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ABSTRACT 

The efficient use of industrial control corrvuters is recognized as 

an organizational problem akin to the traffic-switching problem in corrrrnunica­

tions. 
A systematic approach to this problem is proposed, based on theory 

developed for the handling of telephone traffic. 
The application of the approach indicates that it is necessary to 

re-evaluate traditional hardware/software relationships. A change in these 
relationships is desirable, since multiprogrammed computers spend too muc.~ 

time in handling their own organization. This situation is compounded in 

time-critical industrial process-control applications. 

It is proposed that the solution lies in the use of a flexible hard­

ware operating system, working in close relationship with a conventional 

minicomputer. The unit proposed to implement this function, termed a rnicro­

controller, makes use of the new bipolar microprocessor elements and provides 

a high-speed, flexible control unit, adaptable to user requirements. To 

retain a high degree of flexibility the microcontroller is microprogranunable. 

In essence, the unit executes the principal functions of a real-tirre operat­

ing system, acts as a pre-processor for all incoming requests, and ensures 

a high rate of task-switching. 

This system is applied to a series of configurations, each selected 

to demonstrate, quantitatively, the value of the technique in real applications. 

Comparisons are made between real-time control configurations based on the 
software-implemented approach and the identical configurations based on this 
system. The proposed strategy is shown to result in a better and more 
economical industrial controller. 

The wider implication for any aspect of organization is that "bigger" 
is not necessarily "better". Successful management implies effective use of 
facilities, rather than a proliferating structure. 
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NOI:lliNCLATURE. 

(i) Unless otherwise indicated, all numerical values ex­

pressed are decimal numbers. Octal numbers arc de­

noted x(S). 
(ii) 1 Kiloword (1 Kword) of memory capacity is equivalent 

to 1024 words. 

(iii) 1 Word contains 16 Bits (Binary Digits) of data, tu1less 

(iv) 

(v) 

(vi) 

otherwise specified. 

1 Byte contains 8 Bits. 

1 mSec :: 1 millisecond := 
_3 

10 
_6 

1 µSec = 1 microsecond :: 10 

seconds. 

seconds. 

(vii) All logic symbols used are in accordance with the recom­

mendations of IEC 117 {78}. 

(viii) [x]irnplies the largest integer smaller than or equal to x. 



GIAPTER I 

INTRODUCTION 

"The thing can be done," said the Butcher,"I think. 
The thing must be done, I am sure. 
The thing shall be done! Bring me paper and ink, 
The best there is time to procure." 

Lewis Carroll, The Hunting of the Snark 
(Fit the Fifth) 

This dissertation is concerned with organization. Contemporary 

$Ociety is founded on the organization of systems, created to provide for · 

the needs of man's co1IlIIlllllal life. Organizations exist in all walks of life, 

from the multinational United Nations to a nursery school's P.T.A. T'ne 

precise meaning of an "organization" is difficult to formulate. Any defini­

tion must take into cognizance the fact that it deals with empirical pheno­

mena, and that the world has an unfortlil1ate way of not allowing itself to fit 

into clean classifications. The most apt attempt at definition comes from 

the world of social science: an organization is "both a process and a condition. 

As a condition, it is the structure of the various units in society in their 

interrelationships with each other. As a process, it is the development of 

coordination among the various units of society." {1} 

As society evolves towards greater complexity, the theory of organi­

zations occupies an increasingly significant place in modem science {2}. 

As a system, of any description, becomes larger, linking mre and mre compon­

ent parts, the interrelationships between the constituents take on new facets 

and greater significance. An efficient organization benefits those for whom 

it was created; an inefficient one leads ultimately to chaos. 

The engineer stands in the privileged position of being trained to 

deal with the problems of systems. He might be an expert in automatic con­

trol theory, concerned with the efficient organization of industrial equip­

ment, but the basic principles embodied in the interaction between electrical 

and mechanical entities can equally be applied to the control of a sociologi­

cal system. The principles of cause and effect, all too well-known to the 
social scientist, are the basis of industrial control systems. The engineer 

is well aware of the fact that his control strategy has limitations. Go 

beyond the design limits, and instability can result. Introduce noise into 

a system not designed to cope with it, and unpredicted results will occur. 
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Neglect a feedback path or a connnunication channel, and sectors of the system 

will operate totally independently. A close examination of many sociological 

systems will reveal similar characteristics. 

The introduction of the electronic computer has had .an innnense im-

pact on society. In almost every aspect of life, this product of man's powers 

of innovation is exerting an influence. One particular area in which the, 

computer's capacity to perform high-speed, repetitive tasks is used to an 

increasing extent, is the industrial sector. Ours is an era of ever-increasing 

industrial capacity, resulting in a need for higher production, more construc­

tive use of labour, and increased manufacturing complexity. Industrialists 

look to the computer to aid them in achieving these goals. 

The first industrial use of computer control was in 1958, when 

Texaco connected a digital computer directly to a chemical plant, with the 

aim of process optimization. Since then, an exponentially increasing number 

of industries, both large and small, have adopted this basic strategy in a 

variety of ways, from simple data-logging functions to highly sophisticated 

direct-digital-control. The demands made on the controlling computer have 

increased from the execution of relatively simple tasks to an extent where 

total control of complex processes is invested in the computer. The reas911 

for this is very simple - greater productivity. 

As the demands increase, the capabilities of the computer must expand 

likewise. While dramatic tedmological advances have resulted in faster, 

more reliable machines, there is, seemingly, a limit to what a single computer 

is capable of performing. The solutions offered have been many - multiply 

the complexity of the computer; add hardware; develop more sophisticated 

software; introduce additional, parallel processors. The computer has 

become not only a component of a large system, but also a complex system in 

itself. 

1.1 The Organizational Problems of Process-control Computers 

Early computer systems presented few organizational problems to their 
users. Each job· that the computer was required to perform was requested in 
a sequential manner. As one job was completed, the next was initiated and 
allowed to run its course; a strictly single-user, batch-processing procedure. 
Organization was totally managed by the operator. 

As demands increased, computer technologists realised that the avail­

able hardware was not being exploited to the full, and the concept of multi-
progrannning was born. The software was organized in such a way that many 

jobs could be processed virtually "simultaneously", each being allocated a 
certain amount of processing time. Sometimes execution of a job would have 
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to be suspended, pending the availability of a particular peripheral. In 

such a case, the system would set aside this job and continue with another, 

instead of merely marking time while waiting. 

As computers began to find their place in industrial applications, 

the use of mul tiprogrannning became essential. In a typical industrial 

control application, there are many different fllllctions to be attended to 

by the computer. l'JJ. additional complication is the need to take accollllt 

of "time". The process llllder control will normally be required to 

operate according to its own time requirements, and so the computer must 

be synchronized to "real-world time", and not to its own "computer time". 

The requirements of an on-line process-control computer begin to 

emerge. The system has to cope with a large number of different jobs 

(or tasks) and nrust be able (in rost cases) to relate the execution of 

these jobs to real-time. The initiation of the individual tasks will be 

related to a variety of situations. Tasks may be "requested" by external 

events or by the process operator, or may be activated by other tasks, in 

accordance with an overall operational strategy. Additional requirements 

may also be introduced. Modern man typically squeezes the last OllllCe of 

capability out of a system. The process manager will thus require the 

use of any possible spare computing power for the calculation of production 

figures, or the compilation of operating statistics, etc. 

The organizational problem is evident - given the requirements of 

a process-control computing system, how are the hardware and software to be 

arranged, so as to achieve the goal? Can this question be tackled on a 

rational, scientific basis? 

1. 2 l'JJ.alysing the Problem 

In any organizational problem, there are two primary factors which 
nrust be considered. Firstly, there is the matter of providing the essential 
facilities necessary to implement the required fllllctions. Secondly, there · 
is the need to administer these facilities. In the case of on-line process­
control computers, the essential facilities to be provided are easily defined 

as: a central processing capability, a storage medium to retain programs and 
data, and a means of inter-communication for the process, the operator and 
the computer. The pertinent · question is the precise interrelationship 
between these facilities. 

·The answer is not a simple one, as each process will have its own 

particular requirements. It is possible, however, to establish generalized 

system requirem3nts (based on current industrial experience) and to analyse 

these, so as to extract guidelines which may be used to formulate broad 
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organizational principles. 

1. 2 .1 Essential Capabilities of a Process-control Computer System 
In broad terms, a computer applied in a real-time, process-control 

situation must be capable of performing the following functions: 

(i) The scheduling of a variety of tasks in such a way as to 

effect overall control of the process. (At this stage, 

a "task" is taken to imply a sequence of computer in­

structions which perfonn a predetermined system function). 

Each task will have a certain time which it takes to 
complete, and will require execution at certain intervals. 

(ii) The initiation of a specified task, indicated (or 

requested) by any of the following occurrences: 

(a) A signal derived from the process. 

(b) A request from another task, currently 
being executed. 

(c) A signal from one of the computer system's 
own exte:rnal or internal peripherals, 
such as an event-time or a real-time clock. 

(iii) The temporary suspension of a task currently in execution, 

following a request for a task with a higher priority in 

the predetermined, pre-emptive, priority hierarchy. 

1.2.2 Methodology 

The organizational problems of an industrial control computer are 

not unique. The situation has its parallels in many aspects of society. 

In broad terms, the underlying problem is simple to fonnulate - the process­
ing of information, originating from a multiplicity of sources, using limit­

ed facilities. The system objective is efficiency. Consider the. adminis­

trative centre of any large undertaking. The centre is created to provide 

for the functional needs of the rest of the organization. Each sector of 

the organization (including the administrative centre itself) will require 

certain tasks to be undertaken by the centre. Information is fed directly 

to the centre, and responses requested. The precise way in which the centre 

is organized to handle the incoming infonnation and subsequently to process 
it, will determine the efficiency, assessed in teTIILc; of the benefit to the 

system's users. The key lies in the way in which the centre is organized. 

The problem of information reception and processing is seen at its 

most acute in telephone exchanges. A typical exchange might have some tens 

of thousands of subscribers. Each subscriber wishes to be able to communi­

cate at will with any other subscriber. This is technologically feasible 
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but economically unfeasible. 1be solution adopted is to provide a limited 

switching capacity, statistically designed to provide the :roost efficient 
service within sensible economic and practical limitations. Typically, an 

analysis is made of average traffic loads, and switching (or processing) 

capacity is provided to meet these requirements. In order to provide a 
scientific basis for this design procedure, much research has gone into the 

study of the characteristics of connnunication traffic. 
1be close parallel between this traffic organization problem and the 

organizational problems met with in multiprogrammed computer systems is :roost 
striking. In the fonner, the concern is with incoming calls, having random 
arrival. times and random call ilengths (or holding times). In the latter, 
there are incoming requests (which will be largely random in industrial control 
applications), each resulting in the execution of a task (which may also be 
regarded as having a random execution time). If it is assumed that, in the 
case of the traffic problem, there is only one server (or processor), and 

that, in the case of the computer, task-switching occurs virtually instantaneous­

ly, then it is feasible to apply traffic theory to the analysis of industrial 

control computer performance. 
Connnunication traffic theory is based on a statistical evaluation of 

incoming call patterns and their resulting call times. An estimate of the 
resulting queue characteristics is based on these parameters. Essentially, 

if a call arrives and the processor is not free, the call must be placed in 

a queue to await subsequent processing. 1be same situation exists in the 

control computer. Requests, as outlined in 1.2.1, arrive, and their corres­

ponding tasks are executed as soon as possible, under. the guidance of a chosen 
scheduling policy. (For example, the queue-handling may be based on a first­
come, first-served basis, or else priorities may be pennitted. In the 
statistical work which follows, a simple queue of the first-in, first-out 
type will be assumed.) 

1be resulting characteristics of the queue are of para:roount importance 
in the organizational structure. Two situations arise. Firstly, the queue 
might get so long that the subsequent delay time-in-queue tends to infinity, 
and the system will be deadlocked. Secondly, in :irost industrial applications 
there will be deadlines for certain tasks (i.e. certain tasks will have to be 
executed before a set tirne), or the process will collapse. While this situation 
may partially be alleviated by the careful allocation of priorities, the 
characteristics of .the queue give a clear indication of the delays which may 
be expected. 
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1.2.3 Applying Traffic ·Theory to ·the Analysis of Industrial Ccirittol Computers 

.Appendix L sets out in detail the statistical backgrm.m.d relevant to 

this section. References to the originators of the concepts used are quoted 

there. The basic premises are reviewed below, and relevant results given. 

Consider a time interval T, and assume that within this time-span the 

average rate of requests is K (per time-span). The requests are characterized 

by a Poisson distribution. Considering a small interval of time, .6t, within T, 

the probability of the arrival of one request is K.6t (Equation (7), Appendix L). 

If h is the mean execution time of the tasks, it is proposed (Appendix 

L) that the distribution of task lengths may be characterized by a function 

f(t) 1 ,-t/h =:ne . 
The probability of a task length lying within a time-span of t

0 
to 

(t
0 

+ .6t) is 

-t 
~ o/h.6t (Eql:lation (8), Appendix L). 

Using these functions, the probability of exactly one task being com­

pleted within a specified tirne interval, t
0

, may be established as ff t. 
(Equation (10), Appendix L). 

The distribution of requests, and the statistical detennination of 

the length of time which a task takes in execution, penni t a prediction of 

the resulting queue characteristics~ It may be shown that the rnean queue 

length, L, is given by L = l~Kfl (Equation (12), .Appendix L). 

The mean delay, D, of tasks in the queue is given by D = 1 ~K11 
(Equation (13), .Appendix L). 

The latter expression is of universal importance. It relates the 

mean delay directly to the system demand characteristics (i.e. the average 

request rate, K, and the average task execution time, h). This relationship 

fonns the basis of the argument which follows. 

1.3 Organizing an Industrial Control Computer 

Graph No. 1 plots the expression derived for the mean delay experienced 

by a task in a queue which can form in a mul tiprogrannned computer system. In 

the most basic of terms, this gives the key to the performance of an industrial 

control computer, and points the way for proposing a suitable organizational 

strategy. Certain assumptions are made to pennit this analysis, and the 

influence of these assumptions is discussed in the latter part of this section. 

In order to ·predict the performance of the system, a clear indication 

must be given concerning the actual, practical process characteristics. These 
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~elate to the number of task requests to be catered for per time-unit, and 

their approximate execution times. If the averages of these parameters are 

applied to the queue delay function, D, the resulting perfonnance may be evalu-

ated. 
A most important guide-line arises directly from the expression for D. 

Since D = ~ , if D tends to infinity, the system will be totally over­

saturated, and will collapse. No tasks will ever get out of queue . This 

arises when (1-Kh)~, i.e. when Kh+l. 
Thus, the system overload occurs when 

(AVERAGE REQUEST RATE) x (AVERAGE EXEClITICN TIME) + 1 

Of greater practical importance, however, is the necessity to consider 

the mean task-delay time which is permissible. In a slow chemical process, 

where time-constants are typically very long, delay times of minutes may be 

tolerable. In an on-line, computer-controlled rolling-mill, however, the 

maximum permissible delay times might be milliseconds. 
Thus, for example, in the chemical process, average delay times of, 

say, 0,1 sec. may be permitted. If the average task execution time is, say, 

0,005 seconds, 200 task requests per second may be included. In a rolling­
mill, however, if the maximum permissible delay time for task execution is 

only 0,01 sec, and the average task execution time is 0,005 sec, then only 

100 task requests per second can be permitted. 
Other considerations to be taken into accotmt include the question 

of priority. In a typical situation, tasks may be allocated priorities in 

order to ensure that they are executed within specified times. The effect 
of this allocation on the proposed method of analysis must be considered. 
If there are relatively few, high-priority tasks, the analysis is still valid, 

since their influence will be slight. If, however, the majority of tasks 

are allocated priorities, the picture can change dramatically. In effect, 

the problem resolves itself by forcing a higher request rate. This is because 
the arrival of a high-priority request will imply that the current task in 

execution must be pre-empted (i.e. suspended) and the new one brought into 
execution. '!be suspended task will enter the queue and await attention. 
This may, then, be viewed as an additional request. '!be situation can be 
seen to become highly complex and difficult to handle. The referencescited 

in .Appendix L suggest possible means of copmg with the situation, but no clear­
cut method has as yet emerged. 'Ibis is undoubtedly an important area, and 

one which requires further attention. For the present, the conclusion is that 

priority allocation ~ill tend to degrade system performance. Appendix H 
discusses means whereby a sys tern may be organized so as to ensure in practice 

that all deadlines are met (assuming that the system is possible to organize 
in the first place). 



9 

The next aspect to be considered is that relating to practical problems 

met with in actually changing tasks, nonnally called "task-swopping". The 

analysis carried out above assumes an infinitely-small swopping-time. In 

practice (and as is clearly denonstrated in .Appendix I) this is far from 

the reality. If all tasks are held siilRlltaneously in the computer menory 

(and therefore do not require to be read from a bulk-storage device), the 

swop-time can be as· large as 500 microseconds. In a case where the tasks 

IlRlSt be .obtained from a bulk-storage device, the time can be milliseconds 

long. The realistic situation may be catered for within the previous analysis, 

since each task which comes into execution will require a task-swop, Thus, 

the task-swop:0-time may be included within the estimates of mean task execution 

tine. Thus, if the task-swop ... tine is ts (which will be approximately constant 

for all task-swops), then the value previously used for the task execution 

time, h, will be given by h = t + t , where t is the actual average task s a a 
execution time. The resulting effects are shown in practical cases by the 

figures given in .Appendix I.5. 

1.3.l Organizational Strategies 
In determining the actual organization of an Industrial Control 

Computer System, the designer has several options open to him. Having estima­

ted his process parameters, he may look to the expression relating to average 

delay times for guidance. The average delay curves will define his starting­

point, since he will know from the plant parameters what the pennissible 

average delay time may be. This will give a clear indication of the con­

straints to be applied. (For example, if the average delay that the process 

can allow is 0,05 seconds, then a task request arrival rate of 150 per second 

may be allowed, provided that the average task execution time does not exceed 
0,006 se~onds). 

Of particular interest is the question of suitable action to be taken 

if it is shown, from the above evaluation, that the desired objectives cannot 
be met by a conventional computer system. In addition, and this is a widely-

exp~rienced phenomenon, if a system is folnld to be operating poorly, or if 

there is a need to add certain new features (which require the execution of 

additional tasks), organizational impr-6vements IlRlSt be tmdertaken. 

(At this point an illustrative example is worth considering. The 

author has been involved with the on-line computer control of a submerged 
arc-funiace. After a year of operation, it was decided to include a further 

section of the process within the control system. Initial tests on the system 

indicated that if this additional ftmction were added, the system would be 
degraded so as to be· totally incapable of neeting the overall requirements. 

A survey of the status quo showed that the system was, in its current fonn, 
organized in such a way that a slight increase in the average request rate 
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meant that the average task delay time became alm:>st infinite. The system 

was operating at the breakpoint of a curve very close to the K = 150 curve on 

Graph 1. 1he problem was then to detennine how to reorganize the system 

to meet the new demands.) 
1he curves in Graph 1 indicate the various avenues which might be 

taken, either to achieve a satisfactory system, or to improve an existing, 

inefficient one. The general objective will be to reduce the average delay 

times experienced. Two possible approaches may be made. 

(i) Reduce the average request rates. 

(ii) Reduce the average task execution times. 

Each of these should be examined in depth. 

1.3.2 Reducing the Average Request Rates 

1his amm.m.ts to reducing the demands made on the processor, and is 

the obvious solution which emerges from a cursory look at any inefficient 

system. (It might, however, be the most costly solution.) There are 

two methods o.f achieving this goal • 
(i) Actual reduction of the demands. In other words, the inputs 

to the system are restructured so as to lessen the incoming 

traffic. 1his can be done by a careful examination of the 

system supplying the requests. Can, for example, a certain 

am:>unt of pre-processing be carried out, so that only essen­

tial requests arrive at the processor? This solution can be 

seen in many conventional, large data-processing computers. 

A smaller processor is included as a "front-end" system, which 

takes many trivial tasks away from the main machine . A 

similar .situation is emerging in the development of so-
called "intelligent terminals". These are computer 
terminals which can perform a limited amount of processing. 

Instead of infonnation being sent line-by-line to the 
computer, a large amount of information is collected by the 

terminal, verified and edited, and finally sent off as a corr~lete 
block of "clean" data. (This situation is equally applicable 

to complex administrative functions and the working of coilllTdttees, 

etc. Instead of a large connnittee being faced with a lengthy 

agenda ahd weighty supporting documentation, it is preferable to 
delegate the initial sifting and processing of information to 

small, efficient sub-committees. Only crystallized, concise 

information need then be sent on to the central body.) 
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In an industrial control computer organization this approach 

is most valuable. Certain control functions may be distinguish­

ed as virtually separate entities, requiring a ~nimum of 
I 

communication with a central control computer. These control 

functions may be delegated to small computers, typically micro­

computers, which operate virtually independently of the central 

machine. The central computer then performs a monitoring 

function, and will only communicate with the satellite con­

trollers when absolutely necessary. The concept of "distributed" 

control computers is discussed in a paper by the author, cited 

as reference {109} • 

(This solution was, in fact, adopted in the illustrative example 

quoted above. The supply of raw materials to the furnace was 

placed under the control of a microcomputer. The microcomputer 

then sent back predigested inventory infonnation to the central 

computer. !m.y change in the specifications of the raw materials 

detennined by the central computer would then be sent back to 

the microcomputer, which would implement the necessary altera­

tion to its schedule of tasks. The system designed by the 

author is described in reference· {llO}.) 

Decentralization. This embodies the division of labour between 

more than one computer, each being given a reduced number of 

tasks, resulting in a feasible overall organization. This 

is, basically, the classical solution: 111£ the system can't 

cope, double up on facilities!" ~ere are inherent disadvantages 

to this approach. If total decentralization occurs, co­

ordination of the workings of the separate entities can become 

a major problem. Also, in accordance with Parkinson's 

principles, the workings of each entity will expand to fill 

its capacity. If, however, the various entities are organized 

to be in constant communication, and hence (hopefully!) to 

co-ordinate their workings, the situation can be reached where 

this information flow between the bodies is so great that mre 

time is spent in perfonning this function than in executing 

the specified tasks! For this reason, this approach is not 
favoured. 

1.3.3 Reducing the Average Execution Time 

Two aspects must be considered here. Firstly, an attempt should be 

made to streamline the tasks requiring execution. In many cases, a close 

examination of the status quo will indicate that certain tasks are unnecessarily 
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complex. (This, in computers, raises some fundamental points about the 

philosophy adopted in prograrrnning. The use of high•-level languages, for 

instance, will generally lead to relatively inefficient machine-code programs. 

The question, then, is whether it would not be nore expedient to create pro­

grams directly in machine-code (a controversial issue!). Or, arithmetical 

processing, being normally time-consuming, might be reduced by the addition 

of extra hardware, or by the use of fixed·point arithmetic instead of floating­

point arithmetic, or by sacrificing arithmetical accuracy.) 
Another relevant matter is the question of task duplication and task 

combination. It is often possible to identify areas in which tasks are 

duplicated. Also, instead of requesting separate tasks, two similar tasks 

may sometimes be condensed into one. Careful and intelligent system analysis 

can assist here. 
A second possibility relates back to an earlier point, the question 

of the time taken. to change tasks. It will be recalled that the average 

execution time of tasks was taken to include swap-time. It is possible 

(and this dissertation bears out this statement) to reduce the actual time 

involved. Initially, one method seems the most obvious. If all tasks are 

stored in main menory instead of in a backing bulk-storage device, it will 

be inherently (and, in practice, up to lOx) faster to effect a task-swop. 

With the rapid decrease in main menory costs, and with the introduction of mini­

computers with large word-size (and, hence, greater addressing capabilities) 

this improvement can be achieved. This also recalls previous comments on 

the production of shorter, more efficient programs. 

Secondly, with suitable hardware, it is physically possible to reduce 

the swop-time. This will be discussed in depth later. 

1 • 4 The Way Ahead 

The problems involved in organizing an industrial control computer 

system have been analysed above. The analysis has indicated that many avenues 

may be taken to achieve a powerful, yet efficient, system. 

Of great importance in any system's organizational solution is the cost. 
Many of the methods proposed above are inherently costly to implement. For 

example, a dual-processor system will imply double the initial outlay. A 

IlRlltiprocessor, distributed system will require the acquisition of many com­

puting systems. (This might, however, be counterbalanced by the reduction in 

the cost of routing large anounts of information). 

This thesis proposes to tackle the problem from an unconventional stand-
point. It has been mentioned above that: 

(i) Preprocessing of information is desirable, and 

(ii) Swap-time reduction is important. 

A further point, the question of management, should be introduced. 



13 

~y system, not withstanding the adoption of ideal organizational methods, 

requires supervision. In computers, this is exercised by an "operating 

system". In the analogous telephone switching situation, this supervision 

is achieved, in the main, by hardware. In computers, it has classically 

been implemented by software. Would it not be possible to bring together 

these three ideals - pre-processing, swop-time reduction, and hardware 

supervision? 

This dissertation argues that this ideal is possible. What is required 

is a close examination of the fundamental principles on which classical control 

computers are based, followed by the adoption of an integral hardware/software 

approach, utilizing current ted1I1.ology to the full. 

1.5 The Relative Roles of Hardware and Software in Computer Systems 

A hardware-software trade-off establishes the division of responsi­

bility for performing system functions among the software, finnware and 

hardware {5}. This must form one of the most essential components in 

the definition of a computer's organization. Three types of trade-off 
are apparent: 

(i) Software-to-Hardware Trade-off 

This is a matter of deciding which functions are to be perfonned 

by hardware and which by software. It may be thought of as virtually 

establishing the machine-code instruction repertoire of the system. The 

more powerful the instructions are made, the mJre complex will be the 

hardware that is required to implement them. A simple example is the 

computation of a square root. A computer with a relatively unsophisticated 

instruction set would have to perform this function by a series of primitive 

"add"- and "shift"-type instructions, obeying some well-established algorithm. 
A suitable hardware unit, however, could be included in the computer so 
that a simple, primitive instruction, "SQRT", would activate the unit, and 

the result be automatically calculated. This approach may be seen in the 

emergence of units which perform such tasks as hardware floating-point 
arithmetic and memory mapping. 

Historically, this trade-off has been governed by economic considera­
tions. Logical techniques have been available to implement a wide range 

of arithmetical operations by means of hardware. Because of the high costs 

of hardware, and an inherent decrease in reliability, advances in this area 

were restricted. With the technology now available, however, the trade-off 
may be examined in a far more rational light. 
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(ii) Softwate~to~FitnMare Trade-off 

~Iany modeni computers are microprogranuned by a variety of methods 

generally based on the original Wilkes oodel · {6}. 1his leads to the 

feasibility of implementing often-used functions by micro-coded sub-routines 

in the computer, responding to specific macro-instructions. In many cases, 

this might not speed up the overall computational time, but it does lead to 
fewer meioory-fetch cycles, and to greater ease of progrannning. · Since the 

microprogram has access (in oost cases) to far deeper control of the 

computer's facilities, however, it can lead to greater efficiency and the 

implementation of functions not otherwise possible. The use of this trade­

off is finding its place in the development of finnware to execute complex 

functions such as often-used language-processor statements. 

(iii) Finnware-to-Hardware Trade-off 

This area of trade-off is analogous to the software-to-hardware 

situation. It is a question of how complex the possible microinstructions 

are to be: whether to use a series of finnware statements with relatively 

simple hardware, or more powerful microinstructions with no re complex hard­

ware. The versatility of the resulting hardware is the major factor to be 

considered here. 
As far as total sys tern cos ts are concerned, during the past two 

decades the proportions spent on hardware and software have been reversed. 

In the early 1960's~ hardware accounted for over 50% of total system cost. 

Today· the software accounts for well over 50% of the total, and this 
percentage is rapidly rising { 7}. 

The reasons for examining trade-offs may be summarised as follows: 

(a) Improvement in System Performance 

This may be demonstrated by considering two well-known system­

improvement methods. Firstly, in many applications the use of the Fast-
Fourier algorithm is required (e.g. in signal-processing). In a classically-
structured computer, the time required to process such an algorithm is 

lengthy and, in the on-line processing of data, may be prohibitively long. 

The addition of a hardware unit, such as that described in {8}, however, 

makes feasible "alioost" real-time operation. Secondly, the addition of 

special Input/Output processors can relieve the central computer of much 
time-consuming monitoring, formatting and general control of peripherals. 

In the minicomputer area, many manufacturers {9} are realising the potential 
. of including greater intelligence in their peripheral controllers. 
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(b) Reduction of Software Complexity 

1bis is attractive from the viewpoint of both the manufacturer and 

the end user. For the manufacturer, the production of a computer with more 

powerful, less complex software implies easier implementation of the essential 

system software which must be written in order to market his product. At 

the user's end, the simpler a machine is to program, the more attractive it 

will be. 1bis is clearly borne out by the inroads being made into the 

traditional computer market by the so-called "user-orientated" programmable 

calculators, in which the user can control sophisticated hardware by 

instructions which are simple to learn and tmderstand { 10}. 

.Another area in which software complexity may be reduced by introducing 

additional hardware is that of automatic memory management. This relieves 

the user of the problems of limiting his program to available merinry. 

(c) System Reliability 

Regular software failure occurs in the accidental overwriting of 

programs, and software faults are introduced by frequent changes . Committing 

often-used routines to hardware will lead to greater security. 1bis, however, 

does raise the problem of a reduction in flexibility, which must always be taken 

into accotmt when considering committing ftmctions to hardware. 

For the designer, such hardware implementation will .impose a far 

higher degree of verification: 'a routine committed to hardware is inherently 

more difficult (and costly!) to correct than the corresponding software 

routine. It is worthwhile remembering, at this point, the famous statement of 

Dijkstra { 11}: 

"Program testing can be used to show the presence of bugs, 
but never to show their absence!" 

( d) Improvement of Faul t-moni to ring Aids 

Checking for errors by means of software leads to high overheads in 

tenns of the additional routines which must be introduced. In many cases, 

the fault m::mitoring may be implemented by hardware { 12}. MeIIOry 

protection is one example of this approach which has been widely adopted { 13}. 

.Another example is the use of error detection and correction in many IIOdern 

computer systems, particularly in the meIIOry organization { 14}. 
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(e) System Expansion and Updating 

1he life-span of a computer system is largely related to its ability 

to adapt to new situations, i.e. to extend to new applications which may 

demand new facilities. If the machine is microprograrmned, new features may 

be relatively simply implemented. From a marketing standpoint, the ability 

of one machine to emulate another can be of great value. 'lb.is can allow 

software from the second machine to be executed on the first. Such an 

emulation can be achieved by suitable software, but with an obvious execution­

speed penalty. Microprogramming can largely solve this problem. In 

addition, in considering a whole family of computers from one manufacturer, 

if the machines are microprogrammed, upward expansion of the family (i.e. 

the inclusion of additional features) becomes easier to irr~lement. 

From the discussion, so far, it becomes clear that hardware-software 

trade-offs are of vital consideration in computer architecture. In the 

computer industry, however, the design engineer is not always free to 

examine the situation rationally. 1he high cost of research and development 

implies th~t manufacturers are reluctant to make major rrodifications to their 

tried and trusted systems. So minor enhancements are the order of the day, 

with as much salvaging of current hardware and software as possible. 'lb.us, 

major changes in architecture tend to come from new entries into the computer 

market. An interesting example is the emergence of the now farrous Intel 

Corporation which was founded by designers who found their previous employers 

(a very large semiconductor manufacturing company) reluctant to laund1 out 

into a revolutionary area, which promised a great future but involved a 

high risk factor {15}. 

1.6 Methodology in Evaluation of Hardware-Software Trade-Offs 

It is apparent that an integral hardware-software approach is 

necessary to formulate the architecture of a computer system. Contemporary 

systems can usefully be described as a 1 superposition' of physical and 
logical media · { -4}. 1he physical medium is the hardware which forms the 

host environment in which the logic (i.e. the software) operates and implements 
the desired task. It is thus obvious that the hardware and software form 

a structure which is a single entity and which sets out to solve the specified 

problems. Any examination of the hardware-software trade-offs, therefore, 

must consider the overall picture. 

may be stated as follows: 
The objects of an evaluation, then, 
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(i) '!he simplification 'of design, construction and maintenance. 

(ii) '!he creation of an environment which is nnre ·amenable to the 

testing and maintenance of major system software. 

(iii) '!he production of a machine language which is more procedure­

orientated. 

(iv) 'Ihe production of a system which lends itself to a high 

utilization of available hardware. 

(v) The design of a modular system whid1 will lend itself to 

simple modification to meet changing circumstances. 

It is interesting to note that as technology tends to reach the 

limit of its physical capabilities (after all, electrical propagation 

cannot exceed the limits of the speed of light), the designer's object 

nrust be to achieve a higher throughput, not in terms of mere speed, but in 

overall sys tern perfo11118Ilce . This, in essence, is sunnned up by (iv) above 

(high utilization of hardware), and is the object of parallel processing of 
inf orrna ti on. · 

Barsamian and De Cegama{ 4} have produced an interesting atteITipt to 

reduce the trade-off problem to mathematical terms. Their approach is to 

model a system mathematically, and their conclusions indicate that rnJre 

effective systems can be designed by increasing the logical coITiplexity of 

the hardware, and by the extensive use of microprogrannning. 

1. 7 Current Trends Towards Software Replacement 

Current trends towards the replacement of software appear to be 

taking two directions. The first is that in which certain select categories 

of software are iITiplemented either by microprogrammed routines or by a 

specialised hardware unit. A typical example is in the execution of floating­

point, arithmetical functions. The second, and rnJre dramatic, area of interest 

is that of the design and iITiplementation of integral coITiputer systems. Here, 

the concepts of the von Neumann structure are adapted to produce essentially 

hardware-orientated systems. 
A classic example of the second situation is the development of the 

"SYMBOL" system at the Fairchild Laboratories { 16 }. The Fairchild researchers 

were convinced that the potential coITiputing power of hardware had not been fully 
explored, and decided to create an experimental working system to investigate 

the limits of the functional capabilities of computer hardware. Six years 

of basic design and iITiplementation led to the installation of a prototype 

system at Iowa State University. The primary object of this whole exercise 

was to show that a high-level, general-purpose procedural language, and a 

large sector of the time-sharing operating system, could be iITiplemented in 
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hardware, while achieving a significant increase in overall computational 

rate. A general-purpose language was created, based on current high-level 

languages. 'Ihe language would have to perfonn all essential operations 

on application problems, without being cluttered with machine-dependent 

operators. No major restrictions were placed on the language or on the 

hardware developed to match it. 'Ihe resulting system contained a wide 

range of features implemented solely in hardware. 'Ihese included Dyr..2JTlic 

Memory Allocation, Automatic Virtual Memory Management, Hardware-implemented 

Time-sharing Supervision, and Direct Hardware Compilation. 

'Ihe experience on this system led to two important conclusions: 

firstly, that a high-level, general-purpose procedural language and a high 

percentage of the time-sharing operating system can effectively be implemented 

directly in hardware; secondly, the use of such a system showed that 

significantly fewer hidden rules exist to plague the user! It must also be 

pointed out that the system did have one major disadvantage - lack of flexibility. 

- 'Ihis is simply because it is easier to modify software 

implication is that computers which are designed along 

by the SYMBOL system will tend to be special-purpose • 

than hardware. The 

the lines proposed 

'Ihe final solution, 

. then, appears to lie somewhere between the two extremes. 
'!his middle-of-the-road solution leads to the concept of a powerful, 

hardware-orientated structure which is totally microprogrammed. · Two 

examples of this structure are worth discussing. 'Ihe Burroughs Bl700 system 
· {17} was designed with this in mind. It is basically a powerful, hardware­

implemented system with total variability, giving the appearance of having 

·no inherent structure. 'Ihis implies that any definable language may be 
implemented. In essence, the Bl700 premise is that "the effort needed to 

accommodate definability from instruction to instruction is less than the 

effort wasted from instruction to instruction when one system is used for 

all applications." Important features of this system include: Microcode 

_execution directly out of main memory (this is nonnally buffered via a fast­
access cache memory), microprocedures which are re-entrant and re-usable 

(each processor in the multiprocessor structure including a 32-deep stack, 

stack operations being automatic), microprograms which are not limited in size, 

and concurrent hardware execution of various sections of the interpreters. 

A second example is the emergence of powerful hand-held calculators. 

1bese are strictly microprogrammed computers, appropriate micro-coded sequences 
being selected by means of keystrokes. In essence, such calculators are 
totally hardware-orientated computers, made possible by the technology of 

· microcomputers. 
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1.8 Hardware Implementation of 0perating Systems 

It has been mentioned (in section 1. 7 above) that one of the features of 

a typical computer system which appears to be particularly amenable to hard­

ware implementation is that of the operating system. 
This area is currently being investigated by various research bodies: 

a typical example is the work being carried out at Purdue University, based on 

a Micro-data 1621 { 18}. The features of this system include the finnware 

implementation of typical functions such as input/output channel allocation, 

file opening, CPU control, etc. 
From the surrnnary of a workshop sponsored by the IEEE on the interaction 

of operating systems and computer architecture { 18}, it becomes clear that 

one area which has not been widely investigated is that of hardware-controlled 

scheduling of a single processor. This area appears very attractive, offering 

as it does the replacement of necessary but repetitive software by relatively 

simple hardware. The concept becomes increasingly viable when applied to 
the area uf real-time process control. A minicomputer is usually used in 

such environments to achieve a high degree of reliability, reasonable 

arithmetical accuracy, and rapid response. Users of such systems do not 

nonnally want to be concerned with complex, difficult-to-use operating systems. 

The objective is in the application. Typically, such a system will require 

sophisticated interrupt-handling capabilities. In terms of a software-based 
operating system, this requirement imposes a high overhead in terms of central 

processor computing time which must be made available to deal with the interrupts. 

The solution seems to be to delegate these functions, that is, the interrupt 

handling, plus the associated scheduling problems, to a hardware unit which 

will leave the central processor free to deal with the process-control tasks. 

It may rightly be argued that a better solution would be to implement 
the process-control system by means of a multi-computer arrangement. This 
could effectively achieve the objects mentioned above. Two points tend to 

detract from this - firstly, the problems of having an additional computer to 

program and maintain and, secondly, the cost involved. As will be seen in 

the system proposed and evaluated in this thesis, a relatively low-cost, 

reliable unit may be used instead of the second computer. It is also shown 

that by implementing the "operating system" controller on a microprogrammed 

basis, the "operating system" may be suitably IlX:l#f.led>to mee.t changing 

circumstances. This reduces the disadvantage ·of a hardware-based system in 
so far as lack of versatility is concerned. 
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1. 9 Siumna:ry 

~"Iheories of rational choice generally have not made a distinction 

between continuation of an existing program of action and change in program 

of action. In these theories, the chooser is simply confronted with two 

(or more) alternatives of action and required to select the better of the 

two." {2} 

1he designer of an industrial control computer system is faced with 

many flllldamental problems. 1he rrost significant is the determination of 

the computer system organization. He has generally to be guided either 

by the computer vendor (who, naturally, has vested interests), or by past 

experience. In the latter case, the relevant technology is so new that 

suitable experience is not always available, or even particularly relevant. 

Vast ranges of hardware and software are available - how are these best organized 

into an efficient system? 

1his chapter has shown that a scientific approach may be adopted. 

1he theoretical backing for this approach comes from the world of corranunication, 

specifically the study of traffic in a switching system. It has been shown 

how this approach permits the system designer to evaluate the projected 

organizational strategy, and how the desired objectives may best be met. 

Of flllldamental importance are tiie conclusions which may be reached by a close 

study of the relationships between the expected delays occurring within a 

system, and the demands made on that system. These conclusions clearJy 

indicate the steps which may be taken to provide efficient organization. 
While these studies are directed towards industrial computer control, the 

conclusions are lllliversally applicable to systems in general. 

The actual management fl.lllction within a computer sys tern is perfonned 

by the operating system. It has been shown that it is indeed the management 

fllllction which detennines the overall system efficiency. 
system can: 

If the operating 

(i) 

(ii) 
(iii) 

Limit the amollllt of information directed towards 
the central processing facility (i.e. pre-process); 
Switch between tasks in a very rapid manner, and 
Generally function in a direct and unobtrusive 
fashion, 

then efficient organization will result. 

To meet these goals, it is necessary to examine the basic structure of 

current industrial control computers. The essential roles of the hardware 

and the software of a computer have been considered, and the trade-offs made 

during the fonnulation of the architecture of a system, reviewed. Then, based 

on an integral hardware/software approach, a suitable management technique has 
been proposed. 



rnAPTER II 

DEFINITION OF A REAL-TIME OPERATING SYS'IEM 

.l\MENABLE TO HARDWARE IMPLEMENTATION 

"Just the place for a Snark! I have said it twice: 
1bat alone should encourage the crew. 
Just the place for a Snark! I have said it thrice: 
What I tell you three times is true." 

Lewis Carroll, The Hunting of the Snark 

(lit the First) 

Chapter I has provided an insight into the direction to be taken by 

the investigation set out in this thesis, namely, the replacement of a major 
section of a conventional, software-implemented, real-time operating system 

by means of hardware. Before setting out to define a possible hardware 

structure, the fundamental processes to be performed by this structure must 

be determined. It must be stressed, however, that the approach is an integral 

one, and that the final specifications of the system must be determined while 

taking into account the potential, and the limitations, of hardware. 

In order to provide an orderly discussion of the structure of real­

time operating systems, the text which follows begins with a brief review of 
fundamental operating-system concepts. 1bese are then treated in the context 

of real-time operating systems, with the emphasis on contemporary systems, as 

used in minicomputer applications. 1bese discussions provide the background 

information from which may be developed a suitable structure amenable to 

hardware implementation. 
2.1 Operating Systems - A Background 

In broad terms, an operating system is that essential part of a computer 

system which controls the "flow" of "jobs" through the computer and its associa­

ted peripheral equipment. 1be term "job" is used very loosely in this context. 

It may be .rrore strictly defined, according to Denning { 19}, as a "process", 

being the abstraction of the activity of a processor. Essentially, a "program" 
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is a sequence of instructions, whereas a "process" is the sequence of actions 

perfonned by the program. "A program is static: a process is dynamic." { 20} 

The tenn "process" is equivalent to a "task" { 21}. In view of the use 

of "task" by most authorities working in the Real.!fime Operating System Field, 

this tenn will be used throughout this dissertation. 

An overall computer system may be defined completely by the control 

functions it makes available to its users. The essential control functions 

of a system are to initiate a task to control the flow of the task as it , 
progresses along its prescribed path within the system, and finally to renove 

the task. Within this system, certain control functions may be designated. 

These may include: the allocation of hardware resources to tasks as and when 

required, the provision of access to the system's software resources, the control 

of error conditions which may arise during execution, the provision of protection 

and security where necessary and, in the case of a system in which many tasks 

may be simultaneously active, the provision of synchronization and communication 

between tasks. These management functions are classically implemented by means 

of an operating system. 

The degree of complexity of the operating system varies according to 

the needs of the application. In this work, the concern is with real-time 

operating systems used in minicomputers, with particular reference to process­

control applications. In such situations, the application requires an 

emphasis on speed of processing, arid core storage usage. The system is 

normally constructed from the "bottom up", i.e. it provides the bare essentials 

required, with expansion of facilities where necessary. The user cannot 

tolerate tmnecessary overheads in tenns of features which are not of direct use 

to-him. 
The priority in all real-time systems is multi-progrannning. The 

. concept here, according to Dijkstra { 22}, is one in which many tasks operate 

in parallel. Unless the computer system incorporates actual parallel pro­

cessors, of course, as is now being implemented in the design of many large 

mainframe systems, the real meaning is that the tasks are permitted to use the 

facilities of the system in response to various "signals". Such signals may 
include interrupts, internal real-time clock indications, or internal reschedul­
ing determined by the operating system. This scheduling of tasks may be based 

on various systems, such as: 

i) A "round robin" system, used in early time-sharing, in 

which each task is allocated a certain period of time. 

ii) A priority queue system, in which the processor, when 

available; will execute the task with the highest priority. 

iii) A shortest-elapsed-time and shortest-processing-time system, 

in which the tasks that have used the shortest processing 

time since arrival, or which have the least execution 
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time, are executed first. In terms of actual application of 
real-time operating systems, the scheduling is nonnally governed 

by the priority of tasks, since certain tasks which are of great 

importance (based, say, on an urgent interrupt request), must be 

executed regardless of the present scheduling arrangements. 

(A classic example, and a useful test of the system's capability, 

is the time that the system takes to respond to a power-fail 

condition) . 
A feature of current minicomputer real-time operating systems is 

a foreground-background mode of operation { 23}. In such a situation, the 

real-time control functions are nm as, say, foreground tasks. These are 

essential tasks which must be executed in real time in response to interrupts, 

forced scheduling, etc. When the computer is free, that is, has no more 

essential tasks to execute, it falls back onto non-time-critical, low-priority 

tasks, which are held as background tasks. These normally include the 

compilation of reports, language processing, editing, etc. The important 

aspect to consider is the speed at which the computer system can switch back 

to foreground operation when required. 

2.2 The Structure of a ~tinicomputer Real-Time Operating System 

A real-time operating system will generally consist of an executive 

-program and a suite of utility programs. These utility programs, which are 

themselves tasks in terms of the definition, would normally be concerned with 

file-handling, input-output, etc. As mentioned previously, in order to 

optimize the system, these tasks are kept to a minimum. In general, the 

utility tasks may be treated as similar in nature and execution to the user's 

tasks. The executive is therefore of prime importance in this work. It 
is precisely the executive which fonns the heart of the operating system, and 

it is the executive which is, in fact, replaced by hardware in the system 

proposed here • 

• 2.1 '!he Role of the Executive 

The executive is the element which performs the management function. 

In broad terms, the executive is required to perform the following functions: 

i) To schedule the tasks: in plain words, "to decide what must be 

done next". In practice, the scheduling will be based on certain 

constraints which resolve the question of priority. The user, 

when configuring a system, will decide on the priority of each 
task, when it must be executed, whether it may be superseded 

by another task, and how it may be requested. A task may be 

initiated at a specified time, by an external interrupt, by 

another task, or simply whenever the processor is free. It 
should also be possible for the priority of tasks to be dynamically 
changed, if and when necessary. 
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ii) Arising from (i), to handle the interrupt structure. A variety 
of interrupt conditions, such as external signals, real-time 

clock signals, etc., may arise. The interrupt handling may be 

greatly simplified by introducing hardware techniques, such as 

automatic interrupt vectoring { 24} and interrupt masking. In 

a process-control situation, the interrupt capability of the 

modern computer is widely exploited to handle alarm signals, 

to synchronize external process events, and generally to provide 

a means of external control over the system. It is worth 

remembering this fact, since the handling of interrupts in practical 

applications is virtually a component. of the operating system, 

and is a critical area in the total system. This point will be 

reiterated in the chapters below. 

iii) To cornrnunicate between processes. The executive must provide the 

means of linking tasks, for invariably one task will require access 

to another. For example, a specific task might require that data 

be sent to a peripheral, which will have a suitable handling task 

associated with it. The requesting task will require the executive 

to set up the second task and to arrange the passage of information 

between them. This data transference is usually implemented by 

means of a buffer, either in-core or on a back-up storage device. 

The first task will write the information into the buffer and the 

second task (when instructed to do so by the executive) will access 

this data. This process of inter-task communication presents 

interesting problems. Dijkstra { 22} presents the semaphore as 

the basic means of signalling between two tasks - a semaphore 

being essentially a stop/go flag, capable of being tested and/or 

set by more than one process. The semaphores are acted upon by 

two operations, the so-called P- and V-operations. The P-operation, 

or "stop" operation, sets a semaphore to a stop state, and will 

suspend a calling task if it has been stopped. The V-operation 

will start a task which has been stopped when the semaphore occurred. 

It will also set the semaphore to a "go" condition if no process 

was stopped. This amounts to code words which relate to the 

communicating processes, and which will hold up both tasks and 

determine the task to be continued. Reference { 25} deals in 

detail with the use of this concept and its wider applications. 
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2.2.2 I!11Plementation of a Suitable Real-Time Operating System 

In order to implement a real-time operating system, it is necessary to 

provide a concise mechanism for the specification of tasks. One convenient 

approach is the allocation of process control blocks (or PCB's). A PCB 

contains all relevant information pertaining to a task in a one-to-one fashion, 

i.e. each task will be allocated its own PCB. Data held in this block 

includes all information which the executive needs in order to schedule or 

initiate a task. So a typical PCB will contain priority information, current 

status of the task (whether active, suspended or in a waiting queue, etc.), 

and linking information relevant to the initiation of the task (such as required 

contents of processor registers, overflow indicators, etc.). With the informa­

tion held in the PCB, the executive is in a position to know when to execute 

that task, and what parameters must be set up to initiate the actual processing 

of the task. 

The basic functions of the executive are typically implemented by means 

of sets of sub-routines, or what have come to be known as "Virtual Instructions". 

These virtual instructions may be regarded as forming the instruction repertoire 

of the executive in the same way as the machine-code instructions fonn the 

repertoire of the actual computer. Typical Virtual Instructions may include: 

i) Interrupt Handler. This would react to interrupts, identify the 

source, and take the appropriate action. It might be used to 

achieve a variety of operations, sud1 as the suspension of a 

current task which has requested (via an interrupt) access to 

another task and is waiting for that task to become available; 

the entering of an interrupt-requested task into a queue to 

await attention; the irrnnediate activation of a high-priority 

task; and the control of interrupt-masking. 

ii) Control of Semaphores. These virtual instructions will implement 
Dijkstra's { 22} idea of semaphores. They operate on a semaphore 

specified by a requesting task, to perform the P- (stop) and V- (go) 
operations on two tasks. 

iii) a) Send Operation. This will, if necessary, attach a buffer to 
a queue, and activate one task if another has been suspended. 

b) Receive Operation. This will, if necessary, take a buffer from 
a queue, and suspend a task. 

Essentially, these operations control the stopping of a task, the acti­

vation of a new task, and the associated buffer .handling. They are also used 

to control queues, for both tasks and buffers. 

With these ideas in mind, the path is clear to move on to describe the 

essential constituents of the executive. These may be swnmarised as follows: 
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i) Initialization. Means must be provided to set the executive 

to its initial condition. This will involve the setting of 

the contents of PCB's, buffers, queues, etc. The sys tern must 

be inherently self-initializing so that recovery is rapid in 

the event of forced restarting. In practice, this will require 

the designer to determine a suitable initial starting-point for 

the system. In the case of failure, the system would also 

have to be capable of initialization to a point at which it is 

suitable to return the process to the pre-failure situation. 

In process-control applications, particular attention must be 

paid to this problem, taking into account the operating 

strategies of the plant being controlled. 
ii) Interrupt Handling. As pointed out above, this must be able 

to identify interrupts, activate specified processes, and fit in 

with the general scheduling policy. It must take particular 

care of priority specifications. 

iii) Scheduling. This is obviously the central controlling mechanism, 

and the concepts are the same as outlined in Section 2.2.l. It is 

interesting to note, however, that according to Purser and Jennings 

{ 26}, "Contrary to experience on large machines, where there are 

big overheads on changing processes, and a finely-tuned scheduling 

algori thrn can be very important, many mini-systems, particularly 

core-resident ones, are insensitive to scheduling strategy, 

provided that no obvious stupidities are committed". (It is, 

however, the author's opinion, based on observation of some current 

minicomputer real-time operating systems, that many "obvious 

stupidities" are, in fact, regularly perpetrated!) 

iv) Virtual Instructions. As outlined previously, these are privileged 
instruction sequences which are accessed only by the executive 

. itself, or (in certain cases) by global sub-routines. In practice, 
they are usually entered by means of interrupts, operator commands, 

or certain trap instructions from an executive's run-stream. 
It is worth noticing the wide use of such virtual instructions in 

many contemporary operating systems (for example, the system 

commands in Data General ROOS { 2 8}) . 

The question of re-entrancy and interruptability of virtual instructions 

(and, in fact, of rrost component parts of the executive) is worth considering. 

In general, the question is largely related to the hardware structure of the 

computer being used. The availability of adequate stacking facilities will 

make it far simpler to provide for re-entrancy and interruptabili ty. It is 
also largely a function of the ability of the programmer! 
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While each section of the executive can be clearly identified, certain 

real-time operating systems make extensive use of global sub-routines. These 

are created chiefly to ease the task of the users of the system, and are sub­

routines which may be employed to control complex operations. For example, 

a global sub-routine such as "READ" may be included. A call to this sub­

routine would allow the user to read information from a particular device. 

It would thus access the necessary Virtual Instructions and set the required 

semaphores, etc., to achieve this action; that is, it sets up the necessary 

"nm-stream" to the executive. 
2 .3 Definition of the Real-Time Operating System to be Implemented in Hardware. 

Bearing in mind the basic concepts discussed as embodied in the design 

of real-time operating systems, the features of the system which it is proposed 

to implement in hardware may be defined. In undertaking this task, it is 

worth drawing attention to an observation made by Robert McClure at the 1975 

conference of the IEEE Computer Society. In a discussion on the outlook for 

hardware, firmware and technology, Dr McClure observed that there is a positive 

trend towards "the construction of simpler systems, a recognition that operat­

ing systems need not, or should not, be as complex as they have been" { 27}. 

It is the author's contention that in many cases operating systems, and especially 

those developed for low-cost minicomputer systems, have grown in an unco-ordinated 

fashion, with modifications and additions to meet new situations. For example, 

a review made by the author, over the last three years, of the Data General 

RDJS (Real-Time Disc Operating System) { 28} has clearly indicated that the 

system as presently marketed, was not totally conceptualised or designed from 

the start. As one reads the specifications, it becomes obvious that RDJS 

consists of extensive modifications and extensions, many in direct response 

to features found in competitive systems. The classic reply to this statement 

is, "We learn and improve" { 29} • 
Thus, while it is important to use past experience gained, and to 

apply the relevant, highly-developed theory when a new system is to be defined, 

the requirements should be appraised without bias. The final system adopted 

must (especially in situations where bottom-up methods are to be applied) 

be tailored to meet the precise demands of the range of applications. The 

system developed in this project is extremely simple but, as will be 

derronstrated, it fully meets the requirements of the application. 

It must also be pointed out that this thesis does not propose a 

revolutionary approach to the theory of operating systems, but develops a new 
method of implementing an operating system. Thus, the operating system developed 
in what follows is by no means a fully comprehensive system, but comprises a 

basic structure, tailored to hardware implementation, which (a) shows tl1at the 

overall philosophy is viable, and (b) provides a basis for further development. 
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One should remember, too, Barron's conunent: ".An elephant .is a mouse with an 

IBM-operating system" { 21}. 

2.3.l Jhe Desired Operating System Features 
The functions which the real -time operating sys tern must be capable· of 

performing may be surrunarised as follows: 

(i) The total scheduling of multiple tasks. 1he tasks may be 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

real-time dependent and priority-based, or non-time-critical, 

background tasks. 1be operating system nrust also be capable 

of dynamic rescheduling. 

rvfultiple Interrupts. 1be interrupts are to be fully vectored 

to increase processing speed. 
Intertask corrnnunication and synchronization, including buffer­

passing between tasks. 

Control of all input/output operations. 

Communication between user tasks and the executive. 

Parallel task processing. 

True foreground/background operation. 

.• 3. 2 Structure of the Proposed Operating Sys tern 

Two factors play important roles in defining the structure of the 

operating system proposed in the studies whid1 follow. Firstly, the 

operating system must be versatile enough to demonstrate the variety of 

differing applications to which the concept proposed here may be applied. 

The second and, from the engineering point of view, more important factor is 

that the operating system is developed with the hardware structure (discussed 

in the next chapter) very much in mind. While this does lead to the adoption 
of some rather unusual features, the ultimate aim is to achieve a high degree 
of hardware/software interaction efficiency. 

The proposed operating system is essentially an event-driven system, 

since the user does not have to execute special system calls to effect reschedul­

ing of the defined tasks. In the system, the "tasks" are to include all user 

tasks as well as all required input/output routines. 1be operating system will 

ensure the maintenance of the highest-priority task capable of being in 

execution. 1bis task, i.e. the highest-priority "ready" task, will continue 

in execution until one of several conditions arises: 

(i) The task terminates its own operation. 
(ii) The task is suspended while it awaits the completion of 

an event which it has requested, such as an input/output 
operation. 

(iii) A higher-priority task becomes capable of being executed. 

Tasks are regarded as being in one of three possible states: 
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(i) Active - in execution. 

(ii) Suspended - awaiting attention (possibly in view of 

priority, or while waiting for another task to be 

completed, or while being delayed for some other 

reason). 

(iii) Ibrmant. 
Each task is assigned a lU1ique identification number and a priority. 

The task identifier will include a pointer which indicates where that task's 

"Process Control Block" (PCB) is held in memory. The PCB holds all relevant 

information pertaining to that task, including whether the task is interrupt­

able or not. This is an important consideration, as even some low-priority 

tasks may not be interruptable once their execution is started. This rather 

anomalous situation often arises in process-control applications, where a 

sequence of commands to a particular piece of equipment must be completed once 

started. Obviously, such conditions must be very carefully controlled so as 

not to hold up high-priority tasks for any significant length of time. Other 

information held in the process control block is related to starting the actual 

execution of the task, i.e. the re-entry address, register contents, overflow 

indications, etc. 

In order to cope with tasks being suspended or awaiting execution, a 

so-called "wait-queue" is introduced. Each task which is waiting for execution 

is placed in this queue, the queue ·being organised in such a way that it is 

always arranged in priority order. When any task is placed in the queue, the 

entry is made in the appropriate priority position. The top entry in the queue 

will thus always be the next task to be executed. In order to simplify the 

detection of the presence of tasks in this queue, a flag, denoted the "wait-for­

service" flag, is defined. The value of the WFS flag indicates the number of 

entries in the queue. 
An additional table is introduced, the Time-Dependent Tasks Table (TlJf). 

This table contains the identification of all tasks which are to be activated 

at specific time intervals, or after certain delays. Again, a flag (the TlJf 

flag) is used to indicate the presence of entries in this table. Such an entry 

will indicate the task's identification and the time at which it must be activated. 

The actual re-scheduling of tasks is initiated by interrupts to the 
operating system. The interrupts are divided into four classes: 

(i) Class I: Real-Time Clock Interrupts. TI1ese are generated 
by the system's real-time clock(s). 

(ii) Class II: Process Interrupts. These are interrupts generated 
either by the actual physical process under control, 
or by the computer's own set of peripherals. 
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(iii) Class III 

(iv) Class IV 

Computer-driven Interrupts. 'Ihese 
are interrupts which are created 
by user tasks or by systen1 pro­
grams in which they are used for 
intertask synchronization. In 
user tasks they may indicate end­
of-task conditions, or express 
requests for comrm.mication with 
other tasks. 

Power Fail/Restart Interrupts. 
TI1ese are generated by peripheral cir­
cuits to indicate a power-failure 
occurrence, and the subsequent 
power-on condition. 

'Ihe principles outlined above form the basis on which the proposed 

operating system is developed. In classical terms, they may be thought of 

as forming the "executive" of the operating system. As mentioned previous­

ly, it is this part of the operating system which is dealt with in this work. 

Other facilities encountered within real-time control systems, such as memory 

allocation and file management, are regarded as falling into the category of 

support software, and are not included in the executive itself. In practical 

terms, they are implemented as system tasks in the work which follows, with 

only the necessary bit-maps, meIDJry protection registers, etc. , being held in 

the executive. 

2.4 Summary 

'Ihis chapter has covered a brief review of operating systems in general, 

and of the requirements and principles of real-time operating systeITLs in 

particular. On the basis of these requirements, the fundamental definition 

of a specific, real-time operating system has been developed, and a suitable 

structure proposed to implement these concepts. 1ne proposal must be viewed 

with direct reference to its ultimate object, the implementation of a practical, 

real-time operating system in hardware. 



GIAPTER III 

TIIE DEVELOPMENT OF A SUITABLE HARDWARE STRUCI1JRE 

"For the Snark' s a peculiar creature, that won't 
Be caught in a connnonplace way. 
Do all that you know, and tr;:' all that you don't: 
Not a chance must be wasted today!" 

Lewis Carroll, The Hunting of the Snark 

( l:i t the l.Ourth) 

It has been claimed above that the real-time operating system previous­

ly discussed is amenable to hardware implementation. Can, in fact, a physical 

structure be developed which will permit such a concept to become a reality? 

It may correctly he suggested that the most expedient way of achieving 

these goals is by means of a second computel.~, working in a multi -process or 

configuration. It must not be forgotten, though, that the area of interest 
here is in small, and somewhat dedicated, systems. A system proposed and 

,developed during the past decade by Texas Instruments Inc. does lean towards 

the desired goals. This system was the TI ASC 'Super-computer' { 30}, which 

consisted of a central memory, a central processor, a peripheral processor 

and a host of peripherals. Here, the operating system was processed within 

the peripheral processor. In this so-called nsuper-computer", however, 
hardware complexity (and the resultant cost) brings the system into the large-­

computer area. As has been discussed above, in process-control applications, 

the object is simplicity and efficiency. The solution should not lie simply 

in multiplying the complexity of the overall system by adding additional, 

complex processors to perform the various tasks required. Instead, the 

facilities available to the computer architect, in terms of past experience 

and new technologies, should be carefully studied, and new avenues sought. 
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3.1 The Essential Hardware Requirements 

The facilities required to effect a real-time operating system in 
' 

hardware may be reduced to the following essential elements (see Fig. 1 ): 

(i) A simple but fast data-processing system. The functions 

to be performed will generally be centred around the 

scheduling operations, thus requiring the capacity to 

handle queues and make logical decisions. 

(ii) The processor must have available a limited amm.mt of 

high-speed storage, in which it can hold process-control 

blocks, pointers, stacks and constants. In order that 

the processor may carry out most of its tasks without 

interfering with the central minicomputer, it is desirable 

that this memory should be totally independent of the 

computer's own memory. 

(iii) .An interface to the minicomputer to perform the inter­

change of information between the hardware controller 

and the minicomputer. 

(iv) A sophisticated interrupt hierarchy. Such interrupts 

may be from real-time clocks, from an external process 

under control, from peripheral devices, or from within 

tasks being executed. .Any hardware-implemented 

operating system must be able to deal with these 

interrupts and to respond accordingly. This is really 
the most powerful argument for removing the operating 

system from the computer - the ability to deal with 

multiple interrupts without any penalty in available 
computing time. 

In order to implement these elements in hardware, there are two 

important factors which must be kept in mind: speed and simplicity. A 

third factor which should also be considered is the anomalous question of 

flexibility. As has been pointed out, the user of a real-·time operating 

system will usually require a system optimised for his specific situation. 

It would accordingly be desirable to retain a degree of flexibility, so 

that particular features may be eliminated, or additional features added, 

as required. 

3.2 The Proposed Approach 

With the new technologies corrunercially available, the development 

of the hardware system may be approached in a variety of ways. In 

principle, the total system discussed in 3.1 could be implemented by familiar 

and well-understood microprocessor components. One parameter that would 
suffer, however, is that of speed. Microprocessors are generally based on 
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n- or p-channel :MJS tecimology, which is inherently slow in tenns of execution 

speed. Also, the designer is somewhat restrained by the available instruction 

set { 31}. It is a question of starting with a generalised structure, while 

pursuing the goal of a structure which is very specific. 

A classical approach would, of course, be to tackle the problem, armed 

with the vast range of large- and medium-scale integrated circuit elements 

currently available, and to design the complete unit from scratch. 'Ihis 

would be a formidable task, with many pitfalls and subsequent delays - all 

too well-known to the experienced digital designer. 

A close look at current tecimologies reveals a compromise between 

these two extremes, which fully embodies the over-riding philosophy of this 

text, i.e. the exploitation of state-of-the-art techniques in a practical 

situation. 

TI1e tecimology which it is proposed to use is that of "Bit-Slice 

Microprocessor Sets" { 32}. These sets essentially provide the component 

parts of a computing system with virtually limitless word-size. Since 

the components are based on bipolar technology, they are capable of high-speed 

operation, resulting generally in overall cycle-times in the 100 nanosecond 

range. A critical review of these components is given in Appendix D. 

It must be pointed out here that, in fact, the term "microprocessor 

sets" is rather a misnomer. The component parts of the sets are merely high­

density, large··scale integrated circuits, which may be combined to produce a 

microcomputer. Tiieir use is by no means limited to this type of appiication, 

and they should be thought of as circuit elements, to be used where appropriate. 

'Ihe feature which makes the bit-slice components of particular interest 

when considering their use in specialised hardware, is their potential micro­

programmability. 'Ihe question of inherent flexibility, in terms of the desired 

hardware facilities discussed earlier in this chapter, would seem to be answered 

by this feature, i.e. the creation of a microprograrrunable logical unit. 

Thus, the underlying structure of the hardware unit may be defined. 

It will be organised as a microprogrammable, logical device, based on bit-slice 
architecture. 

3.2.1 Microprogramming 

Microprogramming, as a technique in digital computer design, is very 

much in vogue today, but had its origins in the early 1950's. Dr M. V. 

Wilkes { 6} said then that microprogramming was superior to existing archi­

tectural techniques, since it offered a greater degree of flexibility in 

specifying a computer's instruction repertoire, while also resulting in 

considerable simplification in the logic. Although some microprogrammed 
computers were build at that time, the techniques were not generally applied 
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until the mid-1960's. In general, the high cost of utilizing such techniques 

tended to outweigh the benefits. Recent technological developments, particular-

ly in the solid-state memory field, have led to the current growth in usage. 

Appendix A briefly describes the principles of microprogramming. 

Of central importance in the implementation of a microprogrannned 

structure { 33} is a fast storage medium, in which the microinstructions are 

stored. The access-time of this memory will limit the total _rnicrocycle-time 

of the computer. In an elementary system, each microinstruction is fetched 

from the micro-code store, and is then executed. Various techniques have 

been proposed which will effectively increase this microcycle time, and 

these will be discussed later in this chapter. 

A further current development, and one which is applied to some 

contemporary systems { 17} is the concept of dynamic microprogramming. 

This embodies the possibility of altering the actual microinstructions to 

meet changing requirements. In the Burroughs Bl 700 computer \ 17}, this 

concept is exploited to pennit the.emulation of various differing instruction 

sets. 

While the application of microprogranuning to commercial computer 

systems is increasing{34}, notably in large systems, such as the IBM 

System 370 series, the large-computer manufacturers have tended to discourage 

user-microprogramming. At the other end of the computer industry, mini-

computer manufacturers have used user-microprogranunability as a selling feature. 

{ 14} { 35}. From the user's point of view, however, the difficulties encounter­

ed in producing microprograms have in many cases led to great disappointment { 34}. 

3.2.2 Bit-Slice Architecture 

The past few years have seen numerous entries into the bit-slice 

microprocessor field. Generally, the component sets offered are similar, 

with one major variation - the number of bits-per-slice. Intel { 32}, one 

of the first entries into the race, opted for a 2-bit-wide slice, with extra 

input/output port facilities. Advanced l\1emory Devices { 36}, on the other 

hand, exemplify the other approach, that of 4-bit-wide slices, with fewer 

input/output ports. In other respects, as with all competing technological 

innovations, there are various pros and cons. From a user's point of view, the 

question is more one of local availability, with acceptance of any specific 

disadvantages. The question of "family completeness" must also be considered, 

the object being to reduce the number of additional elements required to 

interconnect the component parts of a total system. 

3.3 The Design of the Microcontroller 

In the discussions ~ich follow, the hardware unit used to implement 

the real-time operating system will be tenned the ''Microcontroller". 

As has previously been discussed, the attraction of using bit-slice, 
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microprograrmnable architecture is the flexibility which is given to the designer 

and to the ultimate user. The proposed sys tern has as main objectives two 

factors - speed and simplicity. Simplicity here has two facets, in terms of 

implementation as well as of user modifications to the microcoding. As a 

result, the final system proposed is relatively simple to re-code and meets 

the essential requirements in tenns of processing capability, and yet occupies 

only a single input/output slot in a conventional minicomputer! 

The rest of this chapter deals with the development of each major 

section of the microcontroller. Full details of the actual circuitry are 

given in .Appendix C. Figure 2 shows a block diagram of the unit. 

3.3.l The Fonnat of the Microinstruction 

The principal decision which has to be made by the designer of a 

microprogrammable logic system, is the fonnat of the microinstruction.{ 37}. 

Essentially, this will detennine the resources which each microinstruction 

can control. Generally, microinstructions can be classified as vertical 

or horizontal, although in practice a compromise is nonnally made. Vertical 

microinstructions are similar to nonnal machine-code instructions, effecting, 

as they do,single primitive operations. They will nonnally consist of one 

operation code and one or two operands. Horizontal microinstructions will 

control the operations of many resources operating in parallel. Typical 
word-lengths would be 12-24 for vertical microinstructions, and up to 64 (and 

possibly more) for horizontal microinstructions. It is obvious that horizontal 

microprogrannning offers many attractions in so far as higher utilization of 

resources is concerned, although it will necessitate a more complex structure, 

so as to permit parallel operation. As contemporary examples of each type 

of structure, the HP 2100 computer series { 38} is strictly vertically-designed, 

with a 24-bit word, while at the other end of the scale the Varian V-70 series 

{35} offers a 64-bit microinstruction and is essentially horizontally­

microprograrmned. 

On reviewing the requirements of the proposed microcontroller, it 

becomes appa~nt that the features required are limited because of the 

singleness of purpose. Added to this, the requirement of simplicity in 

user-prograrmnability leads to the choice of a microinstruction fonnat which 

may be classified as having a vertical structure. 
The designation of fields within the chosen microinstruction is shown 

in Figure 3. In broad terms, this means that within one vertical micro-
instruction, the following operations may be specified: 

(i) Control of the Central Processor Array. 

(ii) Control of Next Address Generation. 
(iii) Control of "flags" to and from the Microsequencer Unit 

and the Central Processor Array. (Full details of 
·these "flags" may be found in .Appendix C). 
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(iv) Control of input/output functions, including the 

local memory, the interface to the minicomputer, 

and the interrupt control unit. 

3.3.2 The Microprogram Sequencer 
The major function performed by the Microprogram Sequencer is the 

determination of the order in which instructions are to be fetched from 

the microinstruction store. The identification of the particular location 

to be accessed in the microinstruction store is usually based on certain 

prevailing conditions. These will, in practice, include: 

(i) Present Address. 

(ii) Condition of input flags, which may have been set 

by the Central Processor Array, or by control bits 

in the previously-accessed microinstruction. 

(iii) Control inputs, normally specified in the previously­

accessed microinstruction. 

A most desirable functional feature of the Sequencer is that the total 

amount of microinstruction storage required should be minimised for any given 

application, as far as is consistent with speed and ease of use { 39}. 

The microcontroller under discussion here makes use of the Intel 

microinstruction sequencer l..ID.it { 40}. itrJ. interesting problem that arises 

from the use of such a single-chip, integrated circuit sequencer is ti1e classic 

problem of addressing a large address space, with a limited munber of address 

bi ts { 39}. In minicomputers, the problem arises from the use of relatively 

short word-lengths, typically 16- or 18-bit. Thus, in a single-word instruction, 

only 8 to 10 bits could be allocated to specification of operand addresses. To 

allow ti~e computer to address a larger memory space, a variety of techniques 

has emerged. These include indirect addressing, the use of paging registers, 

and relative addressing techniques. The problem is greatly compol..ID.ded when 

designing a single-chip sequencer, where it is necessary to keep the number 

of input/output connections to a minimum. It is also desirable to reduce the 

number of next-address control bits which must be included within a micro­

instruction. 
A typical nri.croprogram storage unit will contain between 28 and 210 

microinstructions. This will require the development of at least an 8- to 

10-bit microinstruction storage address. The microinstruction sequencer 

used in the proposed microcontroller adopts a two-dimensional addressing system 

{ 32}. Essentially, this scheme permits the specification of an address in a 29-

word address space, using only 7 control bi ts. The concept is based on the 

organisation of the address space into a two-dimensional array, with 32 rows 

and 16 colUIIll1s, that is, 512 = 29 storage locations. Each microinstruction 
supplies 7 bits to the microsequencer l..ID.it. In most cases either the colUIIll1 

or the row address bits will be altered, and the other bits in the microinstruction 
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will be used to specify the required operation. (Table No. 1 defines 

the microinstruction sequencer instructions available for the unit used 

in the micro~ontroller). 
1his scheme obviously has the desired advantage of reduced number of 

input/output connections and a smaller number of bits to be held within an 

individual microinstruction. It does, however, present the programmer with 

a very difficult task. 1his is the placement of the microinstructions 

within such a two-dimensional space. Observation of Table No.l 

demonstrates the limitations on movement within this space. In addition, 

certain functions of the sequencer are dependent on the specification of 

particular destination locations. (An example of this is tl1e enabling of 

the Interrupt Control Unit, which can only occur when a jump to row 0, 

column 15, is executed). 
1his placement problem is at present rece1v1ng much attention. 

1he work by J. F. Wakely et al { 39} of Stanford University is representative 

of the attempts being made in this direction. Even this work has shown 

that the complete automation of the task is extremely complex and, in fact, 

the tedmique proposed in Ref { 39} still requires an interactive procedure, 

guided by a relatively skilled operator. Current experience gained by the 

author on this subject is discussed in AppendixF. 

One emergent fact, however, is that when utilizing such a micro­

program sequencer, many conventional programming techniques have to be 

abandoned. Normally, a machine-code programmer is accustomed to writing 

instructions in sequential fashion. 1he structure of the sequencer discussed 

here does not lend itself to such a definite technique, and the progrannner 

must place the instructions according to the particular instruction-type 

being executed, and the ultimate target address. 1he technique is to a 

certain extent similar to programming a multi-address computer with no control 
(program) counter,{ 41}. 

An additional system requirement is the automatic vectoring of interrupts. 

1he importance of this lies in the need for rapid processing of asynchronous 

events - a basic requirement of a real-time operating system. What is needed, 

therefore, is the ability to specify when an incoming interrupt may be acknow­

ledged, and subsequently to permit the particular interrupting device to 

impress its vectored address onto the microprogram sequencer. The method 

adopted in the microcontroller is to activate the interrupt control unit by 

means of a control line, whose status is set to an active state when a 
specific jump instruction is encountered in a~microprogram. This line is 

used to activate the interrupt control unit, which will respond if it has a 
waiting interrupt request, by sending the corresponding interrupt address 
to the Microsequencer Unit. In order to achieve this, the actual next-

address generated by the sequencer is withdraim. by a hardware disabling of the 
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sequencer's output lines. Overall, this means that each interrupt to the 

system will direct the microcontroller to execute a microinstruction at a 

specific, predetermined address in the microinstruction store, and automatic 

vectoring of interrupts is achieved. 

3.3.3 1be Central Processor Array 
The central processor array in the microcontroller is similar in 

functional operation to that of the arithmetic and logical unit of a 

conventional Von Neumann-structured computer. Within the microcontroller 

configuration proposed here, the central processor array is required to 

execute the following primitive operations: 

(i) To perform arithmetical and logical operations as 

required by algoritluns implementing the operating 

system functions. 

(ii) To address and route data to and from the local 

microcontroller memory. 

(iii) To route data to and from the input/output interface 

to the minicomputer. 

(iv) To corrununicate with the interrupt control unit for 

the purpose of disabling interrupt lines (normally 

termed "masking"). 

(v) As a result of logical and arithmetical operations, 

to provide for flag conditions to be routed to the 

microinstruction sequencer. Such flag bits would 

include overflow conditions, register status and 

negative sign indications. 

Since it is desirable that these operations should be executed as 

expediently as possible, it will be necessary to have available a comprehensive 

array of registers. As well as the storage of irrnnediate operands, these 

registers will be required to hold stack pointers, memory address pointers 

and often-used system constants. 
The design proposed to meet these requirements is based on Central 

Processor Elements developed by Intel Corporation { 40}. In order to achieve 

highly-efficient arithmetical processing, a look-ahead carry unit is included 

in the array. 1be resultant design makes available 11 general-purpose 

registers, a memory address register and a single accumulator. 
1be logical operation of the central processor array is determined 

by an 8-bit control code, which forms part of the microinstruction word. 
Table 2 defines the possible operations available, and the corresponding 
microcodes • 

It is worth no.ting at this point that a concept of "conditional 

clocking" { 42} was introduced into the design of the central processor 
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I I 0 AT2 I CIVl+CO IVAT+AT 

I I I REGN 0 C !+CO Ri'nj.R(n) 

I ATI 

I REGN 

I I I AT1 

I I I AT2 

0 Cll> CO M+AT 

{CIV~ln)AAC~CO R(n)Gl AC+R(n! 

I CIV(MAAC)+CO.M©l>.0-AT 

I CIV(A Ti\I)o>CO I$AT•AT 

Move contents ot Reglnl to Ace um 

. M-Bus to Ac cum or T-reg 

Shift right ac.c.urnor T-reg 

Add Reglnlto Accum 

Add M-Bus to Ac cum or T- reg 

Move Reg(n) to Memory Address Reg 

M-Bus to Mem Add Reg & Ace um or T- reg 

Complement Ac cum or T-reg 

Decrement Rini. Set Mem Add Reg to -1 

M-Bus to Accum or T-reg 

Decrement Accum or T-reg 

Set Reg(n) to zero or all ones 

Move contents of Accum to Reg(n) 

1-Bus to Accum.or T-reg 

Increment Reg(nl 

Add Reg(n) to Ac cum 

Add I-Bus to Accum or T-reg 

Set Reg(n) to zero 

Logical AND Reg(n)with Accum OR the} 

result with Cl & setCOac.cordingly 

as for ANR except replace Ac cum by M-Bus 

.. .. .. .. .. .. .. I-Bus 

Test status of Reg(n) 

.. M-Bus.Move M-Bus to Accum 

or T-reg 

No-Opera ti on 

Test stat us of Accum.OR Accum with Reg(n) 

.. M-Bus 

I-Bus. OR Ac.cum or-T-re·g with 

I-Bus 

Complement Reg(n) 

Complementot M~BustoAccumor T-reg 

Set CO to the OR of Cl &the AND of Reg(n) &} 
theAc.cum.Excl. NOR Reg(n) & Ac cum 

as for XNR except replace Regn) by M-Bus 

.. I-Bus 

MEAN£NG REGISTER REG£STER CODE BITS 

Data on the specified Input Bus GROUP 3 2 1 0 

.. .. .. Carry Input or Lett [nput R (0) 0 0 0 ·o 

.. .. .. Carry Output or Right Output R(1 l 0 0 0 I 

Contents of specified Register R(2) 0 0 I 0 

.. .. the Accumulator REGN 

.. .. AC or T-register R(9) I 0 0 I 

.. .. the memory address register T I I 0 0 

As subscripts, low & high order bits AC I I 0 I 

2,s complement addition T I 0 I 0 

.. .. subtract i OT\ 
A Tl 

AC 0 I I I 

Logical AND 

Logical OR 

T I I I 0 
AT2 

AC I I I I 

Deposit into -
,.;·< 

',, 
·:· .. 

TABLE. 2: CENTRAL PROCESSOR ARRAY INSTRUCTION CODES 
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array. 'Ihis facility, lmder the control of additional bits iii the micro-
instruction word, effectively pennits the non-destructive testing of 

register status. (See Appendix C.8 for further details). 

3.3.4 'Ihe Input/output Cortt:rcil Unit 

'Ihree bits of the microinstruction word are dedicated to the control 

of input/output flm.ctions and certain central processor array operations. 

'Ihe following classification may be made: 

(i) Local mem:>ry read/write flm.ctions. 

(ii) Peripheral device read/write flm.ctions. 

(iii) Central Processor Array operation, including 

conditional clocking. 

An important problem which the input/output control lmit must 

deal with is the synchronization of the microcontroller with the local 

memory and the peripheral devices. In such an input/output operation, 

the address of the particular device is generated by the central processor 

array, and the input/output lmit develops the control signals to activate 

the device in question. There will normally be a finite delay before the 

device has completed the specified task and program execution can continue. 

'Ihis delay may be greater than the normal microcontroller cycle-time. Two 

solutions are corrnnonly adopted to overcome this problem: firstly, a "sense­

ready" type of operation, whereby the processor will continually interrogate 

the device as to its availability. When the device has completed its 

specified operation, the processor detects this fact, and continues normal 

execution. 'Ihis system has proved simple to implement, and is used in the 

design of many computers { 43}. A second solution is for the processor to 

initiate an input/output cycle, and to complete the cycle only when a 

sensing device infonns the processor that the specified operation has been 
completed. 'Ihis effectively allows for the extension of the processor's 

cycle-time. Provided that the expected response will not delay the processor 

for too long a tL~e, this approach has great value in tenns of simplicity of 

programming. The technique may be extended by being used in con;jtmction wi t.i1. 

an integrated interrupt-oriented structure, in which slow peripheral devices 
need not cause lm.due delays. For example, data to be transferred to a peri-

pheral device may be placed in a buffer store. 'Ihe actual transfer to the external 
device will take place when it indicates its availability by means of an interrupt. 

'Ihis system is used in the PDP 11 range of computers { 24}. 
'Ihe second method is used in the organisation of the 1nicrocontroller. 

'Ihe idea is that all input/output operations executed by the system will inhibit 
the system's master clock. When the external device is ready, or has com­

pleted its operation, a signal is sent to the control unit, which releases its. 
hold on the system clock, and the execution of the program may continue. 
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3.3.5 The Local Me]lX)ry 

The necessity for the system to have storage for tables, stacks, bit­

maps, etc., has been mentioned before. Two methods of providing this facility 

were considered when designing the microcontroller. The first method is to 

make use of the minicomputer's memory. This does, however, deviate from one 

of the primary objectives of the concept proposed here: to release the mini­

computer from as much as possible of the operating system flfilctions. In 

addition, in terms of speed, even using direct access to the minicomputer 

memory, the microcomputer will be restricted to the speed of the minicomputer. 

(This arises because of the method of implementation of Direct l\'Emory Access 

in the minicomputers used in this work - see Appendix B). So the second 

solution is to provide a limited aJTiolfilt of high-speed cache memory, to which 

the micirocontroller has ready access. 

It was folfild in the microcontroller which was developed that 256 

words of local mennry were adequate. This number might at first sight 

appear restrictive, but it does provide sufficient storage for a relatively 

large suite of tasks (see Oiapter IV). Any subsequent expansion of the 

memory presents no problem, as a full 16-bit address may be developed by the 

central processor array. 

3.3.6 The Interrupt Control Unit 

The interrupt control llili t is of great importance in the overall 

system philosophy. It must be capable of accepting multi-level interrupts, 

effecting the interruption of the current rnicrosequence, and delivering the 

appropriate vectored addresses to the microinstruction sequencer lfilit~ In 

addition, it must be capable of holding masking information, so as to prevent 

interrupts below a specified level from being passed on to the microsequencer 

lfilit. 

The resulting interrupt lfili t was developed, based on the Intel interrupt 
control unit elements { 40}. The system is theoretically expandable to any 

number of levels of interrupt. However, with the method of interrupt vector­

ing adopted, and within the limits of the microinstruction addressing scheme, 
a maximum of 64 levels may be employed. This limitation arises because the 
vector address generated acts only on the row address, and will always have 

the column address 15. So, as 1 Kiloword of microinstruction mern::iry is 
provided, 64 possible colUITll1 addresses exist. In the prototype system developed, 

24 levels were, in fact, foillld to be adequate. When an incoming interrupt 
is accepted, an Interrupt Strobe Enable signal (generated· by the microinstruction 

sequencer lfili t) is awaited. When this occurs, the interrupt vector is made 

available to the system, and the system responds as outlined in Section 3.3.2. 

The required masking level is handled by the execution of an output-to-peri­

pheral microinstruction, the data being supplied by the central processor array. 
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It must be mentioned that there is another possible means of handling 

the interrupts. 1his is essentially a non-vectored system, but it does have 

certain advantages in that it has a corrnnon target address for all interrupts. 

A sequence of microinstructions is started at this target address. This 

sequence must input the level of the interrupt to the central processor 

array and set the required mask level. Execution of the microprogram may 

tl1en continue according to the level indicated. 1he main disadvantage of 

this system is the extra time required to perform the interrupt identification 

procedure. Both alternatives were investigated, and in practice the first 

approach proved more suited to the requirements of the system. From the 

point of view of hardware simplicity, no real advantage is gained by adopting 

either procedure, as the hardware required to implement either is very similar. 

3.3.7 Interfacing the Microcontroller to the :Minicomputer: The Input/Output Interface 

From a philosophical viewpoint, this section of the system provides 

much interest. It is the meeting-point of two seemingly-incompatible entities. 

The design philosophy has two main objectives: firstly, to achieve an 

effective means of synchronization between the two systems and, secondly, to 

achieve this goal at the best possible cost/performance ratio. 

The overall system must be capable of two basic functions: 

(i) 1he bi-directional transfer of data between the 

microcontroller and the minicomputer. 

(ii) The creation and acceptance of interrupts to and 

from the minicomputer. 

In order to outline the actual implementation of these functions, 

it is essential to discuss the basic method of synchronization and communication 
adopted. 

1he approach used is unconventional but proves to be IIDst efficient, 
requiring a low overhead in terms of necessary support software. Firstly, 

consider the transfer of data from the microcontroller to the minicomputer. 
The procedure commences with the microcontroller sending an interrupt to the 

minicomputer, after which the microcontroller is free to continue with any 
background tasks, or simply to idle. 1his interrupt is generated by an 
output-to-peripheral microinstruction. On accepting this interrupt, the 

minicomputer will trap to a short,handling routine. It might, however, be 

held up by the execution of non-interruptable instructions, an unfortunate 

feature of some minicomputers. The handling routine connnences by sending a 
·return interrupt to the rnicrocontroller, and then enters a short delaying 

routine, the length of which is detennined by the maximum time that the rnicro­
controller will ever take to respond to an interrupt. The rnicrocontroller 

then places the data to be transferred onto its output bus, and the system 

clock is held up, as described in 3.3.4, until the rninicorrvuter accepts the 
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,data. For the transmission .of short blocks of infonnation, the process is 

continued without further interrupts being needed. In effect, this ammmts to 

the mi~rocontroller's being synchronized, for the period of transfer, to 

the minicomputer. 

Transfer in the reverse direction occurs in a similar fashion. In 

the case of the minicomputer's requesting a data transfer, the minicomputer 

signifies its requirement by effecting an interrupt to the microcontroller, 

and awaiting a response. 1he microcontroller replies by means of an interrupt. 

Transfer in this direction has one additional complication. 1his arises because 

the minicomputer used has a control structure dissimilar to the microcontroller's. 

1he minicomputer will send data without waiting for the data to be accepted. 

1he problem is overcome by introducing a buffer register between the two systems: 

the minicomputer writing the data into the buffer, and the microcontroller removing 

it. 

1he teclmique adopted might at first sight appear hazardous. A 100re 

conventional approach woUld be to provide a full buffer memory. Either system 

could then write all the data to be transferred into this buffer, either under 

program control or by direct access means, and the other device would rerrove 

the data in its own time. It is a question of compromise - extensive hardware, 

or finely-tuned algorithms based on tirning relationships. The method proposed 

and utilized has great simplicity, but it does require careful programming, 

especially of the minicomputer. A slight measure of relief may be obtained 

by introducing a means whereby the minicomputer "senses" when the conununication 

channel is.available for a transfer to occur. 1his system was investigated. 

Experimental results showed that, in fact, because of the precise timing which 

may be determined, the method finally adopted is perfectly adequate and requires 

a minimum (albeit carefully designed) of software in the minicomputer. 
As a general principle, however, it must be accepted that the 100st suit­

able method would be to use a minicomputer with a dual -port memory structure 

{ 35}, whereby both minicomputer and microcontroller have access to a coIIUJX)n 

block of memory. For a system without this facility, the proposed approach 
has merits in terms of cost-effectiveness, which is a primary goal of the 

structure being presented. 

In order to implement the interrupt system discussed above, relatively 

straightforward hardware is required. Interrupts from the minicomputer are 

effected by the use of the minicomputer's external connnand instructions (see 
Appendix B), which are decoded by the input/output interface, and are sent 
to the interrupt control unit. Interrupts from the microcontroller are decoded, 
since they are created by output-to-peripheral microinstructions, and are 

supplied dir~ctly to the· minicomputer's interrupt module. 1his interrupt module 

{ 44 } is itself vector-based, and so the minicomputer has a direct means of 
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relating the_ interrupt received to the function requested by the microcontroller. 

3.3.8 Tiie Mictoinsttl..iction .Menory 
The microinstruction memory, often tenned the "control store", and 

abbreviated in this text to the "micromemory", is the unit in which the actual 

microinstructions are stored. The fonnat of this memo:ry must, of course, 

confonn to the capabilities of the microinstruction sequencer l.ID.it. As has 

been pointed out in Section 3.3.1, the sequencer l.ID.it can address directly 

512 words of micromem:J:ry. This may be extended further by introducing addition­

al ''banks" of micromem:J:ry, each consisting of 512 words. The bank-switching, 

or selection of bank, can be achieved by the introduction of additional bits 

in the microinstruction word. The setting of these bits infonns the micro-

memo:ry as to which bank is being accessed. In the system discussed in this 

text, two banks of 512 words, each word consisting of 24 bits (the microinstruc­

tion word-length), were installed. Bits 22 and 23 of the microinstruction word 

were l.Sed to control the selection of bank. In practice, it was fol.ID.cl that 

only one bank was ever required, thus somewhat relieving the problem of 

additional placement of microinstructions. 

The key factor in the design of the micromemo:ry is access-time. 

In an elementary, microprogrannnable computer configuration, this access-time 

has a direct influence on the effective microcycle-time. This may be 

demonstrated by considering a complete microcycle. The cycle commences with 

the address (generated by the microinstruction sequencer) being made available 

to the micromemo:ry. The micromemorY" will supply the corresponding microinstruc­

tion. The time taken for this microinstruction to become available is, of 

course, a direct flIDction of the access-time (or, more specifically, the read­

time) of the micromemory used. Once the microinstruction is available, the 

actual processing of that microinstruction can proceed. This means that the 

duration of each microinstruction processing cycle must include the read-time 

of the micromemo:ry. The maximum cycle-time of the central processing array 

is thus degraded. The method of "pipelining" the system overcomes this problem. 

The principle is to overlap the two cycles, the current microinstruction 

being held in a so-called "pipeline" register. While the rest of the system is 

operating on this microinstruction, the microinstruction sequencer generates 
the next address and supplies this address to the micromem:Jry. The next micro­

instruction may then be accessed, ready for ent:ry in the pipeline register at 

the start of the next cycle. 

This technique thus penni ts a shorter overall processing cycle. It 

does, however, result in the introduction of some rather l.ID.fortl.ID.ate micro­

programrrl.ing problems. These may be demonstrated by considering the execution 

of a conditional jump microinstruction. In an l.ID.-pipelined configuration, the 

conditional jump is totally specified within one microinstruction. The fl.ID.ction 

code to the central processor array will be set up to test the required condition. 
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The central processor array will send the resulting conditional flag bit to the 

microinstruction sequencer. This bit may innnediately be included in the deter­

mination of the next address. 

In a pipelined organisation, this sequence is not possible in view of 

the overlapping of access and processing cycles. If the central processor array 

function code required to test a certain condition is held in microinstruction 

n, say, the next address control function which can make use of the result of the 

testing must be included in microinstruction n + 1. In terms of the development 

of microprograms, this is an additional problem to be borne in mind. In addition, 

it can have a detrimental effect on the overall system performance. In view of 

this two-stage implementation of conditional jumps, the second word is difficult 

to utilize for central processor array fl.Ulctions. This is because the next 

operation to be processed following a conditional jump normally depends on the 

result of the conditional test. As in JIDSt programming situations like this, 

a careful review of the instruction flow often reveals that a nominal "house­

keeping" type of operation can be executed by the necessary second word. 

In most contemporary, microprogrammed computers, the microinstruction 

memory, or control store, will consist of two sections. The first is a read­

only ID3nory in which are stored the microinstruction sequences required to 

implement the macroinstruction set of the computer. The second form of merrory, 

normally offered as an optional facility, is user-programmable merrory, termed 

''writable control store". This gives the user, via suitable control logic, 

facilities for developing his own microinstruction sequences. Such a configura­

tion is typified by the computers described in { 35} and { 38} . 

There have, however, been many examples of structures using dynamically-

programmed microinstruction memory. This concept was discussed in Chapter I. 

111e approach permits the user to reprogram the microme:rrory completely, to meet 

changing circumstances, such as those encolilltered in the emulation of various 

computer structures. Conceptually, this is a very powerful technique which 
appears to have great advantages in the design of the microcontroller. TI1is 

concept will be discussed in Chapter V but, at this stage, the flexibility 
achieved provides full justification for the adoption of the strategy, especially 
in the development and evaluation periods. 

3.3.9 ~liscellaneous Hardware Facilities 

The ultimate objective of the proposed microcontroller is to include it 

as a relatively inexpensive option which may be incorporated with a minicomputer's 
complement of optional hardware. It should be as simple to include within the 

system as, say, a hardware floating-point arithmetic lillit. In principle, the 

proposed structure meets these requirements. Provided that the microinstructions 

are defined, there is no reason for any external intervention, beyond the controls 

provided by the minicomputer control signals and the external interrupt generators. 

The key words in this statement are "provided that the microinstructions 
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are define~. Two practical situations must be considered: firstly, development 

of the microinstruction set, and secondly, the possibility of dynamic microprogram­

ming. 
During the development and evaluation phases discussed in Oi.apter IV, it is 

obviously essential to have ,-full access to the microinstruction menory, and to 

have full control over the operation of the microcontroller. This leads to the 

inclusion of the monitor features described in Appendix E. In a dedicated 

operation, such as on-line process control, the microinstructions would be 

pennanently stored in read-only memory, and all nonitor facilities would be rennved. 

In order to provide for dynamic modification of the contents of the 

microinstruction memory, the memory must be progrannnable. Addresses and data are 

supplied to the microinstruction memory via the minicomputer. This feature is 

simple to implement, and provision was made for it in the development of the system. 

It is also desirable to be able to monitor the operation of the microcontroller 

when developing microinstruction programs { 38}. For this reason, a monitor 

similar to that proposed is valuable as a removable facility. 

4 Review of the Microcontroller Hardware 

The most surprising aspect of the hardware, when analysed in the context 

of the facilities offered, is its relative simplicity! This will be less surpris­

ing to the experienced user of microprocessors, except where the overall system 

instruction-time is concerned. Even with the restrictions which had to be applied 

in certain areas of the prototype syste~ because of the non-availability of certain 

components, the effective cycle-time of the microcontroller is approximately 300 

nanoseconds. (Appendix K discusses the prototype microcontroller specifica­
tions). This gives an effective performance improvement factor of at least 5 

over a conventional minicomputer. This type of comparison is not strictly valid, 
however, as the microcontroller is dedicated to a specific task, does not offer the 
versatility of a computer, and should not be thought of in this light. The point is 
that it has been shown that the hardware facilities necessary to perform the tasks 
of real-time operating systems can, in view of current technology, be produced 
in a simple and straightforward fashion. 



a-JAPTER IV 
A BASIS FOR EVALUATION 

"That's exactly the method," the Bellman bold 
In a hasty parenthesis cried, 
''That's exactly the way I have always been told 
That the capture of Snarks should be tried!" 

Lewis Carroll: The Hunting of the Snark 
( Ei t the Third) 

A structure has been proposed which, it has been claimed, will permit 

the implementation of a real-time operating system in hardware, external to 

a conventional minicomputer. In order to prove the validity of sud1 a 

technique, a thorough evaluation of its application in operational computer 

systems must be t.mdertaken. The object will be not merely to show that 

the concept is ft.mctional, but also to demonstrate clearly, in quantitative 

terms, the advantages of adopting this philosophy in real-world applications. 

As has been stressed throughout this dissertation, the particular field of 

interest is in on-line process-control computer applications. It is thus 

in such areas that experimental situations must be created, and overall 

system performance evaluated. 

4.1 Evaluation and Measurement Techniques 

"Progress in designing and applying infonnation handling systems has 

outraced progress in evaluating their perfonnance" {45}. 

In general, the evaluation uf a computer system's perfonnance is of the 

utmost importance when considering its suitability for a specific application 

{ 46}. The objects of an evaluation might be to maximize the throughput of 

a system, to process a given load for a minimum cost, or to aci1ieve any number 

of other objective functions. Inherent is the principle of performing the 

evaluation with a specific objective in mind. This principle is, of course, 

not applicable only to the computer world, but is true of any aspect of science 

and technology. In order to evaluate any physical system, a frame of reference 

must be established, within which the evaluation procedure is to be perfonned. 

In the broadest of terms, evaluation is the ascertaining of the value 

of an object. On the other hand, measurement is the ascertaining of its extent 

{ 4 7} • Measurement is therefore a valuable, but not always essential, part of 

the process of evaluation. In other words, evaluation might necessarily 

include certain aspects which are not readily, or even feasibly, measured. 

These may include, for instance, such factors as the reliability and security 

offered by a particular computer system . 

.Appendix G describes various classical techniques which may be used 

to evaluate the performance of computer systems. Often-used techniques 

include "benchmarks", the use of "synthetic programs", mathematical nndelling 
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and simulation. The question which must be carefully examined, however, is 

that of deciding which technique, or combination of techniques, - is most appli-

cable to the computer system concerned. In fact, it must be decided whether 

any of the classical techniques are applicable, or whether new strategies 

must be proposed. In order to determine an evaluation strategy for the 

system of concern in this work, therefore, it is necessary to review the 

principles on which the proposed concept is based, and to consider the appli­

cation of the concepts in practical situations. 

4.2 Design Objectives of the Hardware-Based Real-Time Operating System 

Chapter I discussed the rationale for proposing a radical deviation 

from the normally-accepted organisation of a small computer system used in 

real-time process-control applications. Two major factors emerged: it is 

desirable, firstly, to simplify user control over the overall operation of the 

system and, secondly, to improve overall system efficiency. From an evalua­

tion point of view, these two aspects present completely different problems. 

The first point, that is, simplification of use, is subjective and may be 

meaningfully evaluated only by use in suitable applications. The question 

of efficiency improvement does lend itself to objective evaluation and to 

the application of relevant measurement techniques. 

In the detennination of efficiency, a certain degree of circumspection 

must, always be exercised. The efficiency of any physical system may, in fact, only 

be evaluated on a comparative basi~. Efficiency is best defined as the 

ratio between useful work perfonned and the total energy expended. In computer 

terms, what is meant by "useful work"? From the viewpoint of the process-control 

engineer, the nnst meaningful definition of efficiency would appear to be the 

ratio between useful "process-control work" performed, and the total work 

which the computer installed is capable of performing. In practice, then, 

a certain annunt of potential computing power is available, which may be 

expressed, for example, in terms of ari thrnetical ability, memory and peripheral 

equipment. How much of this power is actually used to control the process, 

and how much is used to keep the cow~uter system itself operative? 

This definition of efficiency has deliberately been expressed in vague 

terms. The problem which must always be faced is simply that of estimating 

the potential power of an object which is strongly application-dependent. 

There is obviously no clear solution to this problem. A reverse approach 

seems more feasible. In the analysis of any computer system or program, the 

parameter which is of particular importance is time - the time required to 

perform different functions or the time spent waiting to perform them { 48}. 

Thus, performance analysis should primarily consist in attempting to answer 

the question, ''Where does the time go?" Given the answer, a subjective 

judgement can then be applied, to decide whether the annunt of wasted time is 
acceptable. 
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These ideas point to an approach which may be applied to the evaluation 

of the proposed hardware-based, real-time operating system. What are the 
practical advantages to be gained by adopting this philosophy, as compared with 

a classically-structured real-time process-control computer? Certain advantages 

will, naturally, be subjective, but in terms of efficiency (as discussed above), 

clear indications should be established. 

The evaluation procedure can be divided into two components. Firstly~ 

the impact of the proposed technique on the computer and its peripherals must 

be evaluated. Secondly, the effects of such a computer configuration on an 

overall process-control application must be considered. 

Within each division certain key factors emerge, each of which forms 

an integral part of the evaluation procedure. These may be swnmarised as 

follows: 

(i) Effects on the computer and peripherals: 

(a) lVeJIKJry utilization 

(b) Central processor availability and utilization 

(c) Peripheral availability and utilization 

(ii) Effects on the overall application system: 

(a) System response tirres 

(b) User interaction and control 

(c) System security and repeatability. 

It is important, at this stage, to stress that these considerations 

will be largely dependent on the actual computer system to which the hardware­

based operating system is applied. What is important, however, is the 

evaluation of the overall effect of the proposed strategy on a typical con­

ventional computer system. 

4.3 Techniques Employed in the Evaluation Procedure 
"Measurement yields the greatest fidelity with respect to actual 

configurations; the analytic approach is most attractive because it can 

economically provide general insights into computer operations. :Much effort 

has been directed towards both analytical JIKJdelling and performance measurement, 

but too often these efforts have been decoupled" {49}. 

The basic philosophy adopted in the development of the evaluation 
procedures is to look towards practical engineering applications, rather than 

the use of elaborate hypothetical situations. This concept l.Il1derlines the 

fact that the original approach to the subject wa.S based on user requirements, 

rather than on an abstract attempt to revolutionize the computer industry! 

Experimental situations had to be created, oriented towards typical applications 
met with in real-time process-control. This approach, therefore, ruled out 
many conventional teduiiques available to the computer engineer, as discussed 

in Appendix G. Of these techniques, the use of simulation is probably the 
only one applicable, but it was decided not to make use of this method, as it 

seemed tmlikely that additional infonnation could be obtained as to system 
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perfonnance, beyond that which was readily available from the experimental 

situations described in this chapter. 

It must also be remembered that in experimental situations, con­

ditions must be capable of being fully controlled, so that meaningful 

conclusions can be reached. Therefore, mile it would be valuable to apply 

the techniques outlined in an existing industrial process-control situation, 

the problems which would be encountered in monitoring the system fully, 

would preclude such an exercise. (Problems would also arise in obtaining 

access to such an application!) 

The evaluation strategy adopted was thus to create a series of 

experimental environments, based on practical situations, which would 

permit the making of meaningful measurements. A set of situations was 

adopted so that a variety of facets of the approach could be investigated, 

while a controlled environment was still maintained. Each experimental 

configuration was deliberately kept at a relatively primitive level, so 

that the required close control mentioned above could be realised. The 

actual computer sys terns used in the experiments were configured in such a 

way that suitable hardware and software "probes" could readily be "inserted" 

into the system, pennitting the making of accurate timing measurements. For 

example, particular single-word instructions { 50} could be included within a 

program, having only an infinitesimally delaying effect on that program, 

but resulting in external signals., made available to the· monitoring 

equipment. Thus, the execution-time of any particular program could be 

measured by including these instructions (or "hardware probes") at the 

start and the finish of the minicomputer instruction sequence. The inter­

vals between the external signals generated by these instructions could then 

be measured. 

4.4 The Experimental Configurations 
Three experimental environments were suitably configured so as to 

permit the evaluation of the hardware-based, real-time operating system-

concept in slightly different situations. The essential structure of the 

real-time operating system proposed in Chapter III remained the same through­
out the experiments. The major system change which was required for each 

configuration, lay in the "scheduling algorithm" to be applied. Thus, while 
the basic concepts of the proposed operating system (such as the use of 
process control blocks, wait-queues and time-dependent tasks) remained the 
same throughout, the requirements of each configuration led to minor modi­

fications in the "links" between these fundamental ideas. This meant that 

microsequences, such as those required to cause a task-·change (known as a 
task "swop"), being effectively the "Virtual Instructions" (see Chapter II), 

needed to be microcoded once only. To change the configuration, relatively 
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few microinstructions had to be altered. This, of course, clearly demn­

strates the potential power of a dynamically-microprograrmned system. 

The principles of scheduling have been mentioned in Oiapter II. 

The need for scheduling is to decide "what to do next". In other words, 

the algorithm must select a task to be executed, then await the occurrence 

of an event (such as an external interrupt), decide what is indicated by 

that event, and take the necessary action. The scheduling algorithm is, 

in effect, the strategy which is employed by the operating system to deter-

mine the order in which tasks are to be executed. The subject of scheduling 

algorithms has proved of great interest to the computer scientist, and many 

philosophies have emerged. .Appendix H contains a survey of this subject, with 

particular reference to scheduling algorithms proposed for use in real-time, 

process-control applications. In the following descriptions of the actual 

experimental configurations, the scheduling algorithms will be discussed 

individually. 

4.4.1 Experimental Configuration I : A "Time-slicing" System 

One of the oldest methods adopted in large, time-sharing computer 

systems is that of "time-slicing", originally proposed by Strachey in 19S9 

{ 51}. Here, the operating system allocates each task under its control a 

small slice of processor time. The simplest algorithm used to implement 

this teclmique is based on a "rmmd-robin" system. Each task in tum is 

given a (normally) fixed amunt of processor-time, usually referred to as 

a "quantum" or "time-slice". Thus, the first task will conunence execution, 

and will be allowed to run for a quantl.Uil of time. At the end of that time, 

it will be remved from execution (or "swapped out"), and the next task will 

conunence execution. The time taken to implement the swapping of tasks is 

normally called the "swop-time". In terms of overall processor-utilization, 

this swop-time is really non-productive, in so far as user-output is concerned; 

it accounts for the major overhead encountered in time-sharing systems in 
general. The length of a quantum is important, since this will determine 

overall system utilization. A larger quantum will lead to high utilization 

of the processor, but could result in intolerably-long response-times for 
the users. A short quantum means a lower utilization of the processor but 

better user-response. Reference { 23} discusses this problem in depth. 

It should also be noted that in some advanced systems a variable quantum is 
used { S2}. 

To demonstrate the use of the microcontroller in implementing a 

time-slicing operating system, a suitably-representative computer system was 

configured. It provided an ideal starting-point for the evaluation phases 

of the overall concept presented in the dissertation. The fundamental concepts 
of the proposed real-time operating system were applied, but with a relatively 
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simple scheduling algori tlun. As the quanta pennitted for the successive 

execution of each task were fixed, it was relatively easy to monitor 

important system parameters such as swop-time and processor utilization. 

The configuration consisted of the following: 

(i) The microcontroller, interfaced to a minicomputer, 

as described in Appendix C. 

(ii) The creation of four tasks, all of which were 

sinrultaneously held in the minicomputer memory, 

(iii) 

so that no back-up storage provision was required. 

The four tasks were: 

(a) The editing of source programs, using 

a teletype terminal. 

(b) 1he control of a paper-tape reader, 

and the verification of data read 

from the device. 

(c) The output of data onto a paper-tape punch. 

(d) The output of a single stream of data to 

a digital counting device, at a rate 

determined by the task. (This task, 

which might appear rather trivial, was 

specifically chosen for evaluation 

purposes. The munber of counts per 

second read by the counting device gives 

a clear indication of the time allocated 

by the operating system to that task). 

A real-time clock, which was applied to the rrJcrocontroller's 
interrupt control unit, and used to determine. the quantum 

of time to be allocated to each task. The clock was 

variable, so as to allow for modification of the quanta. 

As well as the minicomputer programs required to implement each task, 

communication control routines necessary to interface with the microcontroller 
had to be developed in accordance with the principles in section 3.3.4. 

These corrnnunication routines were common to all the experimental situations. 

4.4.2 Experimental Configuration II : A Foreground-Background, Disc-Based System 

The principle of a foreground-background mode of computer system 

operation was mentioned in Section 2.1. The essential idea is that the 

tasks which are under the control of the operating system are divided into 

two sets. One set, the so-called foreground tasks, are those which are · 

normally time-critical, and to be executed at definite times, or when re­

quested by specific occurrences (such as an incoming interrupt signal). 
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The background tasks are non-time-critical, and are to be executed whenever 

possible. This means that when the operating system has no rore foreground 

tasks requiring execution, it will corranence execution of a background task. 

In a typical process-control situation, the ~oreground tasks would implement 

the actual control over the process, and the backgrotmd tasks might be the 

compilation of new programs or the preparation of reports .. 

In rost real-time computer applications, it will be necessary to 

have fast back-ui) storage facilities available (such as a roving- or fixed­

head disc, or magnetic drum) • This need arises because the amount of 

computer storage available will not nonnally be sufficient to contain all 

the required tasks and related software. The tasks must therefore be stored 

on the back-up device, and brought into the computer merory as and when 

required. (The decision as to which tasks should be held in the computer's 

merory at any one time is of great importance, and has been widely discussed. 

In the present context, a simple approach was adopted. Reference { 53} 

gives a valuable introduction to the subject, and discusses the broader 

philosophical aspects). 

The second experimental configuration was aimed at applying the 

hardware-based real-time operating system within the framework discussed 

above. The difficulty was to prevent the experimental situation from 

becoming too complex (and hence too difficult to control and evaluate), 

and a relatively primitive configuration was therefore adopted. This consist­

ed, firstly, of one foreground time-critical task: the sampling of a signal 

applied to an analogue-to-digital converter. The sampling rate was deter­

mined by an interrupt signal, sent to the microcontroller's interrupt control 

unit. In addition, two background tasks were created. These consisted of 

two BASIC-language Interpreter programs { 54}, each working in conjunction 

with a separate console device, a video display unit. This permitted two 

simultaneous users to carry out the creation and execution of BASIC programs. 

In view of the merrory requirements of a BASIC Interpreter, it was necessary 

to store these programs on a moving-head disc system, and to bring alternate 

copies of the Interpreters into the computer merory. 

It should be noted that this is inherently an inefficient method of 

providing time-sharing facilities for two users requiring access to the same 

program. Strictly, the Interpreters should be re-entrant, so that only a 

portion of each user's program would need to be stored on the disc. Such an 

Interpreter was not available, however, so the method adopted was to place 

on the disc the total extent of the computer's merrory needed for each user, 

including the users' programs and a copy of the BASIC Interpreter. This did 

have the advantage, however, that either user's requirements could be changed: 
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one could, say, have a source-program editor available instead of the BASIC 

Interpreter. 
Thus far, three separate tasks have been described: the two BASIC 

tasks and the analogue-to-digital conversion task. It will be recalled 

from Section 2.3.2. that one of the operating-system principles adopted 

was that of regarding all peripheral-handling procedures as individually­

defined tasks. To effect the s~orage on the disc of the two BASIC Interpreters 

and the subsequent recalling of each, therefore, a fourth task had to be 

specified. This was a disc-handling task, which controlled the storing of 

data on, or the loading of data from, the moving-head disc system. The 

actual disc-area to be used in any transfer was determined by a ''bit-map", 

held in the process control block transferred from the microcontroller when 

this task was requested. The length of each of the BASIC Interpreter 

programs was limited so as to be contained within one "cylinder" on the disc 

drive and hence reduce the time required for disc-access. (One "cylinder" 

contains 20,CXXJ 16-bit words and may be accessed by an initial head-movement 

only { 55}). 

There were, unfortunately, some practical limitations resulting 

from the actual physical configuration used. The mst serious lay in the 

fact that the disc system available is relatively slow, and has an average 

time of 220 milliseconds to transfer the specified amunt of data to or from 

the minicomputer. Thus, it will take an average time of 0, 5 seconds to complete 

a full swop in user programs. This problem led to an inherently slow system 

from the viewpoint of the two users, but it could not be overcome within the 

software and hardware then available. 

A second, and equally serious, problem arose from the nature of the 
design of the interfacing system used to control the disc drives { 55}. 

Data is transferred to the disc under direct mem:>ry access (see .Appendix B 

for a description of this method), which occurs at a specified transfer rate. 
On a request for the execution of the foreground task during such a transfer, 

two possible courses of action could be taken. Firstly, the foreground-task~ 
request could be delayed until the disc-transfer was complete. This was 

undesirable in view of the underlying principle of foreground-background 

operation. The second approach was to abort the disc~transfer, and re-start 

it completely, once the foreground task had been attended to. This method 

was adopted in practice, even though it caused a further degrading of user 
response. 

The scheduling algorithm needed to control the system as configured 

above was similar in nature to the "round robin" one outlined in Section 4.4.1. 
The two background tasks had equal priority, and they were swapped at a rate 

determined by a real-time interrupt signal. When this interrupt occurred, 
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the microcontroller had to select the disc-handling task and effect a "task­

swop-out" operation. Having completed this, the disc-handling task was again 

selected, so as to "swop in" the next background task. The interrupt 

requesting the execution of the analogue-to-digital task could occur at any 

time. When this happened, any current task (either a disc-handling task 

or one of the background tasks) was suspended, and the foreground task brought 

into execution. 

As previously discussed, it is in fact only in the scheduling algor­

ithm that a difference occurred between the real-time operating system used 

in the first experimental situation, and the second one. Otherwise, all 

microinstruction sequences were the same. From the minicomputer, the 

communication routines required to interface to the microcontroller were 

also identical to those used previously. The foreground task to control 

the analogue-to-digital converter and the disc-handling tasks were resident 

in the minicomputer's rneTIDry. The overall system was essentially interrupt­
driven, each task being requested by the occurrence of an interrupt. In 

addition to the two real-time signals used ~o implement the background-task 

time-slicing, and the analogue-to-digital sampling interval, there were two 

other interrupt "classes" of importance. Firstly, there were those used to 

control the suspension and activation of tasks, and to synchronise the transfer 

of process control. block information between the microcontroller and the mini­

computer (in accordance with Section 3.3.4). Secondly, in the case of the 

sampling task, the microcontroller had to be informed when this had been 

completed. This was achieved by the completed analogue-to-digital task 

causing an interrupt to be sent to the microcontroller (see Section 3.3.7). 

At this point, the relevance of structuring the microcontroller in a multi­

level, vectored-interrupt manner becomes obvious~ 

4.4.3 Experimental Configuration III : A Multi-Task, Real-Time Control System 

The two preceding configurations led up to this final system. The 

object of this last exercise was to create an environment which was, as far 

as possible, representative of an on-line, real-time process-control applica­

tion. The configuration was by no means as complex as a typical,· industrial 

system, but it did have the essential component attributes. As has been 
stressed throughout, the experimental configurations were designed to be of 
practical significance, while still being simple enough to permit objective 

evaluation. 
A five-task system was designed, each task being of specific import­

ance. The tasks may be described as follows, while Figure 4 shows the 
system block diagram. 
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(i) Task 1: Detennination of the Average Value of an 

Analogue Signal 
This task was designed to sample an incoming voltage signal 

by means of an analogue-to-digital converter. The 

sampling rate was determined by an external clock signal, 

applied to the microcontroller's interrupt control 

lllli t. The task perfonred an averaging of the 

sampled values over a period of 100 times. the sampling 

rate. Having calculated this average, the task 

requested the execution of Task 2. 

(ii) Task 2: Output of a Digital Value at a Predetennined 

Time 

(iii) 

This task is irr~ortant, since it shows the possibility 

of passing infonnation between two tasks. The object 

was to take a value calculated by Task 1, to scale 

this data, and to send the resulting value to an 

external device. In the actual configuration, the 

external device was a video display tIDit, where in 

a practical, on-line application the data would be 

sent to perfonn a specific fllllction in the process 

llllder control. In other words, in a closed-loop 

control situation, Task 1 would, say, sample various 

process parameters. Task 2 would send a suitably­

calculated parameter back, for example, to the input 

to the process, in other words, "closing" the control 
loop. 

Task 3: Response to an Asynchronous Event 

The object of this task was to de11Dnstrate the 

ability of the system to cope with totally asynchronous, 

or non-periodic, real-time requirements. The task was 

requested by means of a random interrupt signal, applied 

to the interrupt control llllit. Once in execution, the 

task observed the current value sampled by Task 1, and caused 

a signal to be sent to a digital data-output tIDit. 

The logical state of the signal was detennined by the 

corresponding value obtained from Task 1. This also 

required, therefore, the inter-task exchange of data. 



62 
(iv) Task 4: A Backgrotmd Task 

An in-core backgrotmd task, consisting of the execution 

of a BASIC Interpreter program, was selected as the 

fourth task. This task was, therefore, executed at 

any time when the processor was free. 

(v) Task 5: Power Fail/Restart Control 

Such a facility is naturally of great importance in any 

practical situation. The task was required to provide 

for an orderly shut-down procedure, in the event of a 

power-failure, of both the microcontroller and the mini­

computer. On subsequent power-restoration, a suitable 

start-up procedure had to be implemented, so as to resume 

action from the point at which shut-down occurred. 

(It should be noted that in many practical situations, 

in fact, the start-up point must be closely examined, 

as it might require a certain degree of re-initialization 

of the process tmder control, or operator intervention 

might be required). 

It may be seen that the five tasks outlined above, al though limited 

in complexity, are truly representative of an on-line control application { 56}. 

In all, they provide for the foregrotmd processing of information obtained 

from the "system tmder control", and the supply of information back to the 

system, in both a periodic and a 'non-periodic mode. They also provide for 

backgrotmd processing, and cater for power-failure occurrences. 

From the point of view of the scheduling, limited as it was, the 

configuration provided for a clear evaluation of the problems encotmtered in 

real-time applications. Appendix H discusses these problems, and indicates 

methods which could be used in the design of the scheduling algorithm. 

In the first place, it was obvious that the power-fail routines should have 

the highest priority, and the backgrotmd tasks the lowest. Other constraints 

to be applied were determined by the physical requirements. For example, 

the sampling of information via the analogue-to-digital converter had to be 

implemented by means of a "non-interruptable" task. This arose from the 

nature of the converter used, as once the converter had been activated, the 

task had to wait for a specified time for the conversion to be completed before 

the input of the data could occur. Any interruption in this sequence could 

well have caused a loss of data. It was decided that Task 2 was of relatively 

low priority, and could be interrupted. The major decision was to decide 

the relative priorities of Task 1 and Task 3. On the basis of the theory 

developed in Section H. 2, the shorter of these tasks was given the higher 

priority, and in practice this was Task 3. 

ment was: 

So, in all, the priority assign-
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Priority level 5 - Task 5 (highest) 

Priority level 4 - Task 3 

Priority level 3 - Task 1 

Priority level 2 - Task 2 

Priority level 1 - Task 4 

1he actual microsequences required to implement the overall system 

are best understood by observing the flow-charts given in Figures s, 6 and 7. 

Included in these flow-charts are the algorithms used to effect the "swapping" 

of tasks - the suspension of the current task, the obtaining of its current 

process control block (PCB) data, the sending of the next task's PCB data, 

and the activation of this next task. Figure 8 shows the local memory structure. 

In order to simplify the understanding of the flow-charts, and to 

stress the "in_terrupt-driven" nature of the operating system implemented, the 

interrupts which are received by the microcontroller are grouped into four 

distinct classes, viz: 

Class 1 - Real-time clock interrupts 

Class 2 - Interrupts from the process. ('!his 

includes the asynchronous interrupt 

to control Task 3) • 

Class 3 - Interrupts from the minicomputer, 

including those necessary for 

conununication synchronization, 

"end-of-task" indications, and 

requests for other tasks (such 

as the request by Task 1 for the 

execution of Task 2). 

Class 4 - Power fail/restart interrupts. 

In essence, the microcontroller idled until an interrupt occurred, 

and then determined the appropriate action to be taken, based on the vectored 
address of that interrupt. 

4 .s Conclusions 
This chapter has introduced the subject of evaluating the perfonnance 

of a computer system. It has been seen that the procedures to be adopted 

are heavily dependent on the application. In order to provide a mechanism 

for evaluating the concepts presented in this dissertation, an evaluation 

strategy was adopted, based on the application of the hardware-based real-

time operating system in a series of practical situations. In order to under­

take this exercise effectively, suitable hardware and software had to be 

developed. It was of great importance that the design should be aimed at 

producing situations which were representative of real-world problems, yet 

capable of being analysed in a meaningful and quantitative way. In addition, 
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to show the virtues of the concepts on which this thesis is based, it was 

essential that the applications should be designed in such a way that the 

results obtained could be compared with those which would result from the 

use of conventional techniques. 

Finally, of key importance in each configuration was the scheduling 

algorithm. These have been discussed on the fmmdation laid in .Appendix H. 
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CHAPIBR V 

ASSESSING 1HE SYSIBM 

But the Judge said he never had summed up before; 
So the Snark undertook it instead, 
And surruned it so well that it came to far more 
Than the Witnesses ever had said! 

Lewis Carroll,. The Hunting of the Snark 
(Pit the Sixth) 

The stage has now been set for assessing the hardware-based, real­

time operating system. In Chapter IV, evaluation strategies are discussed, 

and an objective analysis of the ensuing experimental configurations is 

contained in Appendix I. There are, in addition, many philosophical and 

subjective aspects to the evaluation, which are of great relevance in deter­

mining the viability of the proposed hardware-based system. 

There is one overriding criterion which must be applied in assessing 

the value of such an innovation: "Does the technique offer its users 

sufficient advantages to warrant a major revision of the principles on which 

their existing computer systems are based?" It is important to identify 

the "users" in question: since, while the broad concepts proposed are widely 

applicable, this dissertation is primarily concerned with computer applications 

in on-line process-control. The viability study must, therefore, be concen­

trated on this area, and relevant comparative studies undertaken. 

5.1 Inherent Advantages of the Hardware-Orientated Approach 

From a practical viewpoint, any computer-system user should ask the 

question, "How much of the capital invested in the system will be used for 

productive purposes, and how much is being consumed in keeping the system 

operative?" To all intents and purposes, this amounts to the question of 

overall computer efficiency, as discussed in Chapter IV. The strictly non­
productive work results from the apparent need to make use of an operating 

system. As has been described in Chapter II, the operating system is 
responsible for overall supervision of the computing system. Conventionally, 
the operating system is effected within the same hardware structures as the 

programs which perform the on-line process control functions; a situation 

akin to the managing director of a company having to share the one available 

workbench with his artisan! The idea presented in this thesis aims at giving 
the managing director his own desk but not a whole new factory, as would be 

the case in a multi-processor configuration. 
It should be noted, though, that in many cases the provision of an 

operating system may not be strictly necessary. TI1is question must be 

carefully investigated at an early stage of the system design. Such an 

investigation might reveal, for instance, that a very simple monitoring 
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program is all that is required. It might be ioost expedient for the user to 

develop this program himself, instead of purchasing a full, generalised 

operating system. 

J:m examination of the structure of a conventiona~ real-time operating 

system reveals certain essential features, which must be carried out, but 

which are strictly non-productive. The most obvious of these are the schedul­

ing of tasks and the supervision of incoming interrupt signals. In ·.a typical, 

event-driven, real-time operating system (see Chapter II), the occurrence of 

an interrupt nonnally requires the computer to suspend its current activity, 

to examine the interrupt, and to decide what action must be taken. In nnst 

cases, the "action" will simply be to "remember" the occurrence and to resume 

execution of the current task. This is the first area in which the hardware­

based operating system has great advantages. The microcontroller is responsi­

ble for both the detection of incoming interrupts and the determination of 

the resultant action which must be effected. Thus, a task which is currently 

being executed will only be interrupted if execution rrrust be changed to a new 

task. As is shown in Appendix I, in contemporary, real-time,. operating 

systems, the operation involved in detecting an incoming interrupt and effect­

ing a "task-swop" can take up to 2, 5 milliseconds. In the case of the micro­

controller, the detection of an interrupt occurrence is extremely rapid, and 

if a task-swap is required, this may be completed within approximately 173 

microseconds of the occurrence of the interrupt. 

As well as providing a far higher overall interrupt-response-time, 

therefore, the microcontroller avoids the wastage of valuable computing time 

which must occur when the computer has to deal with the interrupts by itself. 

The faster response-time to interrupts is intrinsically of great virtue. 
In many process-control applications, it is vital to deal with certain classes 

of interrupt (for example, an alarm indication) as expediently as possible. 

Such high-priority interrupts normally have to be catered for outside the 

conventional, real-tinie 

rapid response-times. 

failure conditions). 

operating systems in order to achieve sufficiently 

(A typical example would be the handling of power-

There is an additional factor to be examined, the question of mennry 

utilization. In contemporary real-time process-control operating sys terns, 

the operating system is resident in the same memory as the process-control 

programs. In most systems, in fact, in order to reduce this "core-overhead" 

(as it is usually referred to), only the bare essentials of the operating 

system will be resident, the rest being stored on a back-up storage device 
(such as a magnetic disc), and being brought into the memory as and when required. 

The resident portion, however, can still be significantly large. In the case 

of a minimal, real-time operating system such as the Data General RTOS{58} 
' 
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this amounts to a minimtun of 5000 memory locations. For a larger system, 
such as the Interdata OS/32 { 59}, or the Data General ROOS { 28}, this will 

amount to a minirrrum of approximately 12000 memory locations. In tenns of 

current meIOOry costs this might not be very significant, but it must also be 

remembered that the user will be restricted by certain memory limitations on 

the placement of programs. 

This "core-overhead" is greatly reduced when adopting the proposed 

strategy. The only computer meIOOry locations involved are those which are 

used to store the routines necessary for the passing of process control block 

information between the computer and the microcontroller. This amotmts to a 

mere 76 locations, giving an obvious advantage to the user, since he may 

therefore make use of virtually the total available memory capacity. 

Utilization of the available peripherals must also be considered. The 

supervision of peripherals is delegated to the microcontroller, and in 

practice the interrupt-handling capabilities of this tmit are exploited 

to achieve a higher system efficiency. The improvement results from the 

high response-times of the microcontroller. The peripherals will be under 

the control of specific tasks, which are scheduled by the microcontroller 

in the same way as user tasks. For example, a request by a user task to 

access a peripheral will be initiated by means of an interrupt to the micro-

controller. The microcontroller can initiate the peripheral-handling task, 

and then bring another task into execution while it waits for the peripheral 

to become available. When the peripheral indicates its availability by means 

of an interrupt to the microcontroller, the peripheral-handling task may be 

completed. A higher overall system efficiency will therefore result. The 

idea is, of course, similar in nature to the concept of "spooling", which is 

used in many contemporary computing systems { 25}. 

5.2 Advantages of the System in Practical Applications 

To analyse the practical benefits to a user of the proposed strategy, 

it is useful to discuss first how a realistic, application-orientated system 

may be configured. The interaction between the user and the system may then 
be reviewed in this context. 

The third eA"Perimental configuration described in Chapter IV and 

analysed in .Appendix I reveals the relative simplicity of applying the strategy 

to a real-time process-control environment. Very few IOOdifications are required 

to apply the techniques used in this experiment to a typical industrial situation. 
The basic scheduling algorithms will remain essentially the same, as will all the 

other techniques developed. The only IOOdification which will be necessary is 
the inclusion of any additional tasks which might be required in a typical, 
real-time process-control application. To make this change, two steps are 

required. Firstly, the local memory must be expanded to meet the required 

capabilities. (The local memory map shown in Figure 8 shows that 20 tasks 
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may be specified within a 256-word memory). Secondly, the scheduling 
algorithm must be checked to reveal if it is "feasible" for the priorities 

assigned to each task. It is important to note, however, that no rrodifications 

will be required to the actual microsequencesstored in the micromemory. 

In a real-world application, the microsequences would be permanently 

written in a Read-only micromemory. Only radical changes (requiring a 100di­

fication of the overall operating-system philosophy) might imply an altera­

tion of these microsequences. This is itself not necessarily too formidable 

a task, as the system can be dynamically microprograrraned { 34}, provided that the 

micromerrory is suitably structured, new microsequences being generated by the 

associated minicomputer. In most real-time process-control situations, in 

fact, it is generally experienced that tl1e only regular changes encountered 

are either in the addition and subtraction.of tasks, or in the altering of 

priorities. This might seem to be a sweeping statement, but it must be 

remembered that the tenn "tasks" is, in the context of this work, taken to 

include the programs which are used to control peripheral equipment, as 

well as the user's process-control programs. Thus, the addition of a new 

piece of peripheral equipment will strictly require only the addition of 

(a) new tas~) to the system. One limitation must, however, be applied, 

arising from the handling of interrupts. A particular microcontroller con­

figuration will have available a predetermined nlililber of interrupt lines, 

together with the associated handling routines incorporated within the micro­

sequences. Thus, a particular configuration can handle a specific nurriber 

of interrupts, and any additional requirements will necessitate a hardware 

modification and a microprogramming change. The availability of dynamic 

microprograrraning and the simplicity of extending the interrupt control unit, 
facilitate these changes. 

To add or subtract tasks, or to change priority levels, the user 

has to change the contents of the local memor1. This is a straightforward 

procedure, and may be effected either by a direct exchange of infonnation 

beuveen the computer and the local merrory, or by a data-transfer controlled 

by a microprogram. The latter facility was provided as a standard feature 

of the prototype system. A selected interrupt signal was used to initiate 
a microsequence which transferred the contents of the local memory to the 

minicomputer, or vice versa. Thus, the contents of the local merrory could 

be rapidly examined and suitably modified, under the control of the minicomputer. 

An inrportaat point to consider is the allocation of the available 
minicomputer memory to user programs. In contemporary systems, the operating 
system normally determ.ines where user programs are to reside in the computer's 

memory. As mentioned before, the subject of "memory management" is a very 

broad one, and Reference { 53} offers a valuable introduction. This subject 
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did not escape attention when the structure of the proposed operating system 

was investigated, and two approaches were explored. Firstly, a conventional 

approach could be adopted. 1he operating system implemented in hardware by 

the microcontroller could be expanded to encompass mennry management. 1hus, 

in the case of a disc-based system, the microcontroller would determine where 

tasks being read from the disc should be placed in the minicomputer's mennry. 

1his meant that the microcontroller had to have available within its local 

mennry a "map" of the minicomputer's memory, showing which tasks were stored 

where. Of course, tasks would have to be programmed in a re-entrant, re­

locatable form, so that they could be located anywhere within the minicomputer's 

mennry. Arising from this concept is an area of research which would prove 

most fruitful to pursue. 1he techniques known as "virtual mennry" structuring 

have attracted much interest, having first been presented in 1961 by a group 

of computer scientists, working on the now-legendary "Atlas" computer system 

at Manchester, England' {60}. 1he ideas were formalised in Denning's paper 

in 1970 {61}. The principle involved makes available to the computer user 

a larger mennry capacity than that which physically exists. 1he idea is 

normally implemented by {61} by storing all the user programs on a back-up disc 

storage device, the programs being structured into "pages" of suitable lengths, 

normally 1 Kiloword. When a memory address is specified, suitable hardware 

· {62} is used to modify this "virtual" address to a physically-realisable one 

(i.e. one which is available within the computer's actual mennry-space). 

1he "page" which contains the requested address must be loaded into the 

computer's memory, if it is not already there, and execution may continue. 

1his amounts to address modification, i.e. the mapping of theoretical (or 

"virtual") addresses onto physically realisable ones. 
The hardware required to implement such a virtual mennry system is 

relatively extensive. In addition to address modification, the hardware must 

maintain tables which reflect the state of the computer's memory. Also, 

algori thrns will have to be developed to decide which "pages" of memory are to 
be written onto the back-up storage device, so as to make space available for 

new "pages", when required. (Obviously, some of these procedures could be 

effected by programs held within the computer's memory, but with obvious 

degradation of the overall computer system performance.) 

On reviewing the potential capabilities of the microcontroller system 

developed in this study, the possibilities of utilizing it to implement a 

virtual memory system are very attractive. With a minimum of nndifications 

to the prototype system hardware, namely, an additional interface to the 
address bus of the minicomputer and a direct control over the computer's master 

clock signal, the microcontroller may be used to control, in addition to the 

functions required to implement the specified real-time operating system, 
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a virtual-meroory configuration. While such a system:' does not fonn a central 
feature of this dissemtion, it has been considered in depth and, using a 

parallel research project {63},has been shown to be feasible. The facility 

was not included within the proposed microcontroller because of the archi­

tecture of the minicomputer to which the microcontroller was applied. Unlike 

the PDP-11 {64} (which was used for the studies described in {63], the 

Varian 620 range of computers {50} presents an address-bus structure which, 

without major hardware design, may not readily be accessed. (The Varian 

620 computer series has a totally-synchronous rnem:Jry-addressing scheme, 

whereas the PDP-11 is representative of computers designed with an asynchro­

nous architecture). Thus, without extremely hazardous redesign or the use of 

alternate computer systems, the inclusion of virtual rnerrory techniques within 

the hardware-based, real-time operating system had temporarily to be discounted. 

The second approach which could be adopted to overcome the rnerrory 

allocation problems was that employed in many "in-core" real-time operating 
systems· {58}, and one which may be applied (within limitations) in a disc-

based sys tern. This is the allocation of user tasks to fixed and predetermined 

areas of the available rnerrory space. If a back-up storage device is used, 

techniques similar to those used in the second experimental configuration 

(see Section 4 .4 .2) may be adopted. This means that :if a task is to be 

loaded into the computer's memory, it must be placed in a predetermined 
space, after tasks which have previously occupied this area of merrory have 

been stored on the back-up storage device (a technique often referred to 

as "overlaying"). This is, admittedly, not a very efficient system, but 

it does in practice have certain advantages to the user. It means that 

programs may be developed in a relatively straightforward fashion, and-easily 
verified. 

This system has the implication that the addition and subtraction of 

tasks rust be carried out with a certain degree of care. A meroory-map ITU.lSt 

be physically maintained so as to prevent the destruction of current pro­

grams when new tasks are added. In practice, new tasks will normally be 

prepared in a "relocatable" form (that is, they may subsequently be loaded 
anywhere in the memory) , the length of the task determined and the task 
finally loaded into an available space. 

Returning to the main point of this section, what are the other 

advantages which the proposed hardware-based system offers to the user? The 
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user of a process-control computing system does not really care what 1nethod 

is used to implement memory-management, etc. Of great concern to him are 

matters such as reliability, repeatability and security. 
The question of hardware and software reliability is a direct function 

of the computer system selected, and of the care which is taken in the prepara-

tion and verification of the process-control programs. These subjects are 

well-covered in the relevant literature, and of particular value are References 

{ 65} and { 66}. It is important to consider whether a hardware-based 

operating system leads to an improvement in the areas mentioned. 

From a hardware point-of view, it cannot be denied that reliability 

is a function of the number of physical components used in a system { 65}. 

This does imply that the additional hardware required to implement ti1e tech-

niques presented will apparently lead to a decrease in reliability. In terms 

of the inherent reliability of modem integrated-circuit technology, however, 

this problem is relatively insignificant. If a survey is undertaken of 

problems which are met in on-line process-control applications, three areas 

appear to account for the major sources of failure. These are: 

(i) The interface between the computer and the process 

being controlled 

(ii) The computer's peripheral equipment, notably such 

items as discs and printers 

(iii) Software errors (or "bugs") { 67} { 68} 

The first two areas above will not be altered by the use of a hardware­

based operating system. It is only the third point which must be reviewed. 

To requote Dijkstra, "Program-testing can be used to show ti1e presence of bugs, 

but never to show their absence". { 11} This is an ever-present problem in 
tl1e on-line control area. 

(An illustration of the type of software problem which arises is the 

following: at a large, submerged arc-furnace plant, an on-line computer control 

system had been in use for 18 months. It was noted that about once a month 
tl1e computer would not respond to an incoming signal which requested a certain 

action to be effected. All the available diagnostic programs were run, and 

the system was checked and rechecked, but there was no obvious source of this 
error. After six nxmths of testing, and in sheer desperation, the computer 
engineers started examining the real-time operating system. This was the 
standard system offered by a leading, world-wide minicomputer manufacturer, 
and had been in use in thousands of installations for over five years. The 

problem was finally traced to the interrupt-handling routines within the 

operating system. .If two interrupts of equal priority occurred simultaneous­
ly, one of them would be disregarded! A chance occurrence, but one which 
would be extremely difficult to check for in software). { 68} The implica­

tion is tl1at in a highly-complex operating system, it would be extremely 
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difficult to ensure that no errors would ever occur under any possible circlUil-

stances. Also to be considered is the possibility of sections of the operat­
ing system, or even single locations, having their contents ci1anged, either 

by the operating system itself, or by user programs. 

All this discussion leads back to one of the_ points made in Chapter I, 

when the advantages of implementing software functions in hardware were dealt 

with. The hardware-based operating system would normally be permanently 

stored in a totally non-destructive mennry, and no modification could L1.erefore 

possibly occur. From the viewpoint of latent errors which might exist in the 

microprogramming of the hardware unit, the extremely low level at which the 

microsequences must be developed implies a very close relationship between 

programmer and hardware. So, together with the relative simplicity of the 

microsequences, the resultant microprogramming can be extensively tested and 

an error-free (virtually - remember Dijkstra! { ll}) system produced. Also, 

once the microinstructions have been permanently placed in the read-only micro­

nlemory, the microcontroller can be subjected to automatic testing, similar 

to methods currently being used in the verification of microprocessor 

systems { 69}. 

It is therefore claimed that a hardware-based operating system can be 

far more reliable than an equivalent software-implemented one. The basis 

of this claim lies in the use of non-volatile program storage. 
As a corollary to this, with this inherent reliabil.i ty, the repeatability of 

the on-line control system would be improved. Repeatability is of prime 

concern to the user and a major factor in software design. With little or 

no possibility of the operating system being corrupted during the execution 

of tasks, and because of the simplicity of the microinstruction procedures, 

a very high degree of repeatability is to be expected. 

"Security" is a term at present receiving much attention in the com­

puter world { 70}. The aspect of this subject which is of importance in on­

line control is the potential modification of the computer system which could 

occur under any circumstances, and which would result in the making of errone­

ous decisions. While the proposed system could not alter the potential 

security of the computer and its environment, the definite control extended 

over these by the hardware-implemented operating system is clearly seen to 

be an immediate advantage. Also of importance to the overall security of 

the process under control is the rapid response of the operating system to 
external events, such as alarm conditions. 

What is of prime importance in all the above considerations is the 

clear definition of the operating system when it is implemented in hardware. 

It is this fact which makes the concept most viable when applied to real­

time process-control environments. 
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5.3 The Disadvantages of the Hardware-Based System 

Any practical application of science and technology will be the result 

of compromise. The ideal solution to any problem is never really possible to 

achieve. There nrust always be a balance between cost and practicality, 

between simplicity and efficiency ••• the list of compromises is a long one. 

This dissertation presents an alternative approach which may be used in solving 

the prol:iems arising from the need to supervise a complex computer system in 

a particular field of application. The preceding sections of this chapter 

have discussed the positive attributes of this approach; there nrust be a 

similar list of its disadvantages to achieve a balanced view. 

1be first of these disadvantages is applicable to all proposals which 

require a major reorganisation of a widely-used technique. 1his revolves 

around the "inertia" which exists in an industry committed to producing a 

specific product in a specified way. 1be adoption of the technique proposed 

here would require the computer industry (particularly that section involved 

in the. production of small computers used in process-control applications) to 

make major changes. Many man-years of software development would have to be 

written off, and a new form of hardware brought into production. 

fortunately, is not as great a change as·might be anticipated. 

1his, 

1be basic 

philosophies relevant to the structuring of operating systems are still 

applicable, albeit in a modified, simpler form. It has also been demonstrated 

that within the framework of current technology the new hardware required is 

minimal. 
Considering the aspect of cost, any new technique which is introduced 

will tend to increase the price of the article. 1bis is basically so 
because research and development costs have to be recovered. In the long 

term, the extra complexity of the hardware would probably balance out the 

simplification of the software. In realistic terms, the current pur.:hase 

price of a sophisticated minicomputer real-time operating system is of the 
order of R3000. A reasonable cost for the replacement hardware unit would 

be a similar figure, the basic component cost of the system currently 

developed amounting to some R900. 

1be complexity of the hardware-based system must also be considered 

with regard to versatility. If it is necessary to alter the scheduling 
algorithm at a level beyond mere priority modification, the user is required 

to be a competent microprogrammer. 1he reluctance of users to utilise user-

microprogrammable facilities offered in some current computers is indicative 

of the problems involved { 34}. It is by no means an easy task, even using 

the software aids which are currently available { 71}. 1he microprogrammer 

nrust have a very deep insight into the structure which he is manipulating, 

and must fully understand the overall operation of the system. TI1e micro-
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programs produced must be highly efficient, especially if (as is the case 

in the majority of microprogrannned computers) a limited memory is available 

for the storage of the microinstructions. Thus, the only practical solution 

seems to be for manufacturers to produce hardware-based operating systems 

which are tailored to various probable applications. (This principle is one 

which users have discussed at length. l\bst available software, and in fact 

hardware, systems are general-purpose and, by definition, do not provide the 

optimal solution to a specific application. Reference { 72} discusses these 

problems in depth). The users would then be restricted to work within the 

framework provided. The modifications which would, typically, then be 

available would cover the specification of tasks which are to be included, 

and of their relative priority, etc. 
One practical aspect which is highly relevant is the question of 

power dissipation. The hardware-based operating system must be capable of 

operating at high speeds, or many of the key advantages offered by the approach 

will be lost. This means that high-speed digital circuitry is required. 

It is an unfortunate fact that the power dissipated by a semiconductor device 

tends to be a ftmction of the square of the speed of operation. Thus, as is 

demonstrated in the microcontroller discussed in this work, in order to achieve 

satisfactory speed perfonnance, the circuits which must be used have extremely 

high power-requirements and subsequent power dissipation. In the prototype 

system, the power conslDTiption of the microcontroller was greater than that of 

the central processor and the memory of the minicomputer. There is no immedi­
ate solution to this problem, though the development of sinular-speed, non­
saturating digital circuitry of the emitter-coupled type { 73} might well 

provide the answer in the near future. 

5 .4 Conclusion 
The objectives of this chapter have been to analyse t11e proposed 

hardware-based real-time operating system in terms of its application in 

on-line process-control. The measurements made when using the prototype 
microcontroller in an experimental real-time control configuration have 
demonstrated the material advantages of the technique. It is, however, in 
the overall system philosophy that the concept may be seen to hold great pro­

mise. Taken from a global view, it leads to greater reliability, ensured 
repeatability and higher security. 

The strength of the technique lies predominantly in two aspects: 
the inherent rapidity of response, and the removal of t11e operating system 

from the host computer. The latter advantage provide; for a computer manage­
ment ~echanism which is virutally incorruptible, and which imposes a minimal 
non-productive workload on a processor which has on-line control functions as 
its prime objective. 



CHAPTER VI 

CONCLUSIONS 

"There is Thingt.nnbob shouting!" the Bellman said. 
"He is shouting like mad, only hark! 

He is waving his hands, he is wagging his head, 
He has certainly found a Snark!" 

Lewis Carroll, The Hunting of the Snark 

(Fit the Eighth) 

In January, 1973, the IEEE Computer Society sponsored an extensive 

workshop on the interaction between operating systems and computer archi­

tecture { 1}. The need for this interchange of ideas arose from the growing 

conceDl aJIX)ng computer technologists about the increasing lack of co­

ordination between these two vital components of a computer system. The 

operating system is probably the most extensive and complicated program 

that has to be developed for a computer system, but the hardware design of 

computers rarely takes into consideration the needs of the operating system. 

Once a computer has been designed, the programmers have to do their best to 

create an operating system which utilizes the facilities to the greatest 

advantage. It was noted that the hardware-controlled scheduling of a 

single processor did not seem to be receiving any attention {18}. 

Chapter I of this work provides a statistical means of ensuring 

efficient organization of industrial control computers, and makes it clear 

that the provision of bigger and better system facilities will not necess-

arily result in :improved system organization. In order to improve organi-

zation, and to provide for maximum utilization of the facilities offered 

(i.e., efficiency), there are certain clear-cut factors which may be con­

sidered. The various aspects of these factors indicate that an unconven­

tional, integral, hardware/software approach to the management of indus-

trial control computers would ensure highly-efficient operation. TI1e 

engineer involved in the use of computers in the sphere of industrial con­

trol requires the availability of a highly-efficient, reliable and simple con-
trolling device. In the early days of on-line control, large, general-purpose 

computers were used, and the resulting system-complexity led in many cases to 
great disillusionment. The control engineer then tunied to minicomputers 

(offering, as they do, relative unsophistication and simplicity) to solve his 

problems. The rapid escalation in the minicomputer industry bears witness 
to the success of this approach. 

Nevertheless, to any engineer, one of the major objects of system­

design is to achieve the greatest possible efficiency. In order to implement 

the supervision of an industrial process, many different parameters must be 
monitored or controlled, normally under the overall command of a single 
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computer. To achieve this, sophisticated software must be available to allow 

for the "scheduling", or selection, of the various programs needed to effect 

the control functions. The software which carries out this supervision is the 

real-time operating system. In plain tenns, it is that component of a com-

puter's software which supervises the computer and its immediate environment. 

In a realistic evaluation, it is a necessary evil, being totally unproductive 

so far as the process itself is conce:rned. 

From these ideas were bo:rn the concepts which are discussed in this 

dissertation. The object is to reduce, as far as possible, this operating-

system "overhead". When a close examination is made of the actual require­

ments of a real-time operating system, certain functions are seen to be 

particularly important. These are the so-called "executive functions" and, 

in essence, they decide, on a pre-determined basis, what is to be done and 

when. A typical process-control computer system is event-driven, that is 

to say, it responds to certain occurrences (generated by external events, 

or by the end of timing periods, or within programs being executed by the 

computer). The operating system must aclmowledge these events, and take the 

necessary action. Such events may occur in rapid succession, or even simul­

taneously, and so the operating system must be able to select the procedure 

to be followed on an algori tlunic basis. Of importance in many applications 

is the speed cf the response to an event. In commercial applications, speed 

may not be of primary importance, ·but the picture changes in process-control 

situations·~ The time which a computer takes, say, to respond to an alann 

indication could be of major significance: a slow response might lead to 

catastrophic costs. 

Based on these considerations, and taking into accm.m.t the more usual 

functions of an operating system, the specifications of a representative 

real-time operating system were drawn up. The object was then to implement 

these functions by means of hardware. 
6.1 The Hardware Structure 

There have be.en numerous atten.rpts to solve the problems mentioned 
above. Two of these are of significance: the ASI TI Supercomputer { 30} and 

the "SYMBOL" system { 16}. In both of these studies the object was to separate 

the operating system from the rest of the computing system. Both attempts, 
however, have a corruncm approach which detracts from their practical value. In 
both developments, the essential principle adopted was to house the operating 

system in what amounts to an entirely separate, complete processor. In other 

words, the final sys tern is virtually a dual- or multi-processor configuration. 
1his is by no means a new approach, but one which is adopted (in principle) in 

many large computer systems. The concept may be extended into the minicomputer 
area, and two such computers could be suitably interfaced, one executing the 
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process-control programs and the other the operating system ftmctions. 

This technique has the disadvantage of increasing both complexity 

and the resulting maintenance and support requirements. In effect, two 

computers are used to do the work of one. 

The proposal put forward by this thesis uses a single, simple hardware 

unit to implement the operating system. The principle is that this tmit may 

then be included within the minicomputer without seriously increasing the over­

all complexity. The idea becomes feasible in view of current technological 

developments, especially in the field of large-scale integration, and 

specifically with the introduction of ultra-high-speed microcomputer components. 

The facilities which the "hardware" operating system must provide are relative­

ly simple, but nrust be effected as expediently as possible. It is also desir­

able that the harmvare unit should be capable of modification, so as to meet 

changing circumstances. 

The proposed hardware unit meets these requirements; it is capable of 

high-speed operation, and may be modified by the user. The key lies in micro­

programming, a technique widely explored by the computer architect in design­

ing the control units of many contemporary computer systems. The resulting 

system is a microprogrammable unit, capable of exerting full control over the 

minicomputer with which it is associated, and completely replacing a convention­

al, real-time operating system. Oianges to the operating system structure 

are effected by alterations to the microprograms stored in the tmit. 

The hardware tmit may be contained within a single computer board, 

included within the mainframe of a minicomputer. It requires no modifications 

to the host computer. 

6.2 Pm Assessment of the System's Practical Value 

In Chapter I it was seen that two primary factors governed the 

performance, in ternts of average delay, of a system. In order to reduce 
this average delay, two strategies merited attention. TI1e average number 

of incoming requests could be reduced, and/or the average proces-

sing time of the requested tasks could be shortened. Thus, to utilize 

a single processor to its maximum, while still providing a highly effi­

cient system, the management of the inherent capabilities is the cri­
tical factor to be considered. The proposed solution is aimed at the 

heart of the problem: ensuring that both the controlling parameters for 

the system (as mentioned above) are held at a minimum. Using a unique, 

integral, hardware/software approach, a hardware-implemented management 

mechanism has been proposed. 
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In order to demonstrate the validity of the tedmique, a fully­

operational system was applied to a conventional minicomputer. Various 

experimental environments were created, each being representative of different 

aspects met with in real-time computer systems. Each situation was fully 

controlled in order that meaningful evaluations could be made. Of particular 

interest is the comparison made with classically-structured computing systems. 

Although it is difficult to achieve a high degree of similarity between the 

proposed system and a classical one, the results indicate the true value of 

the technique under consideration. In addition, they pinpoint areas which 

offer much promise as extensions of the principles errbodied in the hardware 

implementation of a real-time operating system. Of inmediate interest is the 

field of memory management, that is, the use of the available computer memory. 

The basic technique proposed does, in itself, vastly reduce the amotm.t of merory 

which must be allocated to the operating system and which is therefore not avail­

able to the user's programs. In many applications, however, the memory required 

to contain the user's programs is far in excess of that which is physically 

available. Thus, a technique must be adopted to permit management of the 

available memory in such a way that maximum use is achieved for minimum 

overheads. This management function is nonnally implemented by means of a 

suitable hardware tm.it, sometimes called a "memory mapping unit" or "merory 

paging device", With the availability of an "intelligent" controller, such 

as that proposed for implementation of the operating system, it becomes feas­

ible to include t1e memory management functions within the same unit. Of 

particular interest is the use of the hardware operating system in a 

"virtual memory" structure, as discussed in Chapter V. This places the 

responsibility for memory allocation right where it truly belongs - within 

the operating system itself. 

Another area of interest is the integration of the hardware operating 

system within a disc-based structure. As discussed in the previous chapter, 

in many practical situations it is necessary to have available large, back-up 
storage devices. These would hold both data files and process-control pro­

grams whid1 cannot be stored currently within the computer's own memory, 
normally because of lack of space. It would be possible to incorporate the 

hardware required to control the storing of data on, and the accessing of 
data from, the disc, within the hardware structure used to implement the 
operating system. It might appear that the suggested demands on this unit 

are excessive, leading to its overloading and subsequent performance degrada­

tion. It must be remembered, however, that the unit, as proposed, is capable 

of extremely higi1-speed operation, and (as it is being currently applied) 
has available large periods of free time. Of course, care must be taken to 

avoid any overloading of the microcontroller, over and above its primary operating 
system fllllctions. 
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6.3 Sl.Uillilary 

Any advance in the spectrun of engineering is only of significance if 

it brings an advantage to the person at whom the innovation is directed. In 

the case of the strategy proposed in this dissertation, there is tmdoubtedly 

a benefit to the t5er - the process-control engineer. In practice, the 

structure of the operating system may be clearly defined, and will not require 

him to become involved in the intricacies of microprogranuning, as this 1nay be 

carried out by the system vendor. The process-control engineer is, then, only 

required to state the bare essentials relating to the programs which he wishes 

to be controlled by the operating system. He then has available to him a 

computer system which is capable of scheduling and supervising the application 

of programs in an extremely rapid and accurate way. It is virtually impossible 

for the operating system to be destroyed by accidental over-writing, and no 

operating system software maintenance is required. The solution proposed is 

undoubtedly cost-efficient, and leads to a high utilization of the com-

puter system installed . 

. The fundamental principles on which the proposal is founded are 

themselves of paramount importance. They involve a scientific evaluation 

of the expected performance of a system, and indicate a means whereby 

efficient organization may be achieved. As has been discussed above, 

the concepts show their true value, not only in the computer world, but 

also in many other aspects of our organization-orientated existence. 

Thus, one may look at any inefficient or. ineffectual organiza­
tion1 apply the proposed techniques, and arrive at a scientific and 
rational solution. 

TI1e objectives of this dissertation may therefore be seen as 
two-fold: firstly, to develop a rationalized approach to the study of 

organizations, with special reference to industrial control computers; 
and, secondly,to demonstrate how (based on evidence derived directly 

from the analysis set out above) a single industrial control processor 
may be organized in a highly-effective way. 
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APPENDIX A : MICROPROGRAMMING : AN INTRODUCTION AND SOME DEFINITIONS 

A.l Philosophy of Microprogrammed Control of Computers 

The organization of a conventional computer is illustrated 

schematically in Fig. A-l(a). Essentially, four major sections may 

be identified: the memory, the input/output facilities, the arithmetic 

and logic unit, and the managing director of the system, the control 

unit. It is precisely the control unit which makes a computer worthy 

of the name. It provides for overall control of the various sections 

of the computer, defines their operations, and regulates data flow 

between them. The total effective operation of the system is 

defined by the current machine-code instruction which is being dealt 

with. Each machine-code instruction is fetched from the memory and 

decoded by the control unit, and the operations defined by the contents 

of the instruction are implemented. 

Following the original concepts presented by Wilkes { 6} in 

the early 1950's, the organisation of a microprogrammed computer 

structure is illustrated in Fig. A-l(b). The essential difference 

between these uvo structure? lies in the mode of operation of the control 

unit. In the microprogrammed structure, a microinstruction memory 

(or control store) contains sets of primitive operation codes. These 

sets of codes are termed microinstructions. Each component part of a 

microinstruction speficies an elementary logical or arithmetic process 

to be effected in the computer. In order to execute the machine-code 
instructions mentioned in the first paragraph, a series of micro­

instructions must be written into the microinstruction memory. The 

machine-code instruction will then be used to "point" to the start 

of the appropriate sequence. Fig. A-l(c) shows a typical s.ystem for 

implementing such a concept. The machine-code instruction will set up 

a start address in the microinstruction memory address register. This 
address specifies the first microinstruction in the required sequence. 

The microinstruction is accessed from the memory and placed in the micro­

instruction register. The resulting control signals are sent to the 

rest of the computer to effect the specified micro-operations. TI1e 

information necessary for the determination of the next address is 
contained within the current microinstruction. The resulting next 
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address is sent to the address register. If the microinstruction is the 

last to be executed in the current sequence, a control signal will be 

generated to fetch the next machine-code instruction, to define the next 

microinstruction sequence to be implemented. 
Typically, a irodern microinstruction is usually more complex than 

a machine-code instruction. It will, therefore, require the progrannner to 

have a considerable, detailed knowledge of the hardware of a particular 

system in order to tmdertake the actual task of microprogrannning. (For 

example, the IBM 360/40 has a 56-bit microinstruction with 19 distinct 

fields, most of which are used to define independent hardware operations. 

1he Iffiv1 370/158 has a 72-bit microinstruction with 22 fields!) 

Further infonnation on microprogrannning may be found in Husson's 

now-famous book, "Microprogramning Principles"· {74}. 

of literature on the subject is found in Ref. {75}. 

A.2 .Definition of Tenns Relevant to Microprogrannning 

An excellent review 

As with irost new technologies, the subject of microprogranuning and 

microprograrrnnable computers comes with a multitude of varying tenninologies 

and definitions. In the current text, the following definitions are adhered 

to, being similar to those proposed in Ref. {76}, 

(i) Assemblerinstruction: . a Illllemonic instruction that is 1napped into 

one or irore machine instructions by means of an assembler program. 

(ii) Wiachine-Code Instruction: a bit-pattern that is interpreted by 

the executing control tmit hardware in a hardwired (conventional) computer. 

(iii) Wtlcroinstruction: a bit-pattern, nonnally stored in a micro­

instruction memo1y, which controls the computer hardware at a primitive level. 
It will define the micro-operations to be effected during one microcycle. 

(iv) Microroutine: a sequence of microinstructions. 

(v) Micro-operation: a primitive microinstruction action, such as 
addition or transfer. 

(vi) ~1icroprocedure: a sequence of micro-operations, which constitutes 
a ftmctional whole. 

(vii) Microinstruction Memory (or Control Memory, or Control Store): 

the meirory in which the microinstructions are stored. 

(viii) Local Memory: a high-speed memory, nonnally with limited capacity, 

located within the processing tmit and operating synchronously with it. 

(ix) Microcytle: a cycle of control which performs the fetching and 
execution of one microinstruction and, nonnally, the generation of the next 
microinstruction to be dealt with. 



(x) Microinstruction Sequencing: the detennination of the chronological 
order in which the microinstructions are to be executed. 

(xi) Microinstruction Sequencer Unit: the logic which perfonns tl1e 

actual microinstruction sequencing. 
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APPENDIX B : DISCUSSION OF TI-IE MINICOMPU1ERS EMPLOYED 

1he minicomputers which were used in the work described in this thesis 

were both Varian computers, produced by Varian Data .Machines of America. For 

the first and third experimental situations discussed in the text, a Varian 
6201-100 machine, with 8 Kilowords of core mennry and a minimum of peripherals, 

was used. For the second experiment, the computer used was a Varian 620I 

with 20 Kilowords of core memory and a full complement of peripherals. 1he 

change in computers was the result of general system availability demands. 

In both computers, however, the input/output structures are virtually identical, 

the 6201-l(X) having a fractionally faster cycle-time, which necessitated a 

slight modification to the timing algorithms outlined. in Section 3.3.7 of the 

text. 
Full details of these computers may be found in references {50} and 

· {77}. Of innnediate importance to the completeness of this text is a 

discussion of the input/output facilities available {43} • 

B.l Input/Output Structure of the Varian 620 Computer H.an~e 

1he Varian 620 minicomputer has a relatively primitive input/output 

structure. For both input and output of data, corresponding sets of machine­

code instructions are available. 1hese instructions specify the address of 

the peripheral within the lower 6·bits of the 16-bit word. 1he source, or 

destination, of data within the computer will be one of the two accumulator 

registers, denoted the "A" and "B" registers. A memory cell may also be 

specified as the source or destination of data, although this requires the 

use of double-word instructions, the memory address being indicated by the 
contents of the second word. 1he 16 input/output lines, referred to as the 

External Bus, or E-Bus, lines (EBOO-EB15), are time-shared between address 

and data. Two signals, FRYX (Fmction-Ready) and DRYX (Data-Ready), control 

the time-sharing. When the FRYX signal is active, the information on the 

E-Bus lines 0-5 forms an address which must be decoded to determine which 
peripheral interface is specified. At the same time, other E-Bus lines, 

in particular EB11-EB15, are used to indicate the type of instruction being 
executed by the computer (e.g. if the instruction is to effect an output of 
data, EB13 will be active). 1hese controls permit the total identification 
of the procedure to be followed by the interface. When DRYX is active, 
the data transfer may be effected. 
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Two other types of input/output instruction are available. 1be 

first is the EXC, or External Control instruction. 1bis instruction is 

used to produce a single control signal to a peripheral device, and has a 

greater address capability than data input/output instructions. In addition 

to the basic six address bits, the next three bits (bits 6 - 8 in the 

instruction word) may be used to fonn a sub-address. 1bese nine bits are 

placed on the E-Bus when FRYX is active and may subsequently be decoded. 

1his means that within a single basic address eight different signals may be 

derived. In fact, this may be extended to sixteen, as two different EXC 

instructions are available, the basic EXC and a second, tenned EXC2. 1be 

. choice between the two is indicated during the FRYX active time, by either 

EBll, or EBlS respectively becoming active. 1bere is no data transfer during 

the execution of an EXC corrnnand, so DRYX does not become active. 

1he second additional instruction is the double-word "sense" 

instruction. When the peripheral device being "sensed" becomes available, 

the contents of the second word are used as an address at which the execution 

must continue. If the peripheral is not ready, the second word is ignored. 
1be instruction is similar in operation to the EXC instruction, except that 

EB12 becomes active to indicate the type of instruction being executed. 1be 

decoded address and sub-address are logically-gated with a "ready" line, 

derived from the peripheral device. 1be state resulting from this gating 

is routed back to the processor by means of a control line tenned "SERX", 

or "sense response". 1he processor tests the status of this line during 

FRYX active time.and, if it is logically true, causes the progrann. cotmter 
to be set to the address held in the second word of the double-word instruction. 

If SERX is not true, the second word is ignored, and the program; execution 
continued from the next word. 

A typical peripheral-accessing cycle might therefore consist of the 

following sequence of instructions: 

(i) Send an EXC instruction to activate the peripheral. 

(ii) Repeatedly "sense" the status of the peripheral tmtil it 
becomes "ready". 

(iii) When "ready", input or output the data. 
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B.2 Interrupt Facilities 

Appropriate control lines are available in the input/output structure 

to effect interrupts to the processor. Essentially, the peripheral will 

infonn the processor of its intention to interrupt the current program 

and will place the desired interrupt address onto the E-Bus. lines. The 

processor will accept this infonnation and trap to that address. 

Reference { 43 } gives full details of the procedure. 

An optional interface produced by the manufacturer of Varian Computers 

obviates the necessity for the user to design his own interrupt control logic. 

This interface is tenned a "Priority Interrupt }.bdule", or ~IM {44 } • This 

unit makes available to the user eight interrupt control lines which, when 

activated by incoming signals, will implement interrupts to predetennined 

addresses. The PIM is priority-structured, and may be activated or de­

activated under progranu control. Any interrupt channel(s) may be masked out. 

This interface was used within the experimental systems described, to reduce 

the amomt of hardware that had to be custom-designed. 

B.3 Direct Memory Access 

The Varian minicomputers are capable of implementing direct memory 

access ftmctions, i.e. the transfer of data between peripheral devices and 

memory, without program. control~ These are based on a cycle-stealing 

principle, where a single DMA. transfer may occur after the execution of an 

instruction, the basic cycle-time of the computer being . extended to pennit 

this transfer. Direct memory access techniques could valuably have been 

used to effect the transfer of data to and from the microcontroller. It 

was decided, though, that the extra hardware required in the microcontroller 

input/output interface to implement this facility would not be warranted in 

an experimental situation. The disc system included in the experimental 

situation mentioned in the text was, however, interfaced to the computer 
with D~1A facilities so as to allow for the high rate of transfer required. 
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APPENDIX C: 1HE MICROCONTROLLER CIRCUITRY. 

In this appendix, the design details of the microcontroller are 

discussed. The logical descriptions should be read in conjunction with 

the schematic drawings given. It should be noted that, in order to make 

the drawings relatively simple to understand, all detailed information has 

been removed. The logic conventions adopted are in close concordance 

with the logic standards defined by Ref {78 }. Full working drawings 

are available from the author. In order to produce a self-contained text, 

a description of the large-scale-integration elements used (the Intel 3000 

series microcomputer components) is given in Section C.8. 

C.l. The Microinstruction Sequencer and the Central Processor Array: 

Drawing No.I. 

Although the microinstruction sequencer and the central processor 

array have previously been described as separate entities, they are dis­

cussed together so as to give a better overview of the total system opera.­

tion. The heart of the microinstruction sequencer is the Intel 3001 

Microcontrol Unit (MCU). The simplest way of describing the logical oper­

-ation of this unit is to consider a complete cycle of activity. The 

initialization of the MCU may be implemented by the use of the secondary (SX) 

and primary (PX) buses, and the "load start" input. When a signal is 

applied to this input, the information present on the SX and PX buses is 

gated directly into the next-address register of the MCU. When the out­

puts of this register are enabled, this information will be the initial 

address sent to the microinstruction memory. In the circuits shown, the 
initial address is entered via the console and appropriate buffer elements. 

The "load start" signal is obtained directly from the console. 

On receipt of this address, the micromemory makes available the 

corresponding microinstruction. Bits 7 to 13 of this microinstruction 

comprise the next-address control specifications, and are supplied directly 

to the MCU. The rest of the microinstruction bits are stored in the pipe­
line register. Using this next-address control information, together 

with :rcarry-in" status (derived from the central processor array), the MCU 

will form the next micromemory address. 

The interpretation of the "carry-in" flag data is controlled by 

bits 15 to 18. These bits will also control the status of the "carry-out" 

flag. Table 1 shows the possible operations which may be implemented. 
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Interrupt vectoring is handled by the sequencer unit. When a 

"jump to row O, colunm 15" instruction is executed by the MCU, the Interrupt 

Strobe Enable (ISE) output line is set active. The interrupt control 

unit (See C.4) will respond to this signal if an interrupt has been raised, 
by sending a signal to the "Enable Row" {ERA) input to the MCU. This 

disables the next,,address row outputs, while leaving the next-address colunm 

outputs unaffected. The interrupt control unit will then place the Gppro­

priate interrupt vector address on to the row outputs, and hence cause a 

new address to be sent to the micromemory. 

The 16-bit central processor array is composed of 8 Intel 3002 

Central Processor Elements, each of which is a 2-bit-wide arithmetic and 

logical unit. The control over the function which the CPA is to perfonn 

is derived from bits 0 to 6 of the microinstruction, via the pipeline 
register. An Intel 3003 Look-.Ahead .... Carry Element is used to perfonn a 

conventional look-ahead arithmetic function over the 8 central processor 

elements. The CPE's have available standard look-ahead-carry outputs, 
denoted X and Y. The "carry-in" and :'carry-out" functions are thus 

derived from the look-ahead .... carry element, in conjunction with the "carry­
in" and "carry-out" flag bits from the sequencer unit. These bits fonn 
the essential conununication functions between the sequencer unit and the 

central processoT array. The K-bus control inputs to the CPE's are linked, 
and their status is set by the contents of bit 14 in the microinstruction. 

The various input and output buses on the CPE's are used as follows: 
(i) The A-Bus: This makes available the contents of the 

address registers in the CPE's, and is used to supply 
addresses to the local memory and to the input/output 
control unit. 

(ii) The D-Bus: This makes available the current value 
of the accumulator of the CPE's, and fonns the sole data 
output path for the system. 

(iii) The M-Bus: Data output from the local memory is sup­
plied to the CPE via this bus. Also, to inject test 
data into the CPE's, the binary value specified by 
the data input switches on the console may be placed 
on to this bus via a set of tri-state latches. 

(iv) The I~Bus: Data output from the input/output inter­
face is sent to the GPE's via this bus. 

CPA monitJQring facilities are provided by latches located on the 

output lines from the A- and D-buses. 
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The basic clock signal to the central processor array is not the 

master system clock, but a special one, denoted the CPA clock, which may be 

inhibited by a suitable combination of bits 19 to 21, which will allow for 

"conditional clocking" operations to occur (as discussed in Section G.8.2.) 

Note that the A- and D-buses are buffered, in view of the subse­

quent loading to be placed on these output lines, and may be disabled by 

means of the EA (Enable Address), or ED (Enable Data) inputs. 

C.2 The Microinstruction Memory: Drawing No. 2. 

To provide for the possibility of dynamic microprogrannning, and 

to ease initial microprogram development, the microinstruction memory .(or 

micromemory) is composed of 2102-A N~MOS Random Access Memory elements. 

This yields a maximt.nn read-cycle-time of approximately 300 nanoseconds. 

These memory elements are arranged as 1024 x 1-bit arrays, so 24 of them 

will provide 2 banks of 512-word memory. In the normal microcontroller use 

the memory will, of course, only be.operated in the read-mode, and thus the 

rather lengthy read-write cycle of 2102-A's is not relevant. {79} In the 

prototype system used, the data to be written into the micromemory is sup­

plied by the input switches on the console, and the read-write control line 

to the system is set by the console interface (See Section C.7). 

To ensure that the memory. is non-volatile, its power supply is 

separated from the microcontroller power supplies. When the microcontroller 

power fails, a secondary back-up battery supply is brought into operation to 
retain the contents of the memory. 

C.3 The Local Memory: Drawing No. 3. 

This comprises 16 x 3106 bipolar Random Access Memory elements, 

to provide 256 words of storage - the 3106 RAM having a 256 x 1-bit struc­
ture. {79} Unlike the micromemory, the local memory must be truly read­

write, with fast enough access-times to ensure that the microcontroller's 
performance is not degraded. Address data and memory data are provided 

via buffer elements from the central processor array. The memory output 

data is buffered before being sent, via the M-Bus, to the CPA. 
Control of the local memory is effected by decoding the control 

signals produced by the input/output control unit. (See Section C. 6) 
The local memory is normally held in the read mode. On the request for a 
read~write cycle, two monostables are used to provide a Memory Acknow-
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ledge (MfM ACK) signal back to the I/O control unit. The first mono­

stable is triggered as soon as the request occurs, and is timed so as to 

allow the request to be honoured by the memory. At the end of this time, 

the second monostable produces a suitable ~1B~ ACK signal. 

Power-fail protection (as previously discussed in the case of the 

micromemory) must also be provided. 

C.4 TI1e ln~rrupt Control Unit: Drawing No. 4. 

Central to the design of the interrupt control unit are the Intel 

3214 ICU elements. Each element ~rovides for 8 interrupt input lines. 

The elements may be multiplexed to provide for a greater number of interrupt 

lines. Tne current level of interrupt is held within the ICU' s by a 

set of current status latches. Any incoming interrupt is encoded, and 

its level is compared with the level currently specified. To simplify 

the explanation of the operation of this unit, a full cycle of events is 

described. 

Initially, the current level of interrupts is sent to the ICU 

elements. This is controlled by a :'write" signal which is derived for 

convenience on the input/output interface (See C.5). The "write" signal 

is applied to the ICU elements via the Enable Current Status (ECS) input 

line. The actual status is specified by the contents of the D-Bus lines 
coming from the central processor array. 

Any subsequent incoming interrupt signal is encoded into binary 

via an 8-to,..,3rline encoder. If it has a higher status than the current 

status of the ICU, an Tnterrupt Acknowledge (IA) signal will be produced 

when an Interrupt Strobe Enable (ISE) indication is received. This IA 

signal is used, firstly, to disable the next address i:ow outputs of the 

microinstruction sequencer, and secondly, to gate the level of the accep­

ted interrupt on to the next address "row" lines. Once the interrupt 

has been effected, a new current status level should be sent to the ICU's. 
In the design sho'Wll, 3 such ICU elements are used to provide 24 

levels of interrupt. A fourth element is used to determine which of these 

three elements has been activated. 
One major problem exists in the use of these elements: the clock 

signal applied from the master system clock is used to strobe the incom­

-ing interrupt signal irito the ICU's. This implies that all interrupt 
signals must be of sufficient duration to ensure that they arc detected. 

Also, if an interrupt cannot be serviced immediately, it must remain ac.-



c - 5 

tive Wltil it is, in fact, accepted. In other words, the ICU's are based 

on a "handshake" concept, whereby all interrupt signals must remain active 

until they are individually acknowledged. A combination of solutions was 

used in the microcontroller to achieve this. Firstly, all external inter­

rupts are generated using the :rhandshake" concept. Secondly, interrupts 

from the minicomputer are held in latches preceding the inputs to the ICU, 

and the microprograms were constructed to ensure their acceptance. (The 

"handshake" concept cannot be used in the latter case as the method used to 

produce interrupts from the minicomputer does not permit detection of their 

acceptance.) 

C.5 TI1e Jnput/OUtput Interface: Drawing No. 5. 

This section of the microcontroller is responsible for: 

(i) Data transmission to and from the minicomputer. 

(ii) The creation of interrupts to the minicomputer. 

(iii) The writing of current status information into the 

interrupt control unit. 

In order to follow the method of transmitting data to and from the 

minicomputer, Chapter III should be carefully reviewed. 

TI1e interfacing to the minicomputer, specifically the Varian 

6201/1100 computer range, is fully covered in Ref. {43}, and a review 

of the Varian input/output structure is given in Appendix: B. The inter­

facing consists of the decoding of the I/0 device address (EBOO~EBOS) and 
the strobing of this decoding at the FRYX (fWlction-ready) time. I:f the 

instruction being executed by the Varian is an external control instruction, 

the line EBll will be active and EB06-EB08 will indicate the sub-address. 
A three-to-.eight-linc encoder determines the correct sub-address, and this 

information is used to effect an interrupt to the appropriate interrupt 

control line. The other tw::> operations which must be controlled by this 

interface are data input and data output. The decoded address is gated 

with the appropriate control signal (EB12 for data in and EB13 for data out), 

and results in the setting of either DTTX or DTOX. DTIX is present when 

(i) the correct address is generated, (ii) an input instruction is being 

executed and (iii) it is the correct time to strobe data into the minicompu­

ter. DTOX is similar, and indicates that valid output data is available on 

the ~~Bus lines. DTIX and DTOX are incorporated into the microcontroller 

control logic in the following way. If the microcontroller is executing 

a microinstruction specifying a data transfer to or from the minicomputer, 

the corresponding control signals will be generated by the input/output 
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control unit. As shoMl in drawing No. 5, these control signals are 

appropriately decoded. The reply signal, necessary for the microcontrol­

ler to complete the current microcycle, is Memory Acknowledge (MEM ACK). 

This signal is only issued once DTOX or DTIX occurs. The principle im-

plies that the microcontroller will always wait until the minicomputer 

is ready for the transmission of data. This is an important feature in 

structuring the individual software routines to control such a transfer. 

During the actual data transference, care must be taken to 

ensure that acceptance of data occurs only when the data is valid and 

in a stable condition. In the case of data being transferred to the 

minicomputer, the fact that the microcontroller is "held up 11 by the 

detection of microinstructions specifying the operation solves the problem 

(see Chapter III). When the microcontroller requests such a transfer, 

the data in question is held in the accumulator of the central processor 

array:, and will remain there until the microcontroller execution recommen­

ces. When the minicomputer is ready to effect the actual transfer, 

the data will thus be in a stable state, and no additional buffer storage 

is required. With transmission from the minicomputer to the microcontrol­

ler, however, buffer storage is essential. The acceptance of data by the 

central processor array will only occur when the microcontroller recommen­

ces execution, after having been "held up" by the detection of an 11input" 

microinstruction. So the data from the minicomputer must be read into 

a temporary buffer at the correct minicomputer data-strobe-time. TI1e micro­

cycle may then.be continued, and the data held in the temporary buffer read 

into the central processor array. 
There is one further aspect to be considered; the addressing 

structure of the microcontroller. The I/O control unit makes the dis­

tinction between transfers to the local memory, and those to the I/O in­

terface. In the latter case the address held in the CPA address regis-

ter must be decoded. Three sets of addresses are used. Firstly, any 

address in the range 0 - 7 is used for the selection of the interrupt le­

vel to be sent to the minicomputer's interrupt module. Address 17(8) 

is the address related to all data transfers to and from the mini­

computer, and address 16(8) is assigned to the current status latch in 
the interrupt control unit. These addresses are directly derived from the 

CPA address bus by means of two three-to .... eight-line decoders. If addres­

ses 0 - 7 or 16 are detected, a suitably-timed Memory Acknowledge signal 

is .immediately created to indicate to the I/O control unit that the micro-

controller execution may continue. TI1is is necessary since these two 
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"devices" will not require any extension of the microprocessor's cycle time. 

C.6 The Input/Output.Control Unit: Drawing No. 6. 

The author wishes to credit much of the design of the structure of 

this unit to the authors of Reference {42}, and does not claim originality for 

the methods used in this section of the microcontroller. 

This unit provides the basic control over all logical functions out­

side the central processor array. These functions include reading and writ­

ing to local memory and to the input/output interface, and the output of cur­

rent status infonnation to the interrupt control unit. 111e unit is also re­

sponsible for the control of the master system clock and of the central pro­

cessor array clock. 

The inputs to the I/O control unit are the data specified by micro-

instruction bits 19 - 21, and the master clock. The outputs from the unit are: 

(i) The master system clock signal. 

(ii) The central processor array clock signal. 

(iii) Control lines to implement the input/output functions 
described above. 

From the three microinstruction bits, eight different operations 

may be specified. These are: 

000 - No I/O bus operation required. 

001 - Inhibit CPA clock. 

011 - No I/O bus operation; CPA may use the buses. 

010 - Read - Modify - Write cycle. 

110 - Memory read cycle. 

111 - Memory write cycle. 

100 - I/O device input operation. 

101 - I/O device output operation. 
In the last five operations specified, the unit produces the neces­

sary control signals, and suspends the master system and CPA clock signals. 

1hese clock signals are re-enabled when a reply signal, denoted .Memory Acknowled­

ge (MEM ACK) is received from the devices specified. 

The principal control signals produced by the unit are as follows: 

(i) MRQ - Request memory or I/O cycle. 

(ii) MB1 - Detennines either memory or I/O operation. 
(iii) READ - Detennines either read or write operation. 

Other output lines are used to enable the data output or address 

output lines from the central processor array, according to the micro-
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instructions being executed. 

A further operation may be specified, which may be used to 

transfer data directly from the minicomputer to either the micro­

instruction memory or the local memory. An active state on the Exter­

nal Request Input line will cause the inhibiting of the master clock 

signal, and the system buses may be used by the external device. 

Microprogram execution will recommence on receipt of a Memory Acknow,... 

ledge signal. 

C.7 TI1e Console: Drawing No. 7. 

As mentioned in the text, the console is intended to provide 

for initial testing of the syistem, and to aid subsequent micropro-

gram development. Thus, in general the logic consists of suitable 

buffering of internal data buses so as to display the corresponding 

logic states. Tt also has two other important functions. It permits 

the "stepping-through" of microinstructions by the generation of a 

pseudo:-master clock signal when the "step11 switch is depressed. full 

control over the microinstruction memory is also desirable. In order 

to examine or deposit a word in the micrornemory, a 10-bit-up-down 

counter is used to specify the address. The binary value of this counter 

is set by individual bit-switches and a "load address" switch. When 

the "console mode:• is selected, the contents of the counter specify 

the corresponding micromemoryi address. TI1e use of the up-down counter 

means that sequential locations may be examined. In order to write 

information into the micromcmory, the desired bit-pattern is selected 

by: the bit-switches. A memory write-cycle is effected by the 11read­
write" switch, which produces a suitable write signal to be sent to the 

memory. 
It must be noted that the console logic was designed so that 

the removal of the unit would not have any effect on the overall ope­

ration of the microcontroller itself. 

C.8 The 3000 Series Elements. 

This section presents a brief discussion of the principal ele­

ments used in the design of the microcontroller. Full details are 

contained in Ref. {40}, while Ref. {32} contains a valuable introduc­
tion to the series of elements under consideration. 
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C.8.1 The 3001 Microprogram Control Unit. 

In broad Figure C - l(a) shows the logical structure of this unit. 
tenns, it contains a microprogram address register, whose contents are 

made available to the micromemory via output buffers. The addresses 

which are held in this register are generated by the next-address logic. 

Provision is made for interaction between the unit and the rest of the 

system in which it is to be incorporated, by means of a flag input and a 

flag output . Typically, the flag output would be supplied as a carry­

in signal to a central processing array, and the flag input \..t>uld be 

derived from the carry-out signal of the array. 

The next,-address logic and the manipulation of the input and 

output flags are under the control of the address control function and 

the flag control function, which fonn part of the microinstruction. 

The next address is detennined by the "instruction" supplied to the 

unit on the address control function lines. The resulting next address 

may be based on: 

(i) TI1e current address. 

(ii) The status of one of the flag control latches. 

(iii) TI1e contents of the Primary (PR) latch. 

Table 1 shows some of the possible address control functions, 

together with the format of the resulting addresses. (Note that this is 

an abbreviated list, as certain facilities were not required in the 

microcontroller). 
The flag logic consists of three flip,-flops, denoted the F­

latch and the C- and Z-flags. The status of the flag inputs may be 

stored in one of these latches. The flag output may be set to the 

status of the c.., or Z-flag, or may be set to a logic "O" 6r "l" 

condition. The actual .operations to be carried out are specified by 
the status of the four flag logic control lines. See Table 1. 

The primary and secondary instruction buses provide a direct 

means of setting the condition of the microprogram address register. 

The data contained on these input buses is sent directly to the micro­

program address register when the "load" input line is activated and 

a clock signal is applied. This means of control may valuably be used 
to specify a micromemory address (which might be the start address of a 

series of microinstructions required to implement a macroinstruction). 

In the microcontroller developed in this study, the facility is used to 

initialise the system. 
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The secondary instruction bus contents may also be stored in the 

"PR" latch. These contents may be used for subsequent inclusion within 

the specification of a next address. The "PR" latch contents, under 

the control of a specified address control function, are also made avail­

-able to the system via an output buffer. 

As discussed in C.l, the ISE (Interrupt Strobe Enable) output 

is active when a jump to row O, column 15, function is executed. This 

is used to signify to the rest of the system that an interrupt sequence 

may be effected. The output buffers which supply the microprogram address 

to the micromemory may be disabled by means of the Output Enable (EN) 

input. The row address may similarly be disabled by the Enable Raw Ad­

dress (ERA) input. 

Details of the precise timing relationships within the unit are 

described in Ref {40}. It is sufficient to note here that a cycle of 

operations is initiated by the rising edge of the incoming clock signal, 

and that the address determined during the last cycle is available (via 

the output buffer) within approximately 40 nanoseconds. Immediately 

after this, the address control outputs are read, and the next address 

is detennined. The input clock cycle must have a minimum period of 

85 na,noseconds. 

C.8.2 The 3002 Central Processing Element. 

Figure C - l(b) shows the logical structure of this unit. It is 

essentially a complete, 2-bit-wide processing element, with the ability to 

input data from various sources; to store and process data; and to supply 
output data. 

Thirteen registers are available for use. One of these is 

set aside as a memory address register, '~1ich holds the address for exter­

nal merrory or peripheral devices. Of the other twelve registers, one is 

demarcated as the accumulator, and is called the AC register. The contents 

of the accumulator arc made available via an output buffer on to the Data 

Out Bus (D-bus). Both the memory address and the accumulator outputs 

may be disabled by activating specified input lines. The remaining re­

gisters, denoted T and Ra to R9, are available for general use. The T 

register is slightly different from the rest, as additional operations may 

be performed on it, and it may be regarded to a certain extent as forming 

a second accumulator register. 
Data may be supplied to the unit via three separate input buses, 
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denoted the M-, I- and K-buses. Data on these buses is multiplexed (via 

two multiplexers) with the contents of the registers, or the output of 

the arithmetic/logic section. The multiplexing is, in fact, a logical 

gating between the specified sources. In practical terms, two buses are 

normally used for data sources, the M-bus for memory data and the I-bus 

for data from peripheral devices. The K-bus may be used to provide 

additional instructions, since the contents of this bus are logically­

gated with the accumulator contents or the contents of the I-bus. The 

K-bus may also be used to supply the unit with constants, whose value 

may be held within microinstructions. Note that in the microcontroller, 

the two K-bus inputs were connected together, and could take the logic 

state either "O" or 111". The instruction set specified in Table 2 

demonstrates this effect. 

The input and output of data, as well as the multiplexing and 

specification of source and destination registers, are determined by the 

current status of the microfunction bus - i.e., the instruction to the 

unit. In addition, the instruction specified on the microfunction bus 

will determine the operation to be performed by the arithmetic/logic sys­

tem (ALS). Essentially, the ALS is capable of performing logical shif-

ting and simple arithmetic functions. In order to effect these operations, 

an additional set of input/output lines is provided. To make available 

the '.J?OSSibility of fast addition, standard look-ahead-carry outputs are 

provided, which may be supplied to a suitable look-ahead-carry-generator 

circuit. Arithmetic operations are implemented using the status of the 
Carryrin and Carr,y-Out lines. Shifting is effected by the provision of 

Leftr~n and Right-Out functions. 

The "instructions" which are to be supplied to the unit via the 

microfunction bus are similar in format to the machine-code instructions 

in conventional computers. Of the seven bits in the instruction, the most 

significant three bits are used to specify the operation, and the least 
significailt four bits indicate the source or destination register. In 

order to increase the possible number of functions that may be implemented, 

the register-specifying bits are split into three groups. The first 

group allows the selection of any of the registers, and the second and 

third groups permit only the selection of the T or AC registers. The 

selection of any one group, however, will select in turn a different 

effective operation in conjunction with the most significant three bits. 

Thus, with the possibility of control via the K-bus,a wide range of ope­

rations may be selected. An abbreviated instruction set is shown in 
Table 2. 
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The actual timing relationships within the unit are given in 

Ref {40}. Two aspects may be mentioned here. Firstly, during any 

operation which requires data to be stored in a register, the actual 

storing operation is carried out on the final negative-going edge of 

the applied clock signal. (The overall operation starts on the rising-

edge of the clock signal). Thus, if this edge is witheld by means of 

external circuitry, the writing operation may be prevented. This gives 

rise to the idea of "conditional clocking" (See Section 3.3.4). Se­

condly, the overall minimum clock period is 120 nanoseconds, although 

it will be found in practice that a slightly shorter time is permis­

sible. 
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APPENDIX D: A CRITICAL REVIEW OF THE BASIC CCl1PONENI'S 
USED TO TMPUMENf THE MICROCONTROLLER. 

The concept proposed in this thesis has become a really feasible 

prospect in terms of cost and simplicity only as the result of recent 

technological advances made in the field of large-scale integration, and 

using high-speed logic. At present, two technologies exist which may be 

considered of use in the microcontroller, as they provide viable, user­

oriented elements. These are, firstly, those based on Schottky-clamped, 

bipolar TTL techniques and, secondly, those using emitter-coupled techni-

ques. Reference { 80} discusses the relative attributes of each tech-

nology, and carries out a valuable comparative study. A third technology 

which might be considered of use in bit-slice microprocessor systems, is 

that of integrated-injection-logic (I2L). As will be discussed later, 

however, this admirable technology has at present severe speed limitations. 

D.l The Current Status of Bit-Slice Components. 

At the present time,· a growing number of manufacturers is produ­

cing bipolar bit-slice microprocessor elements. Four diffen;mt families 

of elements are currently being supported. These are: 

(i) The 2900 series, produced by Advanced Micro Devices 

· {36}, Motorola and Raytheon. 

(ii) The 9400 ~eries, produced by Fairchild {31}. 

(iii) The 3000 series, produced by Intel and Signetics {40}. 

(iv) The 6700 series, produced by Monolithic Memories {25}. 

Probably the most valid comparison which may be made between 

these series is that based on the capabilities of the central processor 

elements. The 2901 and 6701 elements are 4-bit-wide slices, and have very 

similar processing capabilities. Each has 17 working registers, and approx­

imately 8 dif.ferent possible arithmetic/logic functions. The 2901, however, 

has twice the speed capabilities, with a cycle-time of 100 nanoseconds. 

Of relevance in these two elements is the possibility of using double-address 

operations, thus allowing for data to be entered into the elements from two 

sources simultaneously. The 2901 is implemented using low-power Schottky 

technology, and its power dissipation is therefore significantly lower than 

that of any of the other similar bipolar elements. Currently,the 2900 

series elements appear to be the most widely-used in industry - the 2901 

itself forming the arithmetic unit of one of the newest and least expensive 
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minicomputers, the Interdata 6/16 {81}. 

The 3000 series is a 2-bit-wide system, necessitating a greater 

number of actual elements for a particular application than would be the 

case if 4-bit-wide slices were used. It also has the disadvantages of 

a smaller number of internal registers and the lack of double-addressing 

facilities. Power consl.Ullption, too, is significantly higher than for the 

other series mentioned. It does, on the credit side, offer a rich in­

struction set, and a wide range of possible input ports. These are offset 

by a single address and a single cutput port. The strength of this series is 

its family completeness, as well as strong manufacturer support and rele­

vant software (for example, a microinstruction Assembler program {71}). 

The Fairchild 9400 series appears to be similar to the 2900 se­

ries. Little detailed information is, however, as yet available. 

In the area of emitter-coupled technology, the proposed Motorola 

MC 10800 series (based on their ECL IOK technique) promises to be of great 

interest. The central processor element is a 4-bit slice, but is rather 

different in structure from the equivalent bipolar elements, containing a 

mask-programmable latch network, an arithmetic/logic unit, an accumulator 

and a shift network. Details of the system are still not freely avai­

lable, but it would appear to offer a cycle-time of approximately 50 na­

noseconds. TI1e major drawback to its use is the problem of interfacing 

the elements to a system which would be predominantly implemented using bi-

polar techniques. Its application appears to be limited to large pro-
duction areas. Ref { 73} discusses the proposed specifications of the series. 

The Texas Instruments development, integrated-injection-logic 

(I2L), is applied in their SBP0400 4-bit-wide microprocessor element {82}, 

The 121 technology's strength lies in the low power dissipation, and in 

its relative compatibility with bipolar elements. A major disadvantage is 

its speed, the SBP0400 having a cycle-time of 1 microsecond. 
this element is very versatile, having a rich instruction set 

registers. It is significant, however, that the originators 

Otherwise, 

and 9 working 

of the SBP0400 

are intending to produce a similar, 4-bit element which~ it is claimed, 

will be equivalent in performance to its bipolar rivals {81} . 
Ref {83} discusses considerations to be taken into account when 

developing the internal architecture of a bit-slice system, and provides an 

excellent insight into the trade- offs which have to be made. Of particular 
significance is the concluding remark, "The availability of a low-cost means 

of microprogram development is liable to lead to the emergence of micro­

processors with unique instruction sets, providing special advantages for 
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particular applications. 1his may allow the user to have more influence 

on product development, in that those microprogranuned innovations that 

have wide application could well impact the design of future microproces­

sors." It is important to stress that the available bit-slice elements 

are still in an early stage of development, and each will therefore have 

its own advantages and disadvantages. As happens with any emerging tech­

nology, there wil'i undoubtedly be many changes in design philosophy as a 

clear pattern-evolves. 

D.2 Choice of Components for the Microcontroller. 

In any engineering application, the choice of components required 

for a specific project will be based on a number of factors. 1he choice 

will, typically, be a compromise between ideal specifications and practical 

considerations. 1hus, a designer might have to modify his "ideal" in order 

to ensure local availability and support for the components he requires. 

Also, he must consider carefully the impact on the rest of his system of the com­

ponents selected. 1hese principles have, therefore, to be remembered when 

determining the components which form the backbone of the microcontroller. 

The first decision which has to be made, is that of technology. 

As discussed above, the choice lies between emitter-coupled and Schottky 

bipolar logic. In terms of ease of use, Schottky bipolar elements have 

the upper hand, providing, as they do, logic levels directly compatible with 

normal minicomputer interfacing requirements, and demanding conventional 

power supplies. In addition, in a system such as the proposed microcon­

troller (which comprises sections such as memory), direct compatibility 
in terms of logic levels and edge-speeds will ease design and testing. 

l?milltter~coupled logic provides many headaches for the designer, which tend 

to counter the use of an otherwise valuable logic line. This is fully 

discussed in Ref {80 }. TI1e range of readily-available ECL elements is 

limited, and delivery times are usually prohibitively long for the consumer 
with very limited requirements. 

For these reasons, it was decided to use Schottky bipolar elements 

in the prototype system. A major problem, however, results from this choice, 
namely power requirements. Such elements will have high power supply de­

mands (for example, the microinstruction sequencer unit has a power supply 

current requirement of approximately 250 milliamps). Critical analysis of 
actual speed requirements will reduce this problem wherever possible. Cer­
tain areas of the microcontroller will not be required to operate at the 

same speed as the central processor array or the microinstruction sequencer; 
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for instance, a large percentage of the interfacing to the minicomputer 

may be implemented by using slower components. In these non-critical 

regions, low-power Schottky elements may usefully be employed to reduce 

power supply current. 

TI1e actual choice of microprocessor elements to be used within 

the microcontroller was extensively investigated. As pointed out above, 

there are many manufacturers producing suitable elements, but availability 

and family completeness tend to rule the final selection. In this case, 

the 3(()0 range of elements proved to be adequate, providing, firstly, the 

basic elements to implement (in a relatively simple fashion) the central 

processor array, the microinstruction sequencer, and the interrupt control 

unit. In the second place, the prime manufacturer, Intel Corporation, 

produces a compatible range of memory devices, latches and bus-driving 

elements. Finally, the Intel range is locally-available and well-supported. 

D.3 Use of the 3(()0 Series Elements. 

As may be seen throughout Chapter III and Appendix C, there are 

many difficulties to be encountered when using the 3(()0 series elements, 

but these may generally be overcome by careful hardware design and soft­

ware construction. (An example here is the idea of "conditional clocking" 

as discussed in Section C.8). 

111ere are, however, two serious limitations which must be faced. 

Firstly, a "bottle-neck" problem arises. 111is maybe seen by observing 

the logical structure of the central processor elements (See Fig. C-l(b)). 

In most internal logical operations, the data concerned is routed through 

the accumulator (as is demonstrated by the instruction set shown in Table 2). 

Also, direct register-to-register transfers are not possible, and must be 

effected by means of a two-stage operation. 111e register contents are 

moved to the accumulator, and then the contents of the accumulator are 

moved to the required destination register. Some relief may be obtained 

by the use of the T-register, but this, too, has limitations. Data trans­
ferred to the external circuitry must also be routed via the accumulator. 

In all., this results in lengthy microsequences to effect primitive oper­

ations. 

111e second problem lies in the inability of the microsequencer to 

handle, internally, microinstruction subroutine calls. No internal pro-
vision is made for the storing of return addresses when a microinstruction 

sub-routine is entered. If such a facility is required, an external reg-

ister must be provided. In the design of the microcontroller, this 
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problem was considered, and was resolved by being ignored! In other 

words, microinstruction sub-routines, in their classical form, were not 
permitted. This is not such a disadvantage as might be thought, since 

the system is strictly event-driven, and all microsequences will terminate 
in a connnon "idle-routine", awaiting the next event (i.e. the occurence 
of an interrupt). 

Within the limitations discussed above, and accepting the "bot­

tle .. neck" problem, the overall microinstruction repertoire is satisfac­

tory. As with any computing system, all the instructions that the user 
would desire will never be available! 

From the point of view of purely practical implementation, the 

use of the 3CXJO series of elements presents very few problems. The 
only major factor to be considered is the question of heat dissipation. 

At an ambient room temperature of 23° Celsius, the operating temperature 
of the microinstruction sequencer and the central processor elements 
is approximately 55° Celsius! The actual elements are, however, 

specified to operate up to a temperature of 125° Celsius, and so component 

failure is not of particular concern. Nevertheless, if (as has been 
proposed here) the system is to be contained within the mainframe of a 

conventional computer, the heat dissipation is important to consider, and 
techniques using forced cooling become relevant. In terms of t11e physi­

cal interconnection of the elements, no special techniques have to be intro­

duced, as would be the case if emitter-coupled logic was used. Conventio­

nal techniques employed in high-speed digital circuitry, such as adequate 
decoupling of power supplies, short inter-element connections, correct 
termination of any unavoidably long lines, etc., prove to be sufficient. 

Reference {84} provides guidelines to the necessary practical conside­
rations. 
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APPENDIX E CONSOLE FACILITIES. 

The role of the console in the microcontroller system introduced 

in this text, is twofold. In the first place, during the development 

phase, it is an obvious requirement that the system should be capable of 

being controlled as a stand-alone unit. In the second place, when ta­
ken into practical use (and remembering that the intention of the system 

as proposed is that it should be user-modifiable if necessary), it is an 

advantage to be able to monitor the performance of the microcontroller 

when introducing new microprocedures. 
The console developed had, therefore, to meet both of these 

requirements. The functions which it was designed to permit were: 

(i) TI1e entry of data into, and the observation of data 

from, the microinstruction memory. 
(ii) TI1e entry of data directly into the central processor 

array. 
(iii) TI1e observation of the status of: 

(a) TI1e data and address output buses of the 

central processor array. 
(b) TI1e data on the two input buses of the central 

processor array. 

(c) TI1e carry-in and carry-out flags. 

(d) The current microinstruction being executed. 
(iv) TI1e specification of initial microinstruction memory 

addresses. 
(v) TI1e initialization of the microcontroller and the start­

-ing of a procedure. 
(vi) The single-stepping of microinstructions. 

Appendix C.7 describes the hardware details of the console. 
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APPENDIX F: THE ME'IHOD OF PIACR1ENI' OF MICROINSTRUCTIONS IN THE 

MICROMEMORY. 

The constraints resulting from the addressing method of the micro­

program sequencer unit employed in the microcontroller, present interesting 

problems to the user. Contemporary machine-code programmers are accus­

tomed to great flexibility when allocating memory locations to their 

programs. This picture changes rapidly when allocating memory for the 

storage of a microprogram in the unit lilder discussion. Appendix C.8 

describes the Intel 3001 microinstruction sequencer unit in detail. 

After much experimentation with various methods of placement, particular­

ly those mentioned in {39} , the following approach is proposed. (It 

must be stressed that this strategy is intended primarily for a system into 

which multi-interrupt automatic micro-vectoring is incorporated3 

(i) The microinstruction sequences are coded into rela-

tively short-length blocks. The most convenient sequence-length is 16, 

which means that a sequence of microinstructions may be located within a 

conunon address column. Wherever possible, the expected colUIIlll destination 

addresses of conditional jumps should be specified. It is also important 

at this point to separate long and short sequences. 

(ii) Those instructions which, by virtue of their nature, 

are conunitted to certain locations are placed. A particular example of 

this is the interrupt-enabling target location (jump to row 0, column 15). 

(iii) Row 0 should be kept for general pointer usage. 

This is particularly important if a multi-interrupt, automatic vectoring 

system is to be adopted. In general, the vector addresses will always be 

to column 15,the row address being determined by the level of interrupt. 

At these interrupt vector addresses, the most convenient response is a jump 

to row O, in a column specified within the jump code being used. 

(iv) Interrupts are dealt with first, as mentioned in (iii), 

that is, a jump to row 0, at a specified colunm. At row O, a jump in cur­

rent column to a specified row will determine the start address of the re­

quired microroutine. Note that this system can only be adopted for a 

maximum of 16 interrupt levels, and should be used primarily for those in­

terrupts which have particularly awk-ward destination locations. All other 

interrupts should be handled by a jump within the specified row. 

(v) Once interrupts have been dealt with, the long instruc-
tion sequences, coded as suggested in (i), may be placed. It is vital at 

this point to stress that the programmer must be willing to abandon the gener-



F - 2 

al principle of using sequential allocation. It is certainly simplest to 

stay within a current row, but when the end of that row is reached, two 

options are open. Firstly, and preferably, a jtnnp should be made to a 

different row, but still in that colllITU1. If this is at the end of a colllITll1, 

the jtnnp will be to the end of another row. The next jump should be back 

to the start of that row. In view of the ease of moving within a current 

row, the structuring of microprograms within short blocks can now be seen 

to be an advantage. 

(vi) Catering for conditional jumps presents a major pro­

blem. When, say, testing for zero, the resulting jump will be to loca­

tions with colllITU1 addresses, 02, 03, l2(B) ai1d 13(S)' This implies a fur­
ther restriction. These jtnnp targets should therefore be placed in unused 

locations in different rows. 

(vii) 111is has, hopefully, eliminated the interrupt require­

ments and any long sequences. The next task is to deal with the short se­

quences. Spaces left unallocated when specifying conditional jump targets 

in (vi) can now be utilized. It will be found that a certain re-alloca­

tion of locations used in step (vi) will be necessary. 

(viii) Finally, the remaining space is used to fit in the 

short, non-critical sequences. 

A very valuable fact which emerges is that if a jtnnp is required 

to a completely different row and column address from that currently being 

used, a two-stage operation is required (that is, a jtnnp to the required 

colllJTU1, and then a jump within that colllJTU1 to the specified row, or 

vice versa). Generally, this cannot be avoided, but what must be resisted 

is the temptation to fill the locations used at these intermediate stages 

with redundant instructions! In most applications, the microinstruction 

storage is very limited, and valuable space must not be constnned by the famous 

''no-opera ti on'' code! 

Finally, this procedure might appear to the 'uninitiated to be time­
consuming and full of hidden traps. In practice, it was found to be a 

relat;i,vely straightforward procedure if the above guidelines are adhered to. 

It was felt that the time taken to organise a microprogram did not justify in-

vestigating a possible method of automating the process. Even after a con-

siderable period of investigation and research into methods of automation, 

Wakely of Stanford University {39} reported that an interactive method was 
still required! 
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APPENHX G THE EVALUATION OF A COMPUTER SYSTIM. 

In computer system evaluation, there are many techniques which 

may be employed to ascertain the value of the particular system under scru­

tiny { 4 7 } • The commonest are described in this appendix. Ref { 46 } 

contains an excellent overview of the subject. 

(i) Timing. This is the oldest, and possibly the most naTve, 

method. The sheer speed of the hardware is measured, usually in terms of 

cycle-times and arithmetical processing speeds (say, the time taken to im­

plement an "add" instruction). The method ignores both the overall 

organisation of the machine and the software structure in general. The 

results obtained contain relatively little useful information except 

possibly an indication of the hardware configuration! 

The method may be improved if a technique of instruction-mixing 

is introduced. In this approach, an execution-time is measured for cer-

tain categories of instructions, and an overall figure of merit is obtain­

ed by using "suitable" weightings for each instruction. The "mix" chosen 

would depend heavily on the application under consideration. The same 

defects that exist for evaluation of cycle-times and add-times hold good 

here, as the total system is not considered. There is also the problem 

of defining the system of weightings to be used. 

(ii) Kernel Programs. A kernel program is a coded and timed 

"typical" program. It may be simple, or may include elaborate proce­
dures involving a certain amount of input/output prograrrnning. These 
kernel programs are normally freely available, but there is unfortunately 

no universal standard. Auerbach have published extensive lists in their 

"EDP Standards" { 85}. At the outset, such kernel programs may be seen 

as providing a very useful insight into computer system performance. 

In most cases, however, they tend to be restrictive to user program oper­

-ations, and overall system performance cannot readily be assessed, par-
ticularly in a multiprocessing structure. TI1e problem in these cases 

is that input/output operations, are,in practice, asynchronous, as well 

as strongly dependent on the current state of the system. 

(iii) Modelling Techniques. The technique of mathematical 

modelling of systems may valuably be applied in the evaluation of compu­
ter systems. Refere~ce {4}gives a very useful description of the pro­

cess as applied to system design. Nwnerous models have been developed, 

and have proved to be of great value, particularly in analysing a speci-

fie attribute of a system. The models may then be used to evaluate 
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the perfonnance under changed conditions. Of particular interest in 

this project is the "ork by Stimler and Brons on the mathematical ana­
lysis used to calculate and optimise the perfonnance of real-time systems 

{ 26}. 

Inherent in the mathematical modelling technique is the deve­

lopment of suitable, accurate models. To ensure fidelity, they must 

be carefully tuned to the system under consideration, and be capable 

of acconunodating any situation which may arise. In practice, many sim­

plifications will be introduced, and this does somewhat limit a model's 

validity. The technique has great merit, however, given a comprehen­

sive knowledge of the system being studied, as well as sufficient time to' 

produce the model. 

(iv) Benchmarks. A benchmark is an existing program, coded 

in a specific language, which may be executed on the computer system 

being evaluated. lbe benchmark approach is of particular value in de­

tennining the efficiency of compilation procedures. A suite of suit­

able benchmark programs can also usefully evaluate the perfonnance of a 

system under different configurations or with various input/output faci-
lities. Benchmark tests must be viewed with a certain amount of circum-

spection, however, as their use has in many cases led to erroneous and 

unfair comparisons. Consider the compilation and execution of a simple 

arithmetic routine. One system might make use of a compiler which gene~­

-ates highly efficient coding, at the expense of compilation time. A 

second system might produce very inefficient coding, but in a very short 
time. 

An additional problem that arises with benchmark programs is the 
question of whether they are truly representative of the final user appli­
cations. 

(v) Synthetic Programs. lbe synthetic program approach tends 
to combine the virtues of the benchmark and the kernel program methods. 

As with a benchmark program, a synthetic program is coded and executed, 
but is not necessarily a program already in existence. Like a kernel 
program, it does not represent a real user-type program but is coded 

normally, will include input/output operations, and will work within 
the operating system.en\Tironment{87}.To be of value, a synthetic program 
must include sufficient features to make use of all the system's facilities. 
As with benchmark programs, it does lead to the problem of selecting a 

suitable mixture of these features to fit in with the intended user appli­
cations. 
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(vi) Simulation. This powerful tool of the scientist has great 

value in the evaluation of computer systems. As with simulation in its 

broad context, two forms are nonnally adopted here { 45}. TI1e first is 

to derive empirically a sufficient amount of infonnation about the system, 

and then to use this data to produce a simulated model of the system. 
The crux here lies in the accuracy of the information. The second method 

is based on event-orientated simulation, in which the actual operations of 
the computer system are modelled. Probability theory is introduced in 

order to describe the subsequent performance of the system. Either method 
leads, hopefully, to an accurate model of the system, and once this has 

been validated, system performance may be evaluated. With a suitable si­
mulation strategy, changes in the system configuration may be introduced, 

and their resulting effects observed. 

The major restraint which is inherent in the simulation approach 

is that of cost. In order to produce an accurate simulation, a great 

deal of information about the actual system must be obtained, and the re­
sulting model must be carefully validated. The cost and time involved 

will be high, and generally the resulting model will be of value only in 

the simulation of that specific system, and of little use in the simulation 
of others. 

(vii) Performance monitoring(38}. To t9e engineer~ this approach 

is the most obvious one, but it is of relatively little use in the theo­

retical design of systems. Two methods of monitoring are widely used. 
Firstly, hardware-monitoring devices may be developed to observe and 
record parameters such as cycle-times, input/output response times and 
CPU idle times. The processing of the data obtained can be carried 
out fairly simply, if a degree of intelligence is built into the moni-
tor. The acquisition facilities can usefully be connected directly to 
a small computing system to perform such a task {89} • 

A second method of system monitoring may be introduced by the 
inclusion of suitable software within the computer system. Th~se pro­
grams can collect data about the system's performance, and can carry out 
the required processing of this information. In most large computing 
systems, this form of monitoring is carried out as part of the general 
housekeeping and accounting systems. 

It mµst be pointed out, however, that monitoring techniques are 
generally intended to evaluate the performance of an existing system {90} • 
The infonnation produced can be of great value in determining the possible 

enhancement of the system, and then in assessing the subsequent effect 
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of enhancement. By definition, it does require the existence of a fully­
operational system in the first place. 
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APPENHX H:SCME TOOUGHTS ON MULTIPROGRAMMIN:i SCHEDULIN:i ALGORITI-MS. 

"As in almost any rationing situation, there is considerable 

controversy over what are eqµitable, efficient or economical (scheduling) 

policies - a considerable amount of computer folklore has developed in 

this area" {53}. 

Multiprogranuning is a term given to a computing system which may 
have several tasks in a state of execution at the same time {53}t 

The simultaneous demand by "users" for the services offered by a computer 

system leads to the formation of queues- a situation which exists in any walk 
of life where there are limited facilities to be shared by many users. 

The queues that may develop are controlled by a suitable scheduling method, 
which chooses the order in which various users receive attention. The 

goal of scheduling is to provide the best possible service for all users 

{91} . TI1e approach revolves around the philosophy adopted in a par­

ticular application, and is highly dependent on the choice of priorities. 

A widely-held opinion is that priorities may be "bought" (possibly by bri­

bing), "earned" (by having characteristics favourable to the system), 

"deserved",. or any combination of these three. This simple idea is of 
great value, and its implication·s may be seen in most contemporary sche­
duling arrangements {91}. 

It is not intended, however, that this appendix should delve deep­
ly into this highly complex field, as applied in large computer systems. 

Much of the information available on multiprogramming is devoted to connner-
cial time-sharing systems and the related statistical problems. 
{23} contains a comprehensive literature survey on this topic. 

Reference 

The interest in this present work lies in multiprogramming in on­
line process-control applications - aptly called by Liu and Layland {92} 
multiprogramming in a "hard" real-time environment. Of the limited amount 
of literature available in this field, it is Liu and Layland's paper {92} 
which provides a really valuable survey of current attitudes. Of 
relevance also is the work by Martil1 {93} , which is, unfortunately, 
somewhat lacking in depth although it does cover a wide range of possible 

approaches to a variety of situations. 
In general terms, computers applied to the so-called "hard" real­

time situations have to cater for a ntunber of time-critical tasks as well as, 

possibly, a ntunber of non-time-critical. tasks. The mixture of these two 
categories is, of course, application-dependent. A "scheduling algorithm" 
is a set of rules that determines the task to be executed at a particular 
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moment {92}. Two broad types of algorithm may be distinguished -

static and dynamic. In the static case, all task priorities are fixed 

when the system is configured, and remain so throughout its subsequent use. 

"Dynamic" implies that the priority of any task may be altered during sys­

tem operation. In most situations a mixture of the two, i.e. a mixed sched­
uling algorithm, will be adopted. In such situations also, the scheduling 

algorithms will be pre-emptive, and will be driven by the priority levels 

assigned. ("Pre-emptive" implies that tasks may be forced to release · 

temporarily the use of the computer resources in favour of other tasks). 

'!his implies that if a task is being executed, and a higher-priority inter­
rupt occurs, the current task will be suspended and that indicated by the 

interrupt immediately executed. The problem which then arises is that of 
developing suitable algoritluns to cater for these requirements, and to lead 

to optimal supervision. 
Following the work by Liu and Layland, certain terminologies may 

be introduced {92}. 'Ihe "deadline" of a request for a task to be executed 

is defined as the time of the next request for that same task. .An "overflow" 

will occur at time "t", say, if "t" is the deadline for an unfulfilled re­

quest, i.e., a request has not been honoured within the maximum time. 
For a set of tasks specified, the scheduling algorithm is termed "feasible" 
if task scheduling can be effected so that no overflow will ever occur. 
The "response time" for a request for a specified task is the interval be­

tween the request and the end of execution of that task. A "critical in­

stant" for a task is the instant at which a request for that task has the 
largest possible response-time. 

Of practical interest, and of importance in the evaluation of 
a real-time computer system, is the question of processor utilization • 
This may be defined in a variety of ways, but the following definition 
seems the most relevant: 

UF = t (~~)' 
i =l 

where TJ, Tz, T3'··· Tm denote m tasks, with 
request periods Ti, T2 •••••• Tm, and having exe-
cution times of C1 , C2 •••••• Cm. 

This means that the utilization factor is the fraction of processor 
time spent on the execution of the specified tasks. Alternatively, it is 
one minus the fraction of idle processor-time. 'Ihus, a suite of tasks may 
be said to utilize a processor fully if the priorities assigned yield a 
"feasible" scheduling algorithm, while an increase in the execution time of 
any of the tasks leads to an unfeasible algorithm. 
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H.l Defining the Scheduling Algorithms. 

In order to define suitable scheduling algorithms,a statement 

of the system objectives is required. This (from a theoretical view­

point) is a relatively simple procedure. Following such a statement, 

algorithms may be developed for situations involving both static and dy­

namic scheduling. Liu and Layland carry out an excellent treatment along 

these lines and arrive at some most valuable conclusions. But (and this 

is where the problems start) all their work is based on system require­

ments which are totally unrealistic when applied to on-line process con­

trol, in particular the following premises: 
(i) "The requests for all tasks for which hard deadlines 

exist are periodic, with constant intervals between 
requests" 

(ii) "The tasks are independent" 

(iii) "Run-time for each task is constant". 

Such assumptions are, naturally, in a process-control environment, totally 

unacceptable. TI1ese authors do hasten to add that they recognise the limi­

tations, but do not offer any valid means of minimising them. 
Martin {93} does, however, accept a realistic situation. His 

approach, as adopted in this work, is that it is not really possible to 

produce hard and fast guidelines to meet the variety of practical situ­

ations which will arise. Nevertheless, the work by Liu and Layland is 

important, as many of the ideas produced prove to be valuable starting­
points for subsequent studies. 

Realistic system requirements may be stated as follows: 
(i) The requests for tasks for which hard deadlines exist 

may occur in a random fashion. 
(ii) Only certain tasks will have to be completed before 

being superseded. 
deadlines. 

Other; will be permitted "soft" 

(iii) Tasks may be interdependent. 
(iv) Execution-times of tasks may be variable. 
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The scheduling algorithm adopted in the experimental "process­

control" environment described in the text (the third experiment) is based 

on the following principles: 
(i) All tasks are assigned a unique, fixed priority. 

This means that each task will have a different 

priority level from any other task. This method 

greatly aids the selection of "next tasks", as even 

if a task is suspended, it will retain its priority 

assignment, regardless of the time it may have been 
in execution before suspension. An exception is 

introduced in (ii) below. 

(ii) All tasks are defined as either interruptable or non­

interruptable. ( As discussed in the text, such a sit­

-uation does arise in process-control applications. 

For example, a low-priority task might not have a 

deadline, but once its execution has connnenced, it 
must not be stopped. A case-in-point might be the 
control of a conveyor-belt system. The time when the 

overall operation starts might not be critical, but 

once the->conveyor belt has been started, all subse­

quent routing must innnediately be established). 

(iii) Queuesare permitted to form in such a way that when­
ever a request for a task arrives(i.e., an interrupt 
occurs), if the priority of that task is lower than 
that of the current task, the requested task is pla-
ced in a priority queue. When the next task is to 
be selected, the highest-priority task waiting for 
execution is allowed to run. 

(iv) Each task must be completed before it may be requested 
again. (This will be ensured if the scheduling al-
gorithm is feasible). 

(v) The object of the scheduling is to achieve the best 
possible utilization factor. 

(lt should be remembered at this point that the operating system is 
event-driven. This implies that tasks are requested by interrupts, the 

sources of which are categorised in Section 4. 4.) 
In order to achieve these goals, a large amount of information 

must be collected, relevant to the execution of the required tasks. Note also 
that (i) indicates that the scheduling algorithm is based on fixed priori-
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ties. The possibility of dynamic scheduling is, however, introduced by 

(ii). What this amounts to, is that a certain amount of dynamic re­

scheduling is pennitted, whereby low-priority tasks are temporarily allo­

cated maximum priority while they are in execution, if they are non-interrupt­

able. 

A logical step at this point is to set about analysing and eva­

luating the scheduling system proposed. Two standard methods which might 

be applied would be (i) simulation, using available, general-purpose simula­

tion programs, such as· GPSS {94}, or (ii) analytical techniques. Of interest 

and relevance to the latter approach is the survey by McKinney {23}. In 

this survey, various applications of analytic techniques are discussed, 

with particular reference to "Round Robin" and ''Multiple-Level Queue" 

methods. 

The object of such an analysis is to determine the effectiveness 

of the proposed strategy, and to analyse the overall system impact which 

occurs if modifications (such as a change in priority assignment) are intro­

duced. 

Such research is undoubtedly of great importance, and essential 

in large-scale applications. It must be remembered, however, that the 

teclU1iques discussed in this dissertation are aimed at relatively small sys­

tems (in large-computer operating-system tenns), with clearly-defined ob­

jectives. So, while a theoretical diversion is attractive, it was decided 

that a more practical analysis would be of greater value. The technique 

used!was, therefore, to study the feasibility of the scheduling, i.e., 

whether it was possible, in practice, to implement. Then, in the prac-

tical application of the scheduling, its success (or otherwise) would be 

observed. The analysis is, therefore, based on objective, practical reasoning, 

rather than on theoretical (and slightly hypothetical) computerised studies. 

H.2 .Analysing the Proposed Algorithm. 

The following analysis, based on the above principles, relates 

the actual situation to that outlined in the third experimental situation, 

as described in Chapters IV and V. Although the number of tasks has 

deliberately been limited, the method is applicable to a wide range of 

situations. 

Consider a situation with 5 tasks, Tl, t 2 , ••• Ts, such that: 
(i) T1 and T2 are periodic, their request periods being T1 
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and T2 and their nm-times C1 and C2 . 

(ii) Tz is requested by T1 every n.th time that TI is com­

pleted, i.e. Tz has a request period of T2 = nT1, 

and a rllil-time of C2. 

(iii) T3 is random, such that its request period is T3 

where t<T3<00 (t>o), but its rllil-time, C3, is fixed. 

(iv) T4 is a backgrollild task, and will be brought into 

execution when the processor is in an idle state. 

T4 may have a totally-variable rw1-time, determined 

by the processor-time available. 

(v) rs is a task occurring randomly and infrequently. 

It is vital that it be executed immediately it is re­

quested. Its rllil-time, Cs, is llilimportant. 

TJ 1 T3 and Ts are defined as non-interruptable tasks. Tz and 

T4 are interruptable. 

The next problem is to assign priorities to the tasks. It is 

inherent that the priority of task T4 will be the lowest and that of Ts 

the highest. Beyond this, the most critical time for any task will occur 

when that task is requested simultaneously with higher-priority tasks. 

Consider the case when a low-priority task, Tm' say, has been requested 

and the subsequent execution commenced. If a higher interrupt occurs, 

say task T·, where i<m, then T must be suspended for a time (i.e. c.) 
i m i 

to permit Ti to be executed. Extrapolating this, it is apparent that 

the most critical situation arises when requests for all tasks occur simul­

taneously. (A formal proof is given in {92}.) From this result it 

may be concluded that a feasible scheduling algorithm can only be poss­

ible where all requests can be met before their respective deadlines, 

even if requests for all tasks occur at the critical time. 

This conclusion leads to a means of priority assignment. Con­

sider two tasks, Tn and Tm where Tn<Tm. If Tn has a higher priority, 
then it may be seen that: 

[1TTm l x C + C .::;; T , . ) 
~I~ n m m ti 

Si~ce [~, is the integer ratio ~£- ~ccu~rences between Tm and. Tn, 

and remember1ng[T Jtnat Tn < Tm, so that w1tlnn time Tm there must be tlffie to 
execute T plus ~ times the munber of requests that occur for T . 

m T n 
If T nRs a higher priority, then: 

Ill 

(ii) 
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TI1is means that if T < T , and C and C are such that the sched-n m n m 
uling algorithm is feasible with 1m at a higher priority than 1n' it will 

also be feasible with 1 at a higher priority then 1 . The opposite, n m 
i.e., Tn>Tm will not be true~ This means that the priority assignment 
should be based according to request rates, i.e., the higher the request 

rate, the higher ci1e priority (Proof due to {92}). 

This procedure may therefore be adopted in the allocation of 

priorities for tasks T 1 and r 2 • The random task 13 presents certain 

difficulties which appear to require a degree of statistical knowledge 

of the nature of this task. The practical characteristics of 13 will 

determine whether this is necessary. In the case under consideration, 

it was felt that this was not warranted, and the approach adopted was 

to scrutinise the characteristics of the task, and to use a "worst-case 0 

analysis. In other words, the shortest possible request period T3 

(i.e. t) was established, and was used as a fixed value for this task. 

A statistical mean value might be more appropriate, but this would re-

sult in the possibility of certain instances when the scheduling al-

gorithm becomes unfeasible. TI1e approach caters for the worst possible 

case, and at any other time, any "slack" in the system which results from 

13 having a longer request time will be to the benefit of the system as a 

whole. 

From the point-of-view of the utilization factor of the pro-

cessor, two approaches should be made. Inherently, the system will be 

utilized to a maximum, in view of the fourth task which will be executed 
whenever possible. If such a task is not present, the UF would be: 

dered. 

UF
4 

= C1 + C2 + ~ + Cs 
T1 T2 T3 Ts 

Again, the question of assigning a value to T3 must be consi­

In this case, because an overall figure is valuable, the sta-

tistical properties of 13 could be evaluated and a suitable value of T3 

arrived at. It was decided that worst-case analyses are of greater 

interest, however, ~s they reveal the maximtnn efficiencies of which the 

system is capable. 

i~1en r 4 is present, the UF will be brought to a maximtnn, the 
value of which is dependent on the "time-wasted" in effecting task­

swopping. 
A final consideration must be the question of the effect of 
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the "rescheduling" caused by the activating of non-interruptable tasks. 

'rt is clear from what has been described above that if the scheduling 

algorithm is feasible in the first place, then the rescheduling will 

not have any effect on the total algorithm. This is because the algo-

rithm has its fWldamental origins in an absolutely worst possible situa­

tion, i.e., at the critical time. Since task rWl-times will not be 

altered, no extension of the resulting deadlines can occur. 

I-I. 3 Applying the Algori tlun in Practice. 

In the third experimental situation, the five tasks specified 

had the following parameters, expressed in milliseconds: 

Task 1, T1 

Task 2, T2 

Task 3, T3 

Task 4, T4 

Task 5, Ts 

Request Period ~1 

20 

2000 

l<T3<00 

Whenever possible 

* 

RWl-Time c n 

0,094 

56 

0,036 

Max Allowable 

* 
* Task 5 is the power failure/restart task, and thus must have the high­

est priority, with a rWl-timc wl!id1 is not critical. 

TI1e problem is to resolve the priorities of T1 , T2 and T3, 

within the theory developed in the last section. On the assumption 

that the higher the request rate, the higher the priority should be, 

T3 must have the highest priority of the three, and T2 the lowest. 

The next point is to check the feasibility of this arrangement. The 

following sketch aids the expression of the relationships previously dis­
cussed. 

I 20---1 Task 1 · ------ > _____ __, 
. _J o ,094 I L ____ _r-

Task 2: 
_J,-<--· 

2000-----1 
_____ L - - - - _s-·---- 56 

Task 3: I 1 ---~i 
_J o, 036 I ,_______,L ____________ .S-
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TI1is assumes the most critical situation, that is, when requests for all 

three tasks occur simultaneously. The critical deadline, then, is that 

of task 2 - in other words, it must be possible to complete all tasks 

within this deadline. Therefore: 

~2~]x 0,094 +f2ar]x o,m6 + 56 • 2000 

for the algorithm to be feasible, 

[i~] C1 +[i~] C3 + C2 ~ T2 
i.e. 

(from equation (i)) 

9,4 + 72 + 56 = 137,4 ~ 2000 

the algorithm is feasible with the priorities as assigned. 

Analysing ti1e Utilization Factor (UF), where 

m 

UF = L (~l~) 
1=1 

This gives 
UF = 0,094 + ~ + 0,036 = O 0687 20 2000 1 1 

In order to evaluate the utilization factor for the overall system 

in whici1 the background task, T 4 , is included, the following method may be 

used: 

The assumption is made that T 4 may be executed between each execution 

of tasks 1 to 3. TI1is is obviously only an approximation, and will not be 

true in the case where simultaneous requests occur. In the average over 

a long period, however, it will yield sufficiently accurate results, and 

still be a worst-case evaluation. 

Considering a 2-second interval, the total time used to execute 
tasks 1 to 3 will be given by: 

t2~ j x O, 094 + t2~ j x O, 036 + [~~ x 56 milliseconds. 

= 137,4 mSec. 

Now, total time taken to effect the swapping-in and -out of these 

tasks is given by: 

(t2~j + f 2~} B~J)x SWop-T:ime, and swop t:ime was O, 1656 mSec. (See 

Appendix I) 

= 2101 x 0,1656 = 347,93 mSec . 
. ·.Total time to implement tasks 1 to 3 is (137,4 + 347,93) mSec 

= 485,33 mSec. 
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Time available to execute task 4 is 

(2000 - 485,33) mSec (Since the time interval under consideration is 2 se­

conds) ~ 1514,7 mSec. 

On the asst.rrnption that task 4 will go into execution between 

each of tasks 1 to 3, there will be 2101 task-swaps required . 

• •. Request period for task 4, T4 = ~~ = 0,952 mSec, and the time 

taken to effect the swaps is 2101 x 0,1656 = 347,93 mSec 

. •. Total run-time available to task 4 is given by 

1514,7 - 347,93 ~ 1166,8 mSec. 

Average run-time for task 4,C4 = 1~~~i8 = 0,555 mSec 

UF (T4) = g,~~~ = 0,582 
' Total Processor Utilization Time, UF Total = 0,0687 + 0,582 ~ 0,65. 

TI1is is a most significant figure, as it indicates that the processor 

itself is being used (in the worst possible case) for the actual execution 

of tasks for 65% of the total available time. It should be reiterated that 

the power fail/restart task, , 5 , has not entered into the calculations. 

This is acceptable, as it is a task which only occurs in a crisis situation, 

and results in the suspension of all other tasks and the closing-down of 

the system. 
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APPENDIX I: QUANTITATIVE ANALYSIS OF IBE EXPERIMENTAL CONFIGURATIONS. 

This appendix details the measurements which were made on the three 

experimental configurations described in Chapter IV. The third configura­

tion is the most relevant in view of the objectives of this project. The 

first two situations, however, provide a useful insight into the problems 

which must be overcome by the hardware-based real-time operating system, 

and constitute convenient mechanisms for the taking of relevant 1neasure­
ments. 

I.l Experimental Configuration 1. 

The periodic nature of the tasks in this configuration allowed for 

accurate determination of the time taken to effect a task-swop. In view 

of the fact that the swopping-algorithm and its hardware implementation 

were identical in the subsequent experiments, this measurement is of lll1iver­

sal value. The measurement was made by means of external instrumentation 

which detected the issuing (by the microcontroller) of the interrupt to the 

minicomputer, suspending execution of its current task. Secondly, the in-

strumentation detected the execution of a special single-word instruction, 

placed at the end of the minicomputer routine used to control the swopping­

in of a new task. In practice, the average interval between these signals 

(which represents the total swop-time) was measured at 165,6 microseconds. 

TI1e theoretical determination of this time may be based on an estimation 

of the total number of minicomputer cycles which must occur to send and 

fetch the respective process control blocks. This was estimated to be 

approximately 80 full computer cycles, which (at a cycle-time of 1,8 micro­

seconds) bnplies a theoretical swop-time of 144 microseconds. The diffe­

rence is accolll1ted for by the time required to synchronize the two sys-

terns. It is interesting to note that the microcontroller requires 128 

microcycles to effect the operation and, at a microcycle-time of 0,35 micro­
seconds, this amolll1ts to a possible swop-time of 45 microseconds. The 

degradation of performance lies in the minicomputer, and optimum overall 

system performance may be achieved only by re-designing the method of conunu-

nication adopted. This could be carried out by ensuring close synchroni-

zation between the two systems, so that the minicomputer could input and out­

put the data in a continuous sequence of instructions. In terms of overall 
system efficiency, however, the swop-time achieved is acceptable. 

The second point of interest in this configuration lies in 
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the overall processor utilization. This will, naturally, be a direct 

function of the rate at which tasks are swapped. TI1e higher the swop-rate, 

the more time is spent in swapping, and the less available for the execution 

of tasks. In the experimental situation, the quantum of time allocated to 

each task could be varied, so that different strategies could be observed. 

The criteria used to detennine the most desirable swop-rate are discussed 

in Ref. {52}. In the actual experiment, it was decided that the schedu­

ling objective was to operate the fast paper-tape reader at its maximum pos­

sible speed. This, in turn, yielded an acceptable response-time for the 

user of the teletype tenninal, as well as an efficient use of the paper-tape 

punch. The reader was capable of operation at a speed of + 140 d1arac­

ters per second, so the swop-rate was set at (1~0 ) seconds-( 7 ,14 irtilli­

seconds). In terms of processor utilization (UF), this implies that the 

number of task-swaps which must be effected per second was (4 x 140) = 560. 

At a swop-rate of 165,6 microseconds, the total time used in 
3 

effecting swapping of tasks was (560 x 165,6) = 92,74 x 10 11 sec . 

. ·. Total available time per quantum was given by 

( 1000 - 9 2' 7 4 ) 6 . l" d 
560 = 1, 2 mil isecon s. 

This time-quantum had to be checked to ensure that each task could, in fact, 

be viably executed at that rate. · 

The resulting processor utilization is, therefore: 

UF = t (~~\ 
. 1 i"J i= 

Where Ci are the execution times and Ti the request 

times of the tasks. 

UF = 4 x 1,62 = 91 (See Appendix H) 
7,14 ' 

· This implies that at the chosen value of the quantum, the utilization of 

the processor is 91% of the total available time. 

In order to effect the communication between the two systems, the 

minicomputer required progrruns which occupied 76 locations. The microcon­

troller required the use of 123 microinstructions. 

It was also possible to measure the response-times of the microcon­

troller. The time taken by the microcontroller to accept an interrupt and 

to access the first microinstruction in the corresponding microroutine 

was D, 72 microseconds. The total time taken for the microcontroller to 

accept an interrupt and request the suspension of the task currently in 

execution in the minicomputer was 5,4 microseconds (15 microcycles). In 

general, the response-times and the swapping-of-task times will remain con­

stant for all applications. 
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I.2 Experimental Configuration 2. 

This exercise was rather more of a feasibility study than a mea­

surable experiment, as it was aimed at applying the microcontroller to 

a real-time disc-operating system. The practical limitations which re-

sulted from the equipment in use and the non-re-entrant interpreter pro­

gram structures, implied that the background tasks could only be swop-

ped at an interval greater than the time required to write and read a 

task from the disc. This resulted in the adoption of a swopping-rate 

of 570 milliseconds (allowing, on average, time-slices of approximately 

70 milliseconds to be allocated to each user each 1,14 seconds), which is 

not very satisfactory .. The possibility of the foreground task's being 
requested during the disc transfer operation was very high, the execution 

of the foreground task being requested every 1 second. This further de­

graded the system. To improve user response, the scheduling algorithm 

allowed for a background task-swop to be missed, if a previous disc-trans­

fer had had to be aborted because of a request for a foreground task. 

Note, also, that if the foreground task is requested more often than every 

1 second, the system can become "deadlocked:', as it could be possible for 

no disc-transfers to be completed! TI1is is an extreme case of the so­

called "deadly embrace", as discussed by {95}. 

Tilis configuration did, however, serve to demonstrate the versa­

tility of the basic concepts on whici1 this work is based. 

I.3 E:xperimental Configuration 3 

The result of experiments in the use of such a configuration de­
termines the overriding acceptability of the proposed means of effecting a 

real-time operating system. TI1c situation is representative of a ty­
pical on-line process-control application; as is described in Chapter V, 
the essential difference between the experiment<~.l configuration and a real 

industrial application lies in the number of tasks included within the sys-. 

tern. 
It is of importance also in this configuration that a series of 

comparisons may be. made between the performance of the microcontroller-based 

system and that which would result from the control of the situation, 
using a conventionally-structured system. Ideally, it would be desirable to 

execute the identical tasks with the identical minicomputer, but using a con­
ventional real-time operating system. This was not immediately possible 

with the minicomputer available for the experimental work relating to this 
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operating system, and represent (in basic terms) the average 

time required to write data onto, or to read data from, the 

disc system. They are, naturally, directly related to the 

choice of hardware. 

cannot be made. 

This implies that meaningful comparisons 

Longest t.minterruptable Time. Within the operating system, 

it is important to have an estimate of the longest possible 

time during whiw~ no interrupt will be accepted, or responded 

to. This aspect is difficult to quantify, since it will be 

a direct function of the user's tasks and of the particular 

configuration used. What may fruitfully be examined, however, 

is .. the maxinrum non-interruptable time which exists within the 

executive component of the operating system. 

(vi) Core Utilization. At this stage, the sheer overheads in terms 

of core required to implement an operating system (in other 

words, the amount of computer memory which must be allocated 

to contain the operating system) will be analysed. A fuller 

discussion is presented in Chapter V. 

1.3.1 Results and a Comparative Analysis 

In the table whid1 follows, the actual parameters measured are 

shown, togeti1er with (wherever possible) the comparative figures 

obtained from the two conventional systems and the experimental RTEX-based 

configuration. The two operating systems chosen were: 

(i) The Interdata OS/32 ~IT Real-Time, Disc-Based Operating 

Sys tern {59} . 

(ii) The Data General RTOS Real-Time, Core-Based Operating 
System {58}. 
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f\1ICROCON-
RIBX RTOS OS/32 Mr PARAMEIBR TROLLER 

SYSTEM Note (v) Note (iv) 

Time to recognise the 1,8 7,2 10,6 6 
presence of an inter-
rupt. 

Time to accept an in- 171 408,6 261,5 2106 
terrupt and initiate 
the task requested. 
Note (i) 

Time to effect a task-
swop. Note (i) 165,6 408,6 200 2100 

Time to initiate a 171 471,6 200 2300 
task called by ano-
ther task. Note (i) 

Time needed to update 5,4 3,6 9,5 + nt 1500 
the Real-Time Clock. Note (ii) 

Intervals at which the 5,4 1000 Note (vi) Depends 
Real-time Clock may on l"ffC 
be updated. •' used 

Time to react to an 1,8 7,2 10,6 6 
interrupt generated 
by a peripheral. 
Note (i) 

Time to initiate an 171 408,6 ± 300 1800 
input/output opera- Note (vii) 
tion. Note (i) 

Time to terminate an 171 408,6 ± 300 1700 
input/output opera- Note (vii) 
tion. 

Longest non-interrupt- 7,7 495 Not avail- 97 
able time. Note (iii) able 

Core required to im- 76 508 2805 :!: lOK 
plement a basic opera-
ting sys tern (in actua~ 
locations). 

TABLE 3: Comparison of Key Real-time Operating System Parameters 
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I.3.2 Notes to Table 3. 

A. All Times are in microseconds. 

B. (i) Assl.Uiles the requested task is in memory, and has a higher priority 

than the current task. 

(ii) 'nt' is time taken by particular update routine. 

(iii) Only considers tasks which form part of the operating system, a11cl 

excludes any user tasks. 

(iv) 32-bit words. 

(v) 16-bit words. 

(vi) Function of hardware setting of RTC. 

(vii) Dependent on peripherals concerned. 

I. 4 A Review of the Results . 

Table 3 sets out parameters of importance when evaluating the 

effectiveness of real-time operating systems. On a quantitative basis, 

the hardware-implemented,,.system claims improvement in the following areas, 

related directly to the performance of real-time computer systems. 

(i) Interrupt handling. 

(ii) Task-swapping. 

(iii) Real-time clock control. 

(iv) Memory requirements. 

I.4.1 Interr~t Handling. 

Two aspects are at issue here: the time taken to recognise 

the presence of an interrupt, and the overhead imposed on the processor in 

dealing with such an event. The high speed at which the microcontroller 

operates leads inherently to a rapid recognition of the occurrence of an in­

terrupt, as is demonstrated by the figures quoted in Table 3. As to the 

time taken to process that interrupt, the delegation of this task to a 

separate unit, external to the processor, implies that this function is 

not imposed on the processor. In the case of RTEX (See Appendix J.3), 

the handling of an interrupt, even if no irrnnediate action must be ef­
fected, can imply "waste" of processor-time of up to 472 microseconds. 

TI1us, each time an interrupt occurs, the processor. is not available during 

this interrupt-handli11g period. In a practical situation, the problem 

may be reduced by extensive use of interrupt masking, icl1ereby interrupts 

may occur, but will be 1'masked out" so that they do not innnediately inter-

fere with the task currently in execution. Only when the operating sys-
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tern sees fit to change this ''mask" will any action be taken. This sys-

tern must be used with great care; in a typical process-control situation, 

certain interrupts will require immediate attention, and should never be 

''masked out". TI1e solution adopted by many systems (for example, the 

Data General RDOS {28}) is to permit certain high-priority interrupts to 

be recognised innnediately, while "masking out" others. 

The hardware-implemented system does not present these problems, 

since· all interrupts are dealt with virtually as soon as they occur, and 

the appropriate action taken. The comprehensive priority-structuring 

and the full vectoring of the unit also mean that the source of the inter­

rupt is innnediately detennined. In most conventional systems, vec-

tored interrupts are available, but normally to a limited extent only. 

Software interrogation is necessary to determine the precise source. 

I.4.2 Task-Swopping. 

The time required to cause suspension of a current task and 

to start execution of a new task is of major importance when analysing 

the overall efficiency of a system. TI1e time involved is largely sys-

tern-dependent: an incore operating system, with all tasks innnediately avail­

able, will be inherently faster than a disc-based system in which tasks 

are not necessarily core-resident. Thus, it can be seen that while the 

Data General RTOS requires a swop-time of the order of 200 microseconds, a 

large, disc-based operating system (such as the Interdata OS/32) will require 

2100 microseconds!· It must be realised that this swop-time, although vital, 

is strictly non-productive. In the case of the hardware-implemented system, 

the time is somewhat reduced, and (as indicated in J.l) reconfiguring the 

hardware can lead to a swop-time of the order of 45 microseconds. 

The effect of the swop-time is dramatically demonstrated by 
considering the processor Utilization Factor (UF) obtained for the third 

experimental configuration. As shown in Appendix H.3, the UF for the con­

figuration (under the control of the hardware-based operating system) is 

0,65, that is, 65% of the available computing time is used in the actual 

processing of tasks (i.e., in useful work). When controlled by RTEX, the 

incore real-time operating system, however (See Appendix J.2), the UF is 

degraded to 0,076, that is, only 7,6% of the total computing time is de­

voted to task execution. 

I.4.3 Real-Time Clock Control. 

TI1e value of this factor is very much a function of the actual 
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computer .. configuration. In a conventional structure, one real-time clock 

is normally included, and suitable software is used to create any other 

"system" clocks or time-of-day clocks which might be required. The up­

dating rate of the real-time clock, being hardware-controlled, is normally 

predetermined. The advantage of the hardware-implemented system is that 

a multiple real-time clock facility may be provided at no extra cost in 

terms of hardware and software, each clock being independently controlled 

by an external (or interrupt) signal source. 

Of value in the hardware system is the fact that time-of-day 

clocks and interval timers may constantly be monitored without any over-

head being imposed on the central processor. This may be achieved in a 

conventional configuration, at the cost of additional hardware. An in-

terval timer may be designed, the required timing interval sent to the 

unit, and an interrupt to the processor created when that time has elap­

sed. This does, however, require a suitable hardware structure. 

The flexibility which the hardware-implemented real-time oper­

ating system offers is the major factor in this area of consideration. 

I.4.4 Memory ~equirements. 

The utilization of available memory space must be considered 

here, as well the the protection and security of the operating system. 

Table 3 shows the memory requirements of various systems, and the advantages 

of the hardware-based system. In view of the decreasing cost of pro-

viding memory, however, t11e question is ''how" the memory is being used, 
rather than ''how much". In a conventional system, protective hardware 

and software must be incorporated so that the memory containing the oper­

ating system can never be accidently corrupted. This is not a simple 

facility to provide, for, while part of the operating system may be con­

tained in read-only memory (or protected by other hardware/software strategy), 

certain areas (notably for the storage of process control blocks) must be 

read/write memory, and are therefore difficult to protect. 

In the hardware approach, the storage containing the operating 

system, including alterable sectors, is totally contained outside the pro­

cessor's own memory. The few locations which are required to contain the 

computer's program to effect task-swapping may be held in read-only memory. 

Operating-system security is therefore inherent. 
Finally, the. low memory overhead imposed by the hardware implemen­

tation implies a greater flexibility in terms of placement of user's tasks, 

within the available memory space. 
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I.S Effect of Swop-Time on Average Task Delay. 
I 

A prime reason for adopting the Hardware-based Real-time Operating 

System strategy is to reduce the effective swap-time. If the times quoted 

in Table. 3 are included in a calculation of average task delay time 

(obtained from equation 13 in Appendix L), the significance is demonstrated. 

It will be seen from the task characteristics which are used in the third 
experimental configuration, that the average rate of requests is 1/2101 (per 

second) and that the average task duration is 0,036 milliseconds. 

average task duration must be added the appropriate task-swop time. 

To this 

The following estimates then arise: 

I.6 Conclusion. 

(i) Under the control of the microcontroller, the average 

delay time is "'o., 19 milliseconds 
(ii) Under the control of RTEX, the average delay time is 

"'0,44 milliseconds 
(iii) Under the control of RTOS, the average delay time is 

"'0,23 milliseconds 
(iv) Under the control of a disc-based system, OS/32, 

the average delay time is "' 2,1 milliseconds. 

To summarise these analyses, it is worth considering the solu­

tions to the problems involved in task-swapping, as offered by a leading 
manufacturer of minicomputers designed specifically for process-control 
applications. Siemens of West Germany have currently produced two 

parallel systems, each representing a different philosophy. The Siemens 
320 Proce_ss Computer {100} adopts the method of having all processor regis­
ters located in the core memory. A block of 64 registers is made avail­

able for each task. "When a task-swap is implemented, the only necessary 
action is the altering of a "pointer" so as to allow the selected task 

to access its particular register block. Thus, register loading and storing 
are not required. A task-swap may, therefore, be effected within a very 

short time, typically 4 microseconds. The main drawback to this approach 
is that all register operations will require a memory-read or -write cycle. 
The average processor cycle-time is degraded to 4 microseconds, resulting 

in inherently slow program execution {101}. 
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In the Siemens 330 Process Computer, a conventional approach 

to the swapping of tasks is made, that is, the active registers are saved, 
where necessary, in the memory. Thus, a task-swap will take a minimum of 
204,5 microseconds {101}. To provide greater system efficiency, the 320 

has a dual-processor configuration, a second processor being devoted to 
the control of input/output operations and interrupt handling {102}. 

The idea is that the main processor will only be interrupted when a task­
swop is required. The dilemma of the hardware designer is clearly indi­

cated! 

The designer of minicomputer systems for use in real-time applica­
tions must provide an architecture allowing highly-efficient task-handling, 
yet simple enough to be a viable industrial component. It has been shown 

above that the proposed hardware-based real-time operating system meets 

these requirements. 
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APPENDIX J: - A REAL-TlME EXEaITIVE PROGRAM FOR THE VARIAN ca@urERS. 

In order to demonstrate the effectiveness of the hardware-orien­

tated strategy, it is essential to compare the performance of the micro­

controller system with that of a conventionally-configured arrangement. 
The most logical approach would be to study the performance of two identical 
computer-system configurations with identical tasks, etc., operating the 

first under the control of the microcontroller and the second under the 
supervision of a cOJIDnercially-available, real-time operating system. 

TI1e experimental situations to which the microcontroller-based, 

operating system was applied involved the use of Varian 620 Series computers. 
This range of minicomputers presents a major problem, since it does not have 

available a suitable, real-time operating system. Only in the latest se­
ries, the V70 range, have Varian Data Machines produced such a facility, 

known as VORTEX {96}. Unfortunately, due to the introduction in this new 

series of an extended instruction set, VORTEX cannot be executed in the 620 

series. The only software packages which may be implemented in the 620 se­
ries, and which approach the requirements of a real-time operating system, 
are those called "BEST" {97}, and ''MP3" {98}. "BEST" is designed sim-

ply for the handling of time-shared "BASIC"-language programs. The :'MP3", 

which has many relevant specifications, is available only at a high cost, 
being produced by an independent software house. The operating system 

normally used on the 620 series, MOS (Master Operating System) {99}, is 

a non-real~time, single-user system. 
To overcome these difficulties, it was necessary to develop a 

suitable, real-time operating system, which could be used in the compara­
tive studies. This, naturally, is a formidable task, so a minimal system 
was created, with relatively restricted facilities. The system is refer­
red to as RTEX, a Real-Time Executive. 

J.l .An Overview of RTEX. 

The philosophy adopted in the definition of RTEX was based on the 

proposals made in Chapter IT. This has the advantage of providing for 
meaningful comparisons in subsequent performance evaluation tests. RTEX 
therefore has the following structure: 

(i) It is an in-core, pre-emptive, event-driven system. 
No facility, is included to provide for file-management, 
disc-handling or memory management. As in the hard-
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ware-based system, all peripheral-handling is effec­

ted by predetennined tasks with a nature.similar to 

that of the user tasks. 

(ii) Being pre-emptive, queues are fanned, and used to 

detennine the next task to be executed. The que­

ues are always maintained in a strictly priority­

ordered fonn. 

(iii) All tasks are assigned a unique priority, and may 

be ~efined as being either interruptable or non­

interruptable. All information relevant to each 

task is held in a unique process control block (PCB). 

(iv) Foreground-Background modes of operation are per­

mitted. 

(v) Multiple-level interrupts are pennitted. Both 

periodic and asynchronous interrupt signals may be 

used to drive the system. Intertask communication 

and task-completion are indicated by software "traps" 

back into the executive. These are tenned pseudo-

interrupts~ Intertask communication is aided by 

means of buffer passing. 

(vi) Time-dependent tasks may be specified. These are 

tasks which must be executed after suitable inter­

vals, or at certain times. A real-time clock­

handling routine is available. 

RTEX may, therefore, be seen to fonn the kernel of a conventional 

real-time operating system, and may be compared to the Data General RTOS 

{58}, which is available for the Nova range of minicomputers, and for which 

perfonnance figures are quoted in Appendix I. Having been specifically 

developed for this dissertation, RTEX has the advantage of having a fully­

defined and well-understood structure, making possible the insertion of 

"software probes" {See Appendix I), which may then be used to control exter­

nal monitoring equipment. 

J.2 Analysing the .Application of RTEX. 

To provide realistic comparative figures, an environment was crea­

ted, identical to the third experimental configuration. The scheduling 

algorithm adopted was identical in all respects to that discussed in Appen­

dix H, as was the assignment of task priorities. 
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J.2.1 Measurements. 

(i) Core required to contain RTEX - 508 locations. 

(ii) Minimum response time to an interrupt - 408,6 micro-

seconds. 

(This is measured as the time between the arrival of an external interrupt 

requesting execution of the highest-priority task not currently in execu­

tion, and the time at which execution of this task connnences.) 

(iii) Time taken to acknowledge the occurrence of an inter­

rupt - 7,2 microseconds. 

(iv) Time taken to acknowledge an interrupt requesting a 

task with a lower priority than that currently being 

executed, to place the request in a wait-queue, and 

to return execution to the current task - 275 micro­

seconds. 

(v) Time taken to effect a task-swop - 408,6 microseconds. 

(vi) Time taken to effect a task-swop whid1 is requested 

by means of a pseudo-interrupt - 471,6 microseconds. 

(This occurs, typically, when one task requests 

another). 

(vii) Maximum non-interruptable time - 495 microseconds. 

(This refers only to internal RTEX operations, and 

not to user tasks). 

(Note: The figures quoted above refer to RTEX being 
executed in a Varian 620! computer, with a cycle-time 

of 1,8 microseconds). 

J.2.2 .Analysis of Measurements. 

It is of interest to attempt to analyse overall processor effici­

ency as measured in this configuration. The calculation of the Utiliza­

tion factor (UF), as discussed in Appendix H, will be affected by two con­
siderations: firstly, the longer task-swop-times and, secondly, the actual 

time wasted in dealing with interrupts which do not result in any change of 
task. These are two areas in which the hardware-based operating system is 

seen to be of great advantage, particularly as in the latter case (the hand­

ling of interrupts whid1 do not immediately require task-swapping), the mi­
crocontroller does not interfere with the task currently being executed. 



J - 4 

Analysing the third experimental situation in a manner similar 

to that described in Appendix H.3, the following pattern emerges: 

TI1e tasks' Run-Times (Cn) and Request Periods (Tn) will not alter. 

Therefore, the processor utilization (UF) for a situation in which Task 4 

(T 4) is omitted will be 0,0687. 

Now, to evaluate the overall system utilization, Task 4 must be 

considered. 
As assumed in H.3, , 4 will be executed between each execution of 

Tasks 1 to 3. 

So, considering a 2-second interval, the total time to execute 

Tasks 1 to 3 will be given by: 
137 ,4 mSec (Time to run Tasks) + Time to Effect Swops. 

The time to effect the swops will be given by: 

(2~~x(swop-time for T1)+{-2F)x(swop-time for , 3)+(~~og)x(swop-time for T2) 

= (2~ + 2F) x 408,6 + (~~) x 471,6 µSec. 

= 858 mSec. 

(Swop-times are given in J.2.1) 

. ·. Total time, within the 2 second interval, which is consumed by T 1 to T 3 , 

= (858 + 137,4) mSec 

= 995 mSec. 
Assuming , 4 goes into execution 2101 times, (i.e. between the execution of 

the other tasks), 

Time taken to swop-in , 4 = (2101 x 471,6) µSec. 

= 991 mSec. 
Thus, the time available to execute T4 is given by 

(2000 - 995 - 991) mSec. 

= 14 mSec. 

Run-time C4 = 2i61 = 6,6 µSec. 
The request period, T4 = ~~ = 0,952 mSec. 

Utilization Factor for T4 = g,~~6 = 0,007. 
' 

Total system Utilization Factor, UF Total = 0,0687 + 0,007 
= 0,0757. 

This implies that the processor is only being used for the actual 
execution of tasks for 7,6% of available time. 

This figure will be further degraded by the time wasted by RTEX 

in having to deal with incoming interrupts which cannot immediately be handled. 
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J.3 Conclusion. 

This appendix has described the application of a totally­
software-implemented Real-Time Executive Operating System in a situa-

tion identical to that in which the hardware-based system was applied. 
The efficiency obtained in each case, in terms of the Utilization Fac­
tor, demonstrates vividly the advantages which may be gained by relegating 
the operating system to a hardware unit. In quantitative terms, a higher 
swopping-rate may be achieved, but of greater significance is the proces­

sor-time gained when the microcontroller makes the decision as to whether 
the incoming interrupt must result in a rescheduling of user tasks, or 
not. This is illustrated by the fact that every interrupt occurrence 
requires at least 275 microseconds of processor time to respond to it, 
regardless of whether a task-swop must be effected, or not. 
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APPENDlX K: THE OVERALL SPECIFICATIONS OF THE MICROCONfROLLER. 

It should be noted that the following specifications are appli­

cable only to the prototype microcontroller system. 1he figures quoted 

for microcycle time, system clock frequency, input/output delays, etc. may 

be improved by the use of faster elements in the microinstruction memory. 

1he maximum cycle time which may be achieved is approximately 150 nano­

seconds. 

All times stated are accurate to +5%. 

Overall microcycle time - 360 nanoseconds. 

Microinstruction word length - 24 bits. 

Data word length - 16 bits. 

Access-time of local memory - 50 nanoseconds (read) 
- 45 nanoseconds (write) 

Local memory structure - 256 x 16-bit (Random Access 
Memory). 

Maximum allowable local memory- 32768 x 16-bit. 
capacity 

Microinstruction memory 
access-time 

Microinstruction memory 
·structure 

Maximum microinstruction 
memory size. 

Number of distinct central 
processor array fw1ctions 

Number of microsequencer 
control fw1ctions 

Number of interrupt lines 

- 280 nanoseconds (read). 

- 1024 x 24 bits (Random 
Access Memory). 

~ 4 blocks of 512 x 24 bits. 

- 32. 

- 6 and 8 flag control 
functions. 

- 24 (fully-vectored). 

Maximum number of interrupt - Unlimited (Increments of 8). 
lines 

System clock frequency 

Maximum delay occurring on 
write operations to I/0 
device or local memory 

Maximum delay occurring on 
read operation from I/O de­
vice or local memory 

- 5,55 MHz. 

- 0,5 x system clock period 
(assuming device is ready). 

- 0,5 x system clock period 
(assuming device is ready). 
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Power supply requirements 

Cooling required 

Physical construction 

Total ntnnber of Integrated 
Circuits 

Type of Logic used 

- 7,1 Amperes at 5 Volts. 

- Forced ventilation. 

- 2 x (19,5 x 31) ems. double­
sided printed-circuit boards, 
wire-wrapped. 

- 173 

- Schottky-claJnped transistor­
transistor-logic. 
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APPENDIX L: A STATISTICAL ANALYSIS OF TI-IE 
TRAFFIC IN A MULTIPROGRAMMED CQVJPUTER. 

The statistical analysis set out in this appendix is based on stan­

dard corrununication traffic switching theory, and on classical probability theo­

ry {103}. Of particular relevance are the theories developed by the authors 

of References {104} and {105}. 

The important characteristics of a multiprograrruned computer traffic 

study may be stated as follows: 

(i) The inputs to the system. These are, in effect, the re-

quests which are directed at the computer from various 

sources, as described in Chapter I. Telephone switching 

theory would term this the "pattern of arrival of calls". 

(ii) The queue lengths and queue delays which will result 

because only one request may be dealt with at a time. 

'Ihis situation is akin ·to a telephone switching network 

that cru1 "store and forward" calls, having a single 

server (processor). 

L.l T'ne Input Pattern. 

TI1e underlying premise is that individual requests arrive in a 

random manner at an average arrival rate which is constant. 

Consider a time interval T. Let this interval be divided into 

(n + 1) sub-intervals, each of duration t
0

, assuming that there is a finite 

probability of one request occurring during each sub-interval t
0 

,and that this 

probability is the same for each sub-interval. (Provided that t
0 

is sufficient-
. ly small, there will be virtually no probability of more than one request oc­

curring during t
0

.) · 

If the average arrival rate is K, then Kt
0 

will be the probability, 

p,.of the request occurring during t
0

. 

So the probability of m requests occurring during T is (Kt0)m~ 
The probability of the remaining (n - m) sub-intervals remaining 

empty during this period is (1 - Kt
0

)n - m. 

Assuming that the requests are independent of each other, ti1en for 

a situation where m sub-intervals have a request occurring within them, the 
probability will be (Kt )m (1 - Kt ) n - m. 

0 0 

There will be ( ); , possible combinations of m sub-intervals n-m .m. 
which have requests occurring within them, so that the probability distribu-

tion is 

P(m) n! = --;-----,,,...-:--:-
( n -m) !m! 

(Kt )m(l-Kt )n-m 
0 0 ••••••••••••••••••••••• (1) 
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The ct.Unulative probability distribution is 

m=n ' (Kt )m(l-Kt )n-m 
(P(m~c)=[: (n-~) !m! o o ............. (2) 

m=c 
where c is the lower bound on the sununation. 

Setting Kt = p (the probability of the request occurring during 
0 

the period T),and letting a= pn, equations (1) and (2) may be simplified if 

it is asst.Uned that p is small and n is large. This yields 

P(m) = 
m -a a e 
m! •..•••..•....•.......•••.••......•••... ( 3) 

00 

P(c,a)=L 
m=c 

m -a a e 
m! ....•.............•......•...•..•. ( 4) 

It may be observed that these are, in fact, the Poisson distribu­

tions for probability density and ct.Unulative probability. 

Equations (3) and (4) may be used to estimate the intervals 

between requests. 

a = pn = (Kt
0

)n = KT 

= (KT)me-KT 
P(m) m! 

The probability of no requests occurring within the interval from 

t = 0 to t = T will be 

P(O) = e 
-KT 

This is also the probability P (t ;:: T) of the time interval between 

requests equal to or greater than T, or in the general case for time t, 

P (t) = e-KT ......•.........•......................... (S) 

The probability distribution of time intervals between requests 

may be determined by evaluating the probability that the instantaneous request 

time lies between t and (t + lit), as lit + 0., i.e. 
Lim P(t)-P(t+llt) _ dP(t) _ d(e-KT) 

lit + 0 lit - dt - dt 
-KT . 

=Ke ••••••••••.••.•••.•.•••••.•••••••••••••.••••••• (6) 

The probability of one or more requests arriving in the intervals, 
fort= 0 tot= T, is 1-P(O), i.e. 1-e-KT. 

If T is assumed to be small, lit, then the probability of one or 

more requests occurring, approaches the probability of exactly one request 
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- :Kl\ t occurring, i.e. 1-e . 

Expanding this expression, and neglecting tenns in (t.t)n where 

n~Z, it becomes 1-(1-Ktit) = Ktit .............•................... (7) 

TI1is, then, indicates that the overall demands made on' the sys­

tem by a large number of independent requests may be expressed by a Poisson 

distribution, and that the probability distribution of intervals between 

requests has a negative exponential form. Tiie probability of the arrival 

of one request is KtiT, which is a function of the average rate of r~­

quests, and is independent of all previous requests. 

L.2 Characterising the Tasks Requested. 

Each request received by a system will require, ultimately, the 

execution of a task. In order to evaluate the total time taken to execute 

the tasks within a specified interval of time, it is necessary to charac­

terise task lengths, in terms of time. 

Using statistical data accwnulated, relevant to switd1ing systems 

{104}, a distribution of task lengths may be proposed as being f(t) = k1e-k2t. 

In sud1 situations, it has been shown that this may be approximated to 

1 
1 - ht n e , where h is the mean call length. Such a distribution is accept-

able in the case of task lengths, in which a similar situation arises. 

Using this as a starting-point, the probability of a task lying 

between t
0 

and (t
0 

+ tit) (in time units) will be given by 

1 -to/h n e flt ••••..•••••••••.••.••••.•••.•.•••.••••••••. (8) 

Tiie cumulative probability of a task being longer is, then , 

-to/h . , 
= e .........................................•........ (9) 

Note that the probability distribution of task length is similar 

to that derived for the inter-arrival intervals of requests. It also in-

dicates that the time to terminate a task from a point of initiation is 

independent of elapsed time, t, to that point. 
Thus, an estimation of the probability of exactly one task tenn­

inating in a time interval, t
0

, is given by 

1-(the probabiliti of a task being longer than t
0
), 

-t.t 
and if t

0 
is made small, i.e. tit, then this is 1-e /h (from (9)). 
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Expanding this, and neglecting tenns in (6t)n where n ~ 2, 

this yields 

1 h 6t .................................................. (10) 

(note, independent of all previous occurrences.) 

L.3 queue Lengths and queue Delays. 

Using the distributions obtained above for task lengths and task 

requests, estimates of the characteristics of the resulting queues may be 

made. 

The assOmption is that there are random requests made for tasks 

which have random execution times. The requests arrive with a mean arrival 

rate of K. The tasks have a mean duration of h, and a·negative exponential 

distribution. It is assumed that the tasks in queue and in execution are 

handled by a single processor. Tims, their tetrnination rate is . (~) 6t 

(from (10)), and the arrival rate is K6t (from (7)). At any time t, 

the system has probability Pn(t), of n simultaneous tasks in queue and 

in process. The system can get to this present state, P (t) from the state 
. n 

just preceeding it, Pn(t-6t) in one of the following ways (Note that in the 

following, Pn-l and Pn+l signify system states with one less or one more task 
than the number in queue at state Pn): 

(i) A new task is requested. TI1e task in execution continues 

in execution, in the state Pn. The probability of this 

transition from Pn_1 (t-6t) to Pn(t) is 

Pn-l (t-6t)K.6t.(l- ~ 6t). 

(ii) The task currently in execution terminates, and no new 

request occurs. 

The probability of transition from Pn+l (t-6t) to Pn(t) is 

~n+l (t~6t) l'6t (l-K6t). 
n 

(iii) inere is neither a task termination nor a new request. 

The probability that this occurs is 

Pn(t-6t)(l-~6t)(l-K6t) 

(vi). A request occurs and the task in execution terminates. 

The probability that 

Pn(t-6t) goes to Pn(t) is 

Pn (t-6t)ft6tK6t 
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Thus, the probability of the actual existence of the state Pn(t) 

will be the product of the individual probabilities established in (i) to 

(iv) above, i.e. 
P (t) = P l (t-6t)Kllt + P l (t-6t)16t + P (t-6t){l-(K + i)6t} n n- n+ 11 n H 

n Rearranging, and omitting terms in (6t) when n ~2, 

Now let 6t--O. 
dP 

· ---crf = K pn-1 
+ 1 p ( 1) p li n+l - K + li n· 

dP 
n If a state of statistical equilibrium is assumed, then ~ = 0 

(i.e., the system is statistically stable at this point). 

• (K + .!)p = KP + .! P (11) • • 11 11 11-l 11 11+1 .....••••.••.••..••••.•••••.. 

Equation (11) represents a set of equations in n, for n ~ 0. 

Tnese may be solved by successive substitution using the condition 

Bn = i. 
It has been shown {111} that the solution for constant parameters 

K and h provides an expression for the probability distribution of queue 

length. (Again, this has been achieved using telephone traffic switching 

theory.) This is 
n P n = (1-Kh) (Th) .............................................. (12) 

The mean of (12) will be 

L = 1~1 ' which is the mean queue length ..........•.....••.. (13) 

The distribution of the delay experienced by tasks in the queue 

may also be derived, since this is the probability of (n tasks in queue) 
times (the sum of n exponential lengths which precced the (n+l) requests). 

The sum of n independent exponents is found by convolution. 
The resulting distribution is given by 

1 -{h - K)t 

P;::i =Cfi,.. K) e 

The mean of this, which is the mean delay experienced in queue is 

D - h 
- r-iCfi' .••.••••......•••.......•.•....•....••••••.•••••..•• (14) 

Note that this may also be verified directly from (13), since 

the requests which arrive during the mean delay of KD are equal to the 

mean queue length L, 
L = KD 

L Kh 
• • D = K = K(l-Kh) 

i.e. 

h 
= T=Kfi'. 




