of printing for

a given job. Job col lec.tion and distribution are a function of

the operators, not the operating system. For the usei', the shorter

the turn-around time the better, but this is not the only consider-

ation. D¡stribution of turn-around time is also important, since

¡t is desirable that the user be able to predict how long the job

will take to i'un. This is dìfficult if turn-around times vary

widely in unpredictabìe ways. Turn-around time needs to be consid-

ered for the various job classes separately, since opt¡mising the

system for one class will often slow the processing of the others.

The manager or oh,ner of the system is usually more interested

in obtaining the maxlmum usage from it. The measure for thîs is

rrthroughputr', the number of jobs run in a given time. Turn-around

time is of lîttle importance, except in so far as it keeps the

users happy.

The designer of an operating system often has little idea of

what kind of jobs will ultimately be submítted to ¡t. His criteria

for optimization must therefore be independent of the jobs. The
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critería for optimizing the Scope ).2 operating system was,

largely, usage of the CPU. Usage of other valuable resources,

such as central memory, is also an important measure of system

efficiency

ln judging the performance of an operating system, then,

several factors need to be considered. The most important are

turn-around time and ¡ts distribution, throughput and usage of

valuable resources. The report printed by Simulator B (described

in 7.3.5 and Figure 35) contains information about all these factors.

9.2 CHANGING THE RESIDENCE OF CIO

The process of loading a PPU program is described in detail in

7.\.2. The amount of processing involved, in this operation depends a

great deal on the residence of the PPU prograrn, i.e. whether ¡t is stored

in central memory or on the disc. lf the program is in central memory'

it is simply read into the PPU. lf ¡t is on the disc, the PPU must

issue a stack request for the disc to be accessed. This section

descril¡es a simuìation experiment involving the residence of a PPU

P l'og ram.

9.2.1 The Nature of the Probl em

The most frequently used PPU program in the Scope system

is Cl0, which processes all requests by CPU programs to access any

file. Because of the high frequency with which it is used, 1,0 is

nearly always stored in central memory. Using Simulator B, the

effects of rnoving it to the disc were predicted. 0f course, for
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a program suÊh as Cl0, there would never by any question but that

it should reside in central memory. lt was chosen for this experí-

ment simply to show how a triviaì change in the operating system

can produce a dramatic effect in its performance. For programs

used less frequent.ly than Cl0, ¡t is often d¡ff¡cult to decide

which is worth more - the efficiency of having the program in

central nremory, or the extra memory that would be availabìe if the

program r^rere on the disc. Simulator B can be used to study this

problem for any of the PPU programs it simulates.

9.2.2 Settinq up the Experiment

The job generator (described in 9.1.2) was used to generate

a stream of thirty jobs with the same cìass distribution as that in

Figure 48. This stream was run using Simulator B, simulating the

rrstandard'r system, with C l0 in central memory. The resul ts f rom

this run, which are discussed below, are shown in Figure $.|.

The simulator was then set up w¡th Cl0 d¡sc resident. ThÌs

was achieved by adding two cards to the sìmulation controì stream'

one redefining the residence of Cl0 and giving its position on the

disc, and the other redefining the amount of central mernory available

to jobs (th¡s was 250 words more because Cl0 was no longer in central

memory). The stream of thirty jobs was run through the altered

system, and the results tabulated as before, in Figure 52.
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9.2.3 Resul ts

Since this is the first time the Simulator has been described

working with l¡fe-like jobs, the results of Figure 11 may be of

interest in themselves. Central memory requiremènts played an

important part in the behaviour of the various job classes. ln

this system there were about 1400008 words of central memory

avai lable for al location to users' jobs. The jobs in the var¡ous

classes used in the study had the following central memory

requirements (ïn octal) :

Class A 40000

Class B 50000

Class C 20000

Class D 60000

Because of their ìovr memory requirements, jobs in class C received

better treatment than their priority (based on estimated CP time

and memory) warranted, since often they could be fitted in when

other jobs (with higher priority) could not. This accounts for

their low average turn-arouncl time (tå tinutes). The turn-around

times for the other classes were about as exPected. The difference

between the average and maximum turn-around times is not great'

indicating that, if the class of a job is known then a fairly

reliable prediction can be made, intuitively, about how long it w¡ll

take to run.

The results are also affected by the starting and l.unn,nn

down of the simulated system. The 30 jobs simulated were read in
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a continuous batch at the beginning of the run. The shorter (classes

A and C, and to some extent B) jobs, having a high priority, ran

first, leaving the longer jobs to be run later. By the time the

longer jobs ran, therefore, there was no competition with shorter

jobs, all of which had left the system.

Comparison of Figure 52 with Figure !1 shows that, in alì

respects, the system in Figure 52 (with Cl0 on the disc) is about

1.4 times less efficient than that of Figure 51. The only quantities

not showing this degradation are the PPU utilization and the centraì

memory ut i I i zat ion. The fi rst i ncreased because of the extra d i sc

accessing involved, and the second because of the additional time

for which jobs occupied control points.

9.3 IÌiVEST IGAT ION OF BOTTLENECKS

One of the most important applications of a computer sirnulation is

the identification of bottlenecks in the system, an.l the study of how

they can be el ìminated or improved. The informal investigation to be

described now shows how the simulator could be used to carry out such

an investigation.

9.3.1 The Nature of the Problem

Study of the behaviour of the simulated system during the

run associated with Figure 51 (¡.". under standard conditions)

showed that, of the many queues in the system, the oniy two on

which jobs spent apprec'iable amounts of time waiting idle were

the input queue (waiting for control points or central memory)
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and the request stack (waiting for access to the disc). The average

lengths of these queues with respect to time is shown in Figure 51.

The bottlenecks in the system are, then, access to the disc

and avai labi I ity of either central memory or control points. Control

points were readi ly el iminated from consideration by noting that

at no time during the simulat¡on run of Figure 51 were aìì available

control points being used. The reason jobs stayed on the input

queue was lack of central memory.

Once the bottlenecks were identified, an exPeriment was

planned to investigate the effects of removing them. The disc

problem was rel ieved by hypothetical ly decreasing al I access times

on the disc by 50%, and the central memory problem was relieved

by hypothetical ly.increasing the amount of central rnemory in the

system bV 5OZ

9.3.2 Setting up the Experiment

lncreasing the speed of the disc required changes, one to

the formulae for the track-change time, and one to the revolut¡on

time (from 65.5 to \3.7 nilìiseconds). The same batch of jobs

as for the rur¡ of Figure 51 were run through the simuìated system

with this modif ication. The results, discussed below, ai'e shown

in Figure 53. 
-

I ncreas i ng the amount of cent ral memory i n the system v,,ere

achieved simply by placing an EQUIPMENT card in the simulation

control stream, redefinîng the cèntral memory to be 300000g words
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long (in the standard system there are 200000U words). The same

job stream v\ras run through th i s system, with the resul ts shown i n

Figure 54.

Final ly, the same job stream \^ras run again with both the

faster disc and more memory, so that both bottlenecks were improved.

The results from this run are shown in Figure 55.

9.3.3 Results

The effect of speeding up the disc can be seen by comparing

Figure 53 with Figure 51. The performance of the system was

improved by between 20% and 4O%, depending on the rneasure chôsen.

The average length of the stack (the queue for access to the disc,

the heavy use of which identified the disc as a bottleneck) was

reduced by about 40%.

The effect of having more central memory is shown in Figure

54, which should also be compsred with Figure 51. A surprising

feature of these results is that the extra memory in fact makes

the systern u/orse so far as Class C and Class D jobs are concerned.

This result was unexpected, but once ¡t is seen, its cause can be

found without much difficulty.

It was stated in 9.2.3 that in the standard system, class C

jobs get faster turn-around than they really should because of

thei r sn¡al I memory requi rements. This phenomenon depends on there

being a shortage of central memory. VJhen the storage is relieved,

as in Figure 54, the advantage that ciass C jobs had over the others
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is removed, and their turn-around times âre more in accordance with

their priority.

Class D jobs are unique in that most of their turn-around

time is spent executing at a control point, rather than waiting

on the input queue. This is because of the large amounts of proces-

sing they require. With more rnemory, the system has greater over-

heads (because more jobs are executing at any one time) and the

queues concerned with such overheads get longer (notice, for example,

how high the average stack length is in Figure 54). Thus, once it

gets to a control point, a job will take longer to run in this

system than in the standard system. The saving due to increased

memory is limited to time spent on the input queue. Short jobs

spend only a short time at a control.point anyway, so that the

effect of extra overheads is far outweighed by time saved on the

input queue. For class D jobs, however, the opposite is the case,

and their performance suffers.

$lhat has in fact happened in the system of Figure 54 is that

the performance of class A and B jobs has been improved at the

expense of class C and D jobs. The simulation shows just what

mechanisms operate to bring about this effect.

The results of Figure 54 illustrate tv,,o irnportant facts about

computer systems. F¡rstly, they are so complex that intuitive

prediction of their behaviour is unrel iabìe. Secondly, ¡t is always

rìecessary to consider many different factors that contribute to the

balance of a system. If rel ieving the effect of one bottleneck
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increases the effect of another, ("t in Figure 54, where removing

central memory restrictions has aggravated the problem of access

to the disc), it should perhaps be considered whether the effort

might be better spent elsewhere, on relieving the aggravated

bott I eneck.

Finally, Figure 55 shows how the systeni performs with both

the disc and central memory improved. All the jobs run faster

except the class C jobs, which st¡ll run more slowly than in the

standard system because they are so favoured in the latter. The

increased stack length in Figure 55 shows that a greater increase

than 50% is required in disc speed to properìy balance the 507.

increase in central memory. lt is also interesting to note that

in the run associated with Figure 55; jobs began to spend appreciabìe

periods on the CPU queue, indicating that the two original bottìe-

necks had been improved to the extent that others were beginning to

show.

9.4 lNVESTIGATION OF PRIORITY SCHEMES

I,lhen a cont rol po i nt i s f ree, the Scope 1.2 system sel ects f rom the

input queue the highest priority jcb that wilI f¡t in the memory available.

The priority of _jobs on the input queue is thus an important factor in

the behaviour of the system. This experiment examines the effect of a

change in the scheme for allocating priorities to jobs on the input queue.



9.4.1 The Nature of the Problem

ln the standard system

job is read in and put on the

lated using the formula :

238.

(¡.". that of Figure !l), when a

input queue, its priority is calcu-

Priority = 45gO
M'kT

I 200008

where M is the number of words of central memory the job requires

and T is its CPU t¡me limit in seconds. By this formula, jobs

requiring less memory and CPU usage are given higher prÌority.

Jobs in the various classes considered previously, for example,

receive inîtial priorities în octal as follows :

Class A \\67

Class B 4461

Class C 4474

Cìass D 1501

ln addition, an ageing mechanism exists which adds 1 to the priority

of each job on the input queue about every seven seconds. This

results in a 'rf irst come f irst servedil discipl ine for jobs with

otherwise equal characteri stics.

The al ternative priority scheme to be invest igateci is only

sl ightìy different trom the standard one. Class D jobs are given

an initial priority of 6000g. Such a scheme may seem somewhat

unreal istic at fi rst sight. However, Class D jobs usual ly come

from systems programmers, who often work to tight schedules. lt

is reasonable to envisage a system where such people are given a
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high priori ty.

9,\.2 SettÌnq up the Experiment

ln order to give a wider appreciation of the effect of the

different priority scheme, simulations were done using two different

job mixes. One was the same as in previous runs' while the other

had a greater proportion of longer jobs, with the classes represen-

ted in the ratio 9:9:8:4 for A, B, C and D respectively. The

results given by the standard system running this job mix are shown

in Figure 16 and are discussed below.

The simulator was then changed to reflect the new priority

scheme. This change involved the addition of a singìe card to

the simulator program. A simulation. run was then perfoi-med for

each of the two job streams. The results for the normal job mix

are shovrn in Figure 57, and those for the second job mix are shown

in Figure 58.

9.\.3 Results

Comparison of Figure !6 with Figure 51 shows how the system

performs with a different job mix. The turn-around times of jobs

in classes A, B and C are alì improved, at the expense of the class

D jobs. The throughput is considerably lower' as would be expected

since more of the longer jobs are being processed. The difference

in turn-around times is due to the fact that in Figure 51 the jobs

arrived in such a way t'hat a Class D job gained a control point early

in the run, ìeaving enough memory for only one job from classes A
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or B to run at the same time. This did not happen in Figure 56,

where all the jobs of Classes A, B and C were alnrost completed

before the first Class D job ran.

The effect of the changed priority scheme can be seen by

comparing Figure 57 with F¡gure 51. The change in the characteris-

tics of the system is dramatic, with much poorer turn-around for

jobs in cìasses A and B. This is because class D jobs are favoured

in the system, so that A and B jobs have to wait on the input queue

until alì the class D jobs had finished. Class C jobs were not

greatly affected because of thei r smal I memory requi rements. Note

that, although the average turn-around tíme is much worse in

Figure 57 than in Figure t1, the throughput is higher, indicating

a more efficient use of resources, as is indeed shown by thc CPU,

PPU and memory utilization, which have risen appreciai:ly.

Figure 58, which should be coßrpared w¡th Figure 56, shows the

changed priority scheme with the second job mix. The only signifi-

cant change the ne\^/ priorit¡, scheme produces in this case is to

force Class B jobs to wait until all the Class D jobs have run.

Class A jobs, unlike those of Figure 57, all ran before the first

Cìass D job. These phenomena i I I ustrate an important impl icat ion

of the memory bottìeneck. When there is a shortage of memory, the

completion of a job reìeases just enough memory for another job of

that class to take its place. There is a tendency, thereiore, for

all the jol¡s of a particular class tc run one af ter the other,

i rrespective of priority considerations, as in fact happened for
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all four classes in Figures 57 and 58. ln Figure 58, for example,

all the Class A jobs run before any of the Class D jobs, despite

the fact that the Class D jobs, in this system, have a higher

priority. This is because several Class A and Class C jobs were

read in and assigned to control points before the first Class D job

arrived. These class A and C jobs all finished at different times.

Each time one finisheci, either 4OOOO or 20000 words of central

memory was released (depending on whether a Class A or a Class C

job finished). This released memory was enough for another class A

(or C) job to be brought to a control point. Never at any one time

r.ras the whole 60000 words required by Class D jobs avaiìable, until

no more Class A and C jobs remained on the input queue. At this

stage, the available free memory remained unused until the next job

finished, when there was enough for a Class D or Class B job to run.

A Class D job, having the higher priority, was selected.

9.5 suMt4ARY

Before Simulator B could be used for studying the behaviour of the

system, some consideration had to be given to two problems : job mix and

systent evaluation. The job mix problem was approached by first devising

measures by which jobs could be classified. A large number of jobs was

taken f,rom the accoLtnting files of the real system and, using these

measures, a classification scheme was formed. Using this scheme, a job

mix could be specified to a job generation program which produced, at

random, job streams for the i imulator. \,lhen these job streams were run
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through the simulated system, they showed similar characteristics to the

real jobs that had been studied.

A number of measures were considered for tire performance of the

operating system, given a part¡cular mix of jobs. lt was realized that

the appropr¡ateness of each measure depended on vúhat aspect of the system

was being evaluated, so that each of the measures was studied in each of

the subsequent investigations.

The first investigation carried out using the simulator was a very

simpìe one - to study the effects of moving the PPU program Cl0 to the

disc. lt was found, as expected, that all aspects of the performance

of the system v'rere ser ious ly degraded.

The second investigation was nìore real istic - the identif ication

and improvement of bottlenecks. ldentification was easi ly achieved by

studying the various queues in the system during simuìation. The major

bottlenecks proved to be access to the disc and the availability of

central memory. The effects of a faster disc and more memory vJere studied,

both separately and together. The results were sometimes unexpected ; a

change which one would intuitively expect to produce unquaì ified improve-

ment, would, in some cases, produce poorer results.

The third investigati.on involved the priority scheme for jobs on the

input queue.' For this, two input streams with different job mixes were

used. ln the case of the first stream, the change that was introduced

into the priority system produced dramatic changes in the performance of

the system. The second stream was not affected as greatly. Once again,

the resuìts were not as might be intuitively expected.
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The studies descríbed in this chapter were not intended to be

rigorous rrproductionrr simulation projects, but vuere designed to il lustrate

how the simulator could be used. The fact that such simple studies can

evoke such unpredictable behaviour .ín the system illustrates the

diff¡culties of studying computer systems, and the effectiveness of

simulat¡on as a tool for such study.
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CHAPTER I O

CONCLUS I ON

The last few chapters have described in detail the design, develop-

ment, validation and use of a simulator for Scope 3.2 on the 6400

computer system. This process first involved the accumulat!on of much

information about the system being simulated. Measurement of the

behaviour of system programs required the deveìopment of an independent

s inrulator, working at the instruct ion level (S¡mulator A, Cltapters 4 and

5). lnformation about the performance of the input-outpLlt equipment

was obtained by physicaì experiments (Chapter 6). This inforrnation was

therr coì lectecl Ìnto an event-based simulation program (Simulator B,

Chapter 7). 0nce written, th¡s program wås subjected to detai led

val idation (Chapter 8) , which indicated that its behavir:ur accurately

reflects that of the real 6400 system, both qualitativeìy and quantita-

tively.

10.1 AIMS AND ACHIEVEMENTS OF THE STUDY

The obvious practical achievement of this study is the develcpment

of an accurate simulation model. It,s more significant resuLt, however,

is the knowledge gained about the processes of constructing and test¡ng

such a model.

ln Chapter 1 a number of topics were introduced which lvere to be

particularly ctrnsidered during tlre developinent of the simulator. These

wilì now be rev!ewed in the light of the successful completion of the

model.
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10.1.1 Level s of Detai ì

Fundamental to the whole approach to the development of this

simulator was the idea of starting with iniormation as detai led

as possible, and el iminating detai I only when it could be

replaced by simpler Processes without significant change in the

behaviour of the simulated system. This develoPment was in the

oppos¡te di rection to that of most simulation studies, which

start with a coarse model, which is refined when its results are

found to be inadequate. The method of going from a detailed to

a less detailed model, as in this study, is longer and more

dlff¡cult, but it has considerable adverrtages. The information

generally supplied about a computer is at a very detailed level

(instruction execution times and so on). Starting the simulation

at this level enables this precise information to be used

expl icitly by the simulator. At the start, the unit of processing

for simulation is the instruction, wlrose characteristics are

known exactly. As simulation proceeds, it suppl ies information

about larger segflìents of processing, and this information is of

comparable accuracy to the instruction times on which it is

based. Once these ìarger units are known well enough, they

become the units for the next level of simulation, which, aìthough

less detai ìed, retains a simi lar level of accuracy. The process

of forming the simulation model is thus precise and well defined'
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10.1.2 V"lLd"tion

A major objective of this simulation study was rigorous

val idation, which is often neglected or glossed over (S¡).

The val idations describêd in Chapters 5 and 7 show that

it is possible to undertake detai led val idatìon of a simuìation

model, although somewhat unusual methods may be needed to achieve

this end, for example the one-track system described in B.Z.l.

At all times, validation wôs based on proof that the Processes

in the real and simulated systems were the same' as well as on

comparison of numerical resuìts. lf the processes being sinrulated

are correct, then correct resul ts foì low automat ical ly, so ìong as

the correct data are avai lable about the quantities involved in

the mechanism. ln a coarse simulatiön, when a Process itself is

not simulate-d, but is approximated by scme means (for example by

random sampl ing), val idation can be based only on numei-ical

results, and becomes very much a "black boxil affair. Such models

can only be validated by statistical methods, which require many

more runs, and which can only show that the simulated results are

statistical ly similar to the real results. The deterministic

val idations described in previous chapters' however, show, by

one-for-one comparison, that the mechanism of the two systems is

the same, both qual itatively and quantitat¡vely. This seems a

much more lucid way of performing a val idation.

The fact that Siinulator B produced results very close to

those of the real system after relatively few val idation runs
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(8.2.3) is further evidence in favour of the approach taken to

levels of detail. All the information in Simulator B had been

obtained either from more detai led simulation or from expl icit

measurement of the real system, so it was an accurate model almost

from the start.

10.1.3 Other Problems Described in the L¡terature

0ther problems often mentioned in the I iterature, besides

level of detai I and val idation, are choice of language, specific-

ation of jobs, formal description of operating systetn processes,

and the cho i ce of cr i ter i a to eva I uate operat i ng systems .

Choice of language vJas forced in this instance by Fortran

being the only suitabìe language that had reì iabìe software at

the time the project began. The only other language seriously

considered was SÎmula. Now that Simula has better software, and

more comprehensible documentat¡on (3), the decision may weì I be

different, althouqh Fortran sti I I has the advantage of being much

more widely known.

Sþecification of jobs was done by inventing a job descrip-

tion language resembl ing Scope control cards as described in

7.3.3. For programs not known to the simulator (i.". users'

programs), a definition of the characteristics of the programs

was also necessary. Job definition was thus in a form that would

be fairly fanri I iar to prospec.tive users of the simulator.

Some formal description of operating system processes was
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found to be necessary to convert infornation from Simulator A

into the program for Simulator B. lt was found that precedence-

decision networks, as used by Noe and Nutt (55,56), but with

durations associated with each arc, adequately fi I led this need.

The problem of evaluating an operating system has no real

solution, and can only be approached by considering all the

quantities that may be relevant. An important characteristic of

the model developed here is that one can see the mechanisms that

produced the quantities observed by looking at the simulation

trace. Thus when unexpected results are obtaíned, as in 9.3.3,

their cause can readily be identified

One major problem which is not often discussed in the

I iterature is the simulation of input-output equipment, particularly

mass storage. Nielsen (5t), however, describes how it is necessary

to simulate paging drums accurately, as they are so frequently

accessed in a paged memory system. Accurate simulation of such a

device requires not only correct response times, but also a record

of just where each piece of information is stored on the device.

Nielsen forsees the need to do this for discs as welì as clrums,

if the discs in a system are used frequentìy enough. lrr the 6400,

the disc is the onìy mass storage device available. Although

Scope 1.2 is not a paging system, access to the disc is still

frequent enough to make exact simulatìon necessary.

A related problem, rarely mentioned, is the acquisition of

rel iable information about the response times of rnass storage
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equ¡pment. The usual quantities given are the average and maximum

access times. These are of ì¡ttle use when a device is being

simulated as described above, with a record of where everything.

is stored on ¡t. For an accurate simulation, the time f,or each

operat¡on in an acc.ess (latency, head switching and head movement)

is needed. A large proportion of the work involved in thîs study

was devoted to obtaining adequate information about these processes.

10. 1 .4 0ther Achievenrents

A project for developing a simulation on the scale described

here involves large amounts of programming. This particular

proJect required extensive programming of three quite different

types. F¡ rstly, in Simulator A, the logic and arithmetic of the

processors of the 64OO f¡a¿ to be simulated with complete, bit by

bit accuracy. ln Simulator B, a very large and cornplex program

had to be designed in a highly modular wêy to simplify the

modifications that may be necessary when investigating changes to

tlte system. Final ìy, there was a great deal of PPU programming

involving close interaction with peripheral devices. The programming

in these very different areas, in itself, required considerable

expìoration of new or unusuâl techniques (for example, 5.1.2, 5.1.3,

5.3.2, 6.t+, 7.2 and 8.2),

SimulatoË A is, in ef fect, a rrhands onr' .opy of the ent ire

syster-n, v'r¡th all registers, memory, etc. open to view. As such

it has had a number of uses besides that of gathering data for
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Simulator B. lt has found considerable appl ications as a teach¡ng

ald, as it enables students to program PPUs and to try out the¡r

programs, which would be chaotic and impractical¡le using the real

system. Systems programmers have also used Simulator A as a

cÍebugging aid. PPU programs are practical ly impossible to debug

using the real system as it is so d¡fficult to get information

about what a PPU is doing. Simulator A, with its ¡nstruction by

instruction trace of each PPU program being executed, provides an

ideal answer to this problem, as described in 5.2,6.

10.2 FUTURE POSSIBILITIES

The research described in previous chapters leaves a number of

interesting operrings for further work in simulating the 6400, and points

to several other areas where additional investigation wouìd be useful.

10.2.1 Simulation of Scope 3.2

Some simulation projects with Scope J.2 were described in

Chapter $. These, however, were not intended to be rigorous

investigatior¡s of system performance under the conditions

descri bed i they were simpl y demonstrat ions to i I I ustrate the

sort of investigations the simulator could perform.

There is a great deal of scope for further, more rigorous

investigations of the sort described in Chapter 9. Sections 9.3

and 9.4 show how complex the performance of an oPerating system is.

An extensïve investigation of the kind described in 9.3, with many

different job mixes being considered, wculd illustrate many facets
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of the problem of system balance. The problenr investigated in

9.3 was, virtually, given a certain amount to spend on improving

the performance of a computer system, how best to spend ¡t. The

results of 9.3.3, whiìe only a.demonstration, show that this is

not a trivial problem. Further investigation by simulation in

this field could perhaps lead to some formal ization of the

mechanisms at work in the balance of the system, so that analytical

optimization techniques could be brought to bear on the problem.

10.2.2 Further Deveìopmerrt of the Simulator

There is no reôson to suppose that the development of the

simulation model ends with Simulator B. Just as Simuìator A showed

that large areas of processing could be treated as single units,

so Simulator B can be used to find wilich of its processes can

be simpl ified, with minimal effect on its behaviour and results.

This would lead to a coarser and faster Simulator C. lf the tran-

slstion from Simuìator A to Simulator B is any guide, Simulator C

vlould not necessariìy give much less accurate resuìts than Simulator

B, but its ability to trace the rnechanisms at work in the system

would be less.

10.2.J New Operating System

ln Chapter 1 it was pointed out that Scope 1.2 was an

important operating system because it is the most sophisticated

6400 system designed exclusively for batch jobs. Later systems

pìace more emphasls on interactive work, with corresponding changes
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in the ph!losophy of the system design.

The current operating system for the 6400 is Scope 3.4.

ln much of the detail, this system is very similar to Scope 1.2,'

except for the way jobs are allocated to control points. Under

Scope 1.4, a job can be pre-empted from a control point befone

it has finished, if it has to wait for some action, such as a

response from the operator, access to a file held by another job,

or (and this is the main reason for the change) response from

an interactive tr:rminal. A sub-system of Scope 3.4 cal led the

scheduler, comprising both CPU and PPU programs, controls the

al location and pre-emption of jobs, according to a complex priority

scheme. The priority scheme divides jobs into several classes,

and enables the instal lat ion to define various priority levels,

ag I ng rates , etc. for each c I ass .

There is a wealth of questions about Scope 3.4 that could be

investigated by simulation. The optimization of the priority

pararneters for a gìven job mix ("tuning the system") is very

d¡ff¡cult, and sirnulation would greatly assist in doing ¡t. The

acldition of, interactive jobs also opens many avenues for investi-

gat¡on.

It is uncertain how difficult it would be to convert

Simulator B to Scope 3.4. Such a project would certainly requi re

more information about the 844 disc than is currently avai lable,

and the operation of the scheduler programs ì/,/ould have to be
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investigated. Some consideration would have to be given to the

simulation of interactive terminals, which now supply a s-ignificant

part of the systemrs work. This latter consideration would inter-

fere with the deterministic character of Simulator B. The processes

of most interest in Scope J.4 (schedul ing and priority assignment)

could probabìy be investigated with a relatively coare simulat¡on

about the leveì of Simulator C cited above. Such a project could

incorporate a great deal of the information contained in the

present S imul ator B.

10.2.4 Analytic Models

Another appl ication envisaged for Simulator B is as a

standard against which analytic models can be val idated. Some of

the queueing processes in the Scope J.2 system are subject to

unusual rules and restrictions, and analytical simulation of these

queues would be an interesting project. Because Simulator B works

at a relatively detaiìed level, it should provide as good a

standarcl for comparison as the real system wouìd. lt has the added

advantage that processes are more easily observed in the simulated

system, so that disagreements observed in such val idations could be

easi ly identified an<l el iminated.

10.2.! Work in 0ther Areas

A problem that wils encountered contirrual ly in the develoPment

and description of the s¡muìator was the ìack of a general' w¡dely-

known, formal representation for the sorts of entities being studied.
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For example, the ,essence 
of a s ingl e process can be represented

clearly by a flowchart. To adequately represent the inte-raction

of two (or several) processes communicatirrg with one another'

some more sophisticated notat¡on is required. Some genral framework

for describing such entities, into which couìd be fitted the

processes of a particular operating system (or many other sorts

of system, for that matter) would be very useful. The networks

of 5.2.\ are a move towards this ídeal, but they do not reaìly

provide a clear indication of the processes, interactions and

mechanisms at work.

10.3 SUMMARY

The development of a simulation model of the 6400 under Scope 3.2

provided an opportunity for exploring the processes involved in con-

structing and vaì idating large computer sirnulations. One of its more

important achievements was to shov', that starting simulation at a very

detailed leveì, while sìow and tedious, provides a more foolproof way

to accurate simulation than the mcr-e conventional method of adding

refinements to a coarse model. This approach also had considerable

bearing on the methods used for val idation. These methods enabled an

exhaustive deterministic val idation to be carried out on aìmost the

whole simulated system. The close agreement that was obtained from

the val idation indicates how accurate a simulation can be attained

using these techniques.
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UJork on the simulator opened up a number of avenues for further

lnvestigation, largely concerned with the characteristics of operating

systems, and the way în which the mechanisms ín an operating system

interact. One of the problems about such studies is the lack of a

scheme or language for fully describing interacting processes.
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