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CHAPTER I
INTRODUCTION

This thesis is concerned with the design and
construction of a small demonstration digital computer.
This computer has been built to assist in the teaching
of computer electronics. It is not intended to be
employed for teaching programming, for which full size
computers are more suitable. The Department of Applied
Physics has been interested in a project of this nature
" for some years. The digital computer is seen as an -
admirable machine on which to demonstrate some:of the
applications of modern electronic devices with thch
the department is so actively cpncerned. |

It was obvious that to attempt to construct a
machine of adequate specification using second |
genération'components, (i.e. transistors etc.);'was
totally impractical. The physical effort involved in
the assembly of a very large number of discreté circuit
elements was considered to be too great for the facilities
available and to give no guarantee of success. The
difficulties of this form of construction were confirmed
by examining the commercially availaﬁle equipment for
teaching computer electronics. Machines costing up to

£2,000 (which is considered to be a normal upper limit
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for most éducational establishments) work only in the
serial mode and are mostly limited to demonstrating
basic arithmetic processes. The present pfoject had in
mind a more sophisticated computer, while still aiming
at a possible commercial price limit of around £2,000.

The advent of the cheaper ranges of integrated
circuits stimulated further examination of the
possibility of constructing a small demonstration digital
computer. The project was now much more‘attractive,
since component requirements would be reduced by a factor
of ten. The chances of success would be greatly increased
owing to improved circuit reliability and the reduction
in the number of actual circuit elements. Coupled with
this was the confirmation that the cost of these devices
was falling and that this trend was likely to continue
for some time to come. The prospect of being among the
first to apply integrated logic elements, to quite complex
switching networks, was most exciting. The obvious
enthusiasm was of course tempered by the knowledge that
a fundamental error in design or construction would
render the equipment virtually redundant.

It was against this background that the project

started in September, 1966, The initial discussions,
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involving Dr. M.J. Morant, Dr. B.J. Stanier, Mr. A, Smith
and the author, were directed at establishing the general
requirements of a demonstration digital computer. These
are listed in section 2.4. Subsequent discussion led to
the formulation of the detailed specification of section
5.1. This specification was drawn up in December, 1966
and approved during the following month. The project

was divided into two parts at this stage. The control
and arithmetic sections were allocated to the author and
the memory section became the responsibility of Mr. A.Smith.
This part of the work is the subject of a separate thesis
(1).

This thesis records the events, since September,
1966, which have led to the production of the control and
arithmetic sections of the demonstration computer. The
design, construction and commissioning associated with
thgse sections are, with a small amount of technical
assistance, entirely the work of the author. The project
has been carried out under the supervision of br.M.J.
Morant and Dr., B.J. Stanier. The author has, of course,
enjoyed the general advice and encouragement of his
supervisors.

The project was completed by stages, each of which

may be identified with the appropriate sections of the



-

thesis. The detailed planning of these stages was
considered vital to the success of the project. It was
felt that the work could not be allowed to proceed
without clearly'defined'terms of reference, involving
component costs and time estimates of design and
construction effort. A realistic approach to coﬁponent
costs, delivery dates, design effort, construction time,
etc.'enabled the completion dates for the various stages
to be approximated. With few exceptions thése estimates
have proved to be fairly accurate,

The background work, which involved a study of
available digital teaching equipment, current techniques
and design procedures, is discussed in Chapters 2, 3 and
4, QA detailed analysis of the accepted design is given
in Chapter 5. The description of the detailed circuit
design, Chapter 6, shows how the individual requirements
of each regisﬁer, timing function, control gate, etc.
have been met using the techniques previously established.
In Chapter 7 details are given of the methods and
processes used in the actual construction. Th§ test
procedures and problems associated with persuading the
machine to function are recorded in Chapter 8. Chapter 9

lists some typical laboratory excercises, to show how the

machine is to be employed in the teaching situation. In
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the final €hapter consideration is given to modifications

which, it is believed, would improve the performance.of

the equipment.



CHAPTER II.

THE TEACHING COMPUTER — PRESENT AND FUTURE

2.1 Practical Training in Computer Electronics

It is necessary to examine the type of situation in
which'a demonstration digital computer would be of
assistance. Practical traiﬁing in the application of
logic elements td complex switching networks is primarily
the concern of applied science deparﬁments in universities’
and colleges of technology. The digital computer,
employing all logic circuit techniques, is the ideal
vehicle on which to gain practical experience." The
function of such equipment is to demonstrate,'cleafly and
in considerable deﬁail, the various techniques likely to
be encountered by prospective engineers and technicians
whose later work will be assqciated with complex logic
circuitry. It is consiaered that practiéal work, using
equipment of the proposed design, could form a valuable
part of courses in the following subjects.

(i) Electronics and Electronic Engineering.,

- It is now certain that students should have

practical experience in the application of modern

electronic devices to a wide'range‘of digital
techniques and in the analysis of complex switching

networks.
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(ii) Computing Science.

-A detailed study of the central processor 1
appears to form an essential part of such courses.
(iii) Measurement and Control.

It is apparent that digital methods are
becdming well established in these courses.

(iv) Electronic Technician.

The construction and maintenance of industrial

digital equipment forms an important part of the

course.

2.2 Review of Present Commercial Equipment.

One of the first exercises undertaken in this
project was to examine currently available equipment
which has been designed solely for teaching purposes.
The literature describing the majority of U.K. equipment
wasg obtained from the manufacturers and, where possible,
arrangements were made for actual demonstration. "It was
necessary to compare the relative merits and limitations
in terms of effectiveness, flexibility and cost. The
results of this review assisted in the determination of
an acceptable specification for the proposed demonstration
computer.

It was found that most of the equipments examined

were described as being 'Digital Computers' whereas, in
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fact, none adequately complied with the B.S. 3527
definition of a digital computer. The equipment reviewed
here may be cqnveniently divided into two groups.

(i) Simple Logic Tutors.

(ii) More elaborate equipment to demonstrate

arithmetic processes.

In addition, there are a number of-full scale computer
systems which are described as being suitable for
teaching pufposes, but owing to their relatively high

cost, these are not considered in the present context,

2.2.1 Simple Logic Tutors. _
(i) Len Electronics Iﬁtegratgg Computer Training System,

.Lan Electronics; probabiy the most éctive in the

develbpment of electronic training aids, marketed one

of the first logic trainers (LAN-DEC 15), and has since
developed a comprehensive rahge of teaching aids for

the electronics and computing subjects. This first logic
tutor is based on the use of NOR elements. A telephone
dial, in conjunction with manual push-buttons, is
provided to set up the input conditions to some of the
fifteen available NOR gates. Monitoring of the state of
logic elements is achieved by using six panél-mounted'

filament lamps.
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Although this equipment is described, by the
manufacturer, as being suitable for the teaching and
demonstration of computing techniques, it is evident from
the specifications of this company's more recenf |
equipments that its limitations haﬁe been realised.

These are as follows:-— a) the inability tovdemonstrate
the fundamental AND-OR relationships; b) the degree of
complexity involved in assembling astable and bistable
circuits, coupled with the risk of their malfunction;

c) the comparatively small number of logic elements
available, compared with those required to construct any
of the basic combinational logic circuits, e.g. counter,
shift register. It is worth noting that this equipment
was conceived at a time when most of the industrial
control equipment was designed around the use of NOR
elements, and in this respect it may have been useful as
a design aid in industrial situations. |

The cost of this equipment is approximately £100
and includes the power unit, relay unit, patch cords and
handbooks.

The-succeeding equipment, ILAN-DEC 100, Training
Computer, is much more versatilé. The front patching
panel connects to eight multiway seockets, each of which

accepts a printed circuit card. These cards can
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incorporate any type of logic element; typically a card
may include 20 gates or perhaps five bistable,elements.
Input conditions are set up by a telephone dial and
foggle switches. Oﬁtput conditions may be checked using'
the eight panel-mounted filament lamps.

The effectiveness of this equipment is directly
related to the ability of the demonstrator to trouble-~
shoot incorrect student wiring. With so many front panel
terminals available, it is necessary for each student to
be thoroughly familiar with the dangers of connecting
réil voltaées to the output of gates and with the loéding
capacities of the elements. Another point worth noting
is that 'if the student is able to employ such a large
number of elements, as is implied by the number made
available, he must surely have encountered counting,
coding, timing circuits etc. It would doubtless be of
advantage to provide two or three clock generators{ and
to make these permanently available on the front panel.
The cost of the equipment is in excess of £320. Although
its flexibility is recognised, the large number of
interconnections required to assemble the circuits, the

lack of continuous timing pulses and the relatively high
'cost, make this equipment less than ideal.

The most ambitious logic tutor advertised by this
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company is the ROBTOM digital computer, which incorporates
" four separate panels to accommodate the logic elements.
Thirtytwo filament lamps and their associated inverter '
émplifiers are provided on one panel, a second panel
carries a 32 bit store and fast counter, while a third
panel provides a number of two and four input NOR gates.
Input_conditions are set hp on the 31 toggle switches
ﬁhich are assembled on the fourth panei. The equipment
has ﬁhe same basic limitations as the ILAN DEC 100. It
is therefore likely that equipment of this sort would be
most useful in a digital control design laboratory where
the iarge numbers of gates and storage facilities would
be of advantage in breadboarding control schemes. It is
considered that the equipment is too general and without

any specific aim. Its cost is £650.

(ii) L.K. 250 Series of Logikits _ Feedback ILtd.
_Each of the logikits obtainable from Feedback Ltd.

cbmprises a base board and a number of lamps and sockets
to accept plug-in logic elemenfs. One feature of the
fange is that both AND and OR functions are available in
addition to bistables, monostables, clock generators,
pulse shapers and delay units. The degree of flexibility
obtained with this equipment is high. Since only those

elements required for a particular exercise are included
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on the base board, students may cover a considerable
range of digital techniques in very simple steps, without
redundant terminations or symbols appearing. The handbook,
for model L.K. 253, lists some twenty exercises which may
be demonstfaﬁed. The author has no actual experience in
the use of this eqﬁipment.and cannot therefore comment on
reliability and student-proofing. The concept of using
only the required logic elements woﬁld appear to simplify
the 'patching up' procedure, and the symbols appearing on
each.element pro@ide an acceptable mimic diagram of the
gystem under consideration.

The model L.K. 253, which has nine indicator lamps
on the 32 sockef base board together with 20 logic elements
is listed at £325, whereas the model L.K. 255 with slightly
inferior specifications (20 sockets, 6 Lamps, 15 elements)

cogts £133,

(iii) Logic Tutor - Systems Computers Ltd.

One feature of the Systems Computers Logic Tutor

which distinguishes it from other logip tutsrs is in the
method of interconnecting the logic elements. A
detachable 336'way patch’board may be pre-wired and
checked before insertion in the tutor panel. There are
30 NAND gates available, four bistables and two buffer

amplifiers. Six toggle switches may be used to set up the
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input conditions and eight filament lamps are included
to monitor the output conditions of the logic elements.
The elaborate 336-way patch panel obviously accounts for

much of the cost of £345.

(iv) Digital Logic Ingtrumentation Kit. Farnell
Ingtruments ILtd.

Priced at £125, the Farnell Logic Kit comprises a
base board and 26 plug-in units. Included are 6 NOR
gates, 5 AND gates and 5 Binary units., It is aimed at
introducing the student to the principles of digital
control systems. The chief advantage is its simplicity
of assembly, because only those elements required for a
particular experiment need be assembled. There are no
redundant switches, lamps and free terminations to
interfere with the appreciation of the circuit under
consideration., Additional units may be obtained to permit
the study of larger combinétional logic systems. It is
possible to demonstrate the basic laws of Boolean algebra
as both AND and OR elements may be incorporated. Multiple
gating with these basic elements is not possible, unless
the coupling between each pair of units is done with a
buffer amplifier. It is considered that, apart from this
limitation, the equipment is quite effective, easy to

demonstrate and flexible, and that the chief aim of
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demonstrating simple digital techniques has been achieved.

(v) Other logic Breadboard Systems.

There are a number of other plug-in logic systems
commercially available. These are primarily intended for
use in development  laboratories, and_as they have not
been designed solely for educational purposes they are
not considered reievant to this diseﬁssioh.

2.2.2, Dlgltal Equipment to Demonstrate Arithmetic
Processes., -

(i) Educational Computer, Type B.T.l = Elliotthros. Ltd,

The Elliott Bros. computer, type B.T.l, designed in .
conjunction with the Battersea College of Advaﬁced '
Technology, performsrouting, control and arithmétic
operations on binary numbers. Input of data is achieved
by push-button and information ﬁonitoring is done using
filament lamps. A multiway rotary switch is used to
select any of the seven machine inétructions. Timing
pulses are available at the rate of 5kHz, lHi or by manual
push-butﬁpn. The machine operates in the serial mode, on
pure binéry numbers, with a 16 bit word. The main
combinational logic circuits incorporated are thrée 16
bit shift registers, a single bit full adder and a 4 bit
binary counter, which is used to generate the shift pﬁlses,

The instructions are executed in the serial mode requiring.
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16 of the available 20 pulses allocated to each word time.
Subtraction is performed by the complement method,
multiplication by addition and right shifting, but there
is no instruction for division,

In February; 1968 it was announced fhat this
equipment was to be part of a complete computer to be
manufactured by Feedback Ltd. The specification of this
new'equipment,'ABACUS Eduéational.Computer Ec360/370,
indicates that it is now in two sections, an Arithmetic
unit, very similar to the type B.T.1l. and a Control and
Store unit which incorporates a 256 word ferrite core
store. The normal operating speed is quoted'at 2,500
pP.p.s., although an unspecified slow speed is included.
The control unit, when operating at sléw speed, can show
the arithmetic and control processes aséociated with
serial operation. It appears from photographs, that the
circuitry is built up using discfetevcomppnents which

obviously accounts for much of the cost of £2,950.

(ii) Teaching Computer. Telefunken Ltd.

Although the Telefunken equipment is manufactured
outside the U.K., it is considered here because it
demonstrates clearly the link between arithmetic and

memory functions. The equipment incorporates a control
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unit, an aritﬁmetic unit and e store. The control unit
con31sts of 11 push-button sw1tches to select the requlred
'machine 1nstruot10n and a telephone dial to generate the
timing pulses. There are six storage cells, each storing
one 8-~bit word. 'Examination of the interrogated storage
location is achieved using a relay driven lamp matrix.

The arithmetic operations, add and subtract, are
perfofmed using 2 eight-bit shift registers and a singie
bit full adder, together with suitable gating circuitry.
The display panel carries a mimic diagrem with lamps to
illustrate the operation of all registers and control
gates.

Although this equipment appears to be.good, from the
demonstration point of view, there is no facility for
slow automatic operation. If this were available, the
student could then become familiar with the machine cycle
before assuming the role of the control unit. There is
no attempt to demonstrate those instructions dealing with
'jumps' in the programme. The demonstration of binary
ﬁultipiioation and division'is difficult, owing to the
large number of timing pulses required for serial operation.

This equipment is priced at approxiﬁately £800. It
is somewhat expensive, considering its.compenent parts;

but the layout, which gives a very clear appreciation of
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the demonstration, to some extent off-sets this cost.

(iii)  Teaching Computer. Mullard Educational Services ILtd.
The Mullard Educational Computer is a suggested
design which can be built in five_stages. The first stage .

provides for the addition and subtraction of 2 eigh£-bit
binary numbers in the serial mode, either under ﬁanual
control or at a clock rate of 20 kHz., A s;ow automatic
speed of 1 Hz is also provided. The suCCeeding stage
carries out multiplication and division by the inclusion
of extra switches end logic circuitry. The stage three
computer incorporates two additional eight-bit storage
registers to replace the manual switches of the stage
two equipment. The modifications required to progress to
stages four and five are still under development.
Preliminary information suggests that a 16-bit word will
be used, together with date and programme-storage
facilities using one or more 160 bit delay lines. The
equipment which is currently availasble does not inciude
display or control panels, which must be designed and
constructed by the purchaser. All logic circuits are
built on plug-in printed circuit cards using M.E.L. ‘series
two elements. '

It is considered that this equipment has evolved as

a side~issue from development exercises in the application
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of this company's range of 'series two'logic elements.

Due consideration has not been given to those primary
requirements, a clear display, a comprehensive mimic
diagram and manual operating facilities. The cost of the

stage one unit is approximately £200,

{iv) Cedus 201. Computer Engineering Ltd.

The Cedus computer training system is based on unit
construction and built to the user's specification. Each
unit is capable of manual operatioh without reference to
any other unit. The machine operates in the serial mode
using a 16-bit word. Arithmetic operations are performed
using three 16-bit shift registers in conjunction with
the single-bit adder unit. The pulse generator unit
incorporates a five stage counter and decoding gates to
produce the 16 discrete timing pulses associated with
each word. The counter operates at any frequency up to
100kHz and a sinewave of this frequency is geherated
internally. Clock pulses are génerated either iﬁternally :
from the oscillator at this frequency, or'by manual push-
button. It is also possible to couple a separate pulse
generator'to the equipment. A plugboard unit is
provided to 'patch up' any of the 16 machine instructions,

in any order, to form a programme. The memory unit

comprises a 1,024 word drum. store with associated timing
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pulse amplifiers. Interface units permit the use of tape
readers and line printers. The average price of the 15
units , not including the £1,500 drum store, is £240.

It is possible to assemble these units to demonstrate
most of the salient features of a digital computer system
The ﬁanual operating facilities allow each step in the

" programme to be examined before proceding to the next
instruction. Filament lamps are used to indicate the flow
of data through the machine. It is expected that equipment
of this nature would provide the basis of a_good
demonstration computer, although it is extremely expensive
and it operateé serially, which is not in accordance with

current practice on. full scale computers.

2.2.3 Conclusions on Commercially: Produced Teaching
: Computers. N

It is evident from this review of equifment that
there are two stages involved in the teaching of computer
electronics. Units similar to those described in Section
2.2.1 are both necessary and appropriate to give the
initial training in logic applications. The range of this
equipment and the relatively small costs involved make it
unnecessary for university and college departments to

undertake special development to build their own equipment

of this type. In the case of the more sophisticated
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computer trainers it is seen that a considerable outlaj,
approximately £3,000, is requi;ed.to obtain even a modest
system which is suitable for demonstration work. The
most modern of these equipments, ABACUS EC360/370, still
employs second generation componentg and operafes in the
serial mode,

With reference to the equipment reviewed, it is
apparent that the trend has been to adopt a2 16 bit word
and to provide a minimum of 120 words of storage. Manual.
control is provided in most cases and facilities are

normally made available for interfacing peripheral equipment.

2.3 Review of Literature on Computer Electronics
Teaching Equipment

It is the intention, in thié seétion, to establish
the stages that appear to be currently adopted in the
practical teaching of computing techniques. There have
been a number of papers, notably in the Journal of
Electrical Engineering Education, describing-digitél
computing teaching aids which have been constructed in
Schools, Colleges of Technology and Universities.

In the case of school projects ( e.g. 2,3 ) it is
apparent that the limifations of available time, finance

and experience have resulted in equipment which is
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generally unsuitable for wider use. The tendency has been
to produce equipment which will perform arithmetic
operations, without prior reference to any teaching aids
related to the basic logic functions. It was decided that
reports of school projects were of little assistance in the
determination of an acceptable specification for a
demonstration computer for higher education.

There appear to be only a few references to more
advanced machines. One practical aid has been described
by Green (4). This incorporates the basic logic functions
AND, OR and NOT. The display panel permits access to the
terminals of six bistable elements and to the basic gating
functions. Filament lamps are used to monitor the state
of some of the logic elements, and toggle switches are
are used to set up the input conditions. Pre-wired plug-in
boards are included, és a special feature, to eliminate
the need for exﬁeggive re-wiring of the fromt panel
between demonstrations. It is reported that equipment of
this sort is a useful aid in the'teaching of undergraduate
courses, and is seen to prepare students for the design
of the complex circuits associated with arithmetic and
controi operations.

A paper by Hurst (5) describes a logic tutor which

utilizes ten ;dentical logic display panels and one master
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panel, within the framework of a single unit. Each of the
logic display panels provides access to: one of éach of
the four gating elements AND, OR, NOR and NAND, a bistable
element, 2 buffer amplifier and a filament lamp. The master
panel incorporates a telephone dial, a voltmeter and three
clock generators. In order to reduce front panel wiring,
six of the more complex circuits, e.g; shifting and B.C.D.
counting, are pre-wired and selected by méans:of a rotary
switch,
The Low Cost Digital Computer for Teaching described
by Abrahams (6) has already been dealt with in Section 2.2.1
and is therefore not given further consideration here.
The main conclusions to be drawn from these articles
are:
(1) The initial use of the basic AND and OR functions.
(ii) That teaching aids of this sort are "stage one" in
preparing students to deal with the ﬁore compléx
operations of a full computer.
(iii) That front panel wiring should be minimised as it
- is time-consuming and - detracts frém the main objective
Most of the textbooks dealing with computer fundamentals
provide a good indication of the various stages involved in
the understanding of computing techniques. It is not the

intention to discuss these books here, although it should be
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noted that they all show the samé sort of pattern in

developing the subject. This appears to be as follows:
(1) Arithmetic / algebra of the binary‘sysfem.
(ii) Application of electronic devices to switching

~ circuits,

(iii) A detailed treatment of each of the major unité,

. arithmetic, control and memory.

(iv) A description of the design features of either a
hypothetical machine (e.g. 7,8) or an actual general
purpose computer. | .

(v) The applications of digita} computers, including
notes on programming.

It is therefore considered that the logic tutors,
referred to in Section 2.2.1, support the teaching and
appreciatidn of topics i and ii. The more ﬁomplex equipment,
similar to that described in Section 2.2.2, is required |

wvhen dealing with topics iii and iv,

2.4 General Reguirements of a Machine for Teaching
Computer Electronics

The review of the commercial equipment and of the
literature seems to show considerable deficiencies in
previous thought on the production of équipment'for teaching
computer electronics. It has, however, enabled the general
requirements to be specified in a rather more precise form

and, at this stage, it is desirable to list these since they
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are the basis of the design described in the remainder of

this thesis.
(i) The requirement appears to be for a computer (9)
as distinct from a complex logic trainer. This implies
automatic operation of machine instructions and the
ability to modify the sequence of instructions.
$ii) It should be able to demonstrate the operations
6f the machine in much more detail than is possible
with a full;size computer. To this end a large display
panel is essential with lamps to indicate the flow of
information and the state of all major control gates.
It should be possible to gain access to the entire
logic circuitry for more detailed examination. Push-
button switches should gnable the machine to be operated
manually.
(iii) To enable the operation of the machine to be
followed it should be capable of very slow, Ihbiﬁ/Spc;
and manuél operation as well as automatic operation
at moderate speed.
(iv) It should incorporate up-to-date, preferred 
techniques and components in order to be of use for
as meny years as possible. This implies parallel
operation uéing integrated circuits and printed wiring.
The machine should be capable of extension in'tﬁe

future.
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(v) It should be cheap enough for purchase by
unifersity and college departments. This probably
’@eans an upper price limit of between £1,500 and £2,000,
(vi) The educational aspect should be held in mind |
ihroughbut the project and the various student
instruction manuals produced at the end.

These basic requirements will be built into a technical

specificatibn.in_Section 5.1 by which time the fundamental

decisioné on the machine will have been taken.




CHAPTER III

BASIC COMPUTING TECHNIQUES

The basic requirements of the proposed teaching
computer were listed in Section 2.4. Before working out a
more detailed specification, it is necessary to discuss
some of the basic techniques used in digital computation.
This is done in the present chapter to prepare the way for

the more detailed discussions of chapters 4, 5 and 6.

3.1 Logic Functions

It is necessary to define the baéic logic states,
connectives and graphical symbols used in this thesis. Mény
of these are standard notation as may be found in any books
on computing electronics, such as 'Digital Computer Désign'
by Edward L. Braun (10) or 'Fundaméntals of Digital Machine
Computing' by Guenther Hintze (11).

The-following rules are used to define the logic states
and notation which exist in digital switching systems.

(i) Two discrete states are considered; any two
obviously different from each other may be employed, e.g.
O -1, on - off, black - white. In this equipment the
logic 1 state is represented by +5 volts and the logic O
state_by 0 volts.

(ii) Every logic quantity must exist in one of these

two states.
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(iii) Every logic quantity may'exist in only one of
these states at any one tinme, |
(iv) A quantity representing the logic 1 state is
equal to any other quantity which represents the logic 1
state. |
(v) Every logic quantity has an opposite. If a
quantity is equal to logic 1,_then'its opposite is equal
to logic O.
(vi) A logic quantity may be constant or variable.
If constant it remains in one of the two logic states:
if veriable it is comtinwewsty switched between the two
logic states. |
(vii) Alpha characters are normally used to identify
the various logic functions which exist within a digital
switching system. Thus the letter A may represent a
logic function, and the letter B used to denote a second
logic function.: A may therefore be equal to logic 1 or
logic 0, but not both at the same time.. The notation
for the opposite of A, called NOT A, is &. Thu.s' if A=1,
then A=0, and if A=1, then A=0.
There are three fundamental logic connectives, and,_although
thei are not used in the equipment, it is necéssary to define
these functions, as the equations specifying the operation of the

machine were originally deduced using these basic connectives.

A
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The AND Function

The AND function,or 'gate', is represented by a
dot, *, or brackets associafed witb two or more variables.
The graphical symbol used to denote this function is shown
in Fig. 1. If A, B and C represent the input variables,
then the equation defining the output of the function F
is given by,

F=A -B-C
Thus the function F is 1, when all input variables are 1,
and F is 0, if any one of the input variables is O.

The OR Function

The OR function, or 'gate', is represented by a plus
sign,.+ ’ associated with two or more vériables. The
graphical symbol used to denote this function is shown in
Fig 2f If A, B and C are input variables, then the equation
defining the operation of the function F is given by

F= A+B+C
Thus the function F is 1, if any one of the input variables
is i, and F is O, when all input variables are O,
.The NOT Function

The NOT function is represented by a bar above the
variable, e.g. & . The graphical symbol used to denote
this function is shown in Fig. 3. If A represents the
input variable, then the oﬁtput of the function F is given by

F=A



AND'_ Gate F-A-B-C

'OR Gate

+'NOT -Function

Fig.3
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Thus the function F is 1, when the input variable is O and
F is 0, when the,ihput variable is 1.

The NOR and NAND functions‘are developments of these
three basic gates. It is possible to construct large
combinational switching systems using only NOR or NAND
elements

The NOR Function

The NOR function is represented by a combination of
the symbols used for. the OR and NOT functions. The
graphical symbol for the NOR function is shown in Fig. 4.
If A, B and C represent input variables, the butput of the
function,F, is defined by the equation

F= E¥rB+C
Thus the function F is 0, if any one of the input variables
is 1, and F is 1, when all input variables are O.

The KAND Function.

The NAND function is represented by a combination of
the symbois used for the basic AND and NOT functions. The
graphical symbol for the NAND function is shown in Fig; 5.
If A, B and C represent input variables, the output'of the
function, F, is defined by the equation,

 F =K+B:C
Thus the function ¥ is O, when all input variables are 1,

and ¥ is 1, if any one of the input variables is O.
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3.2 Minimal Design Procedure.

It is sometimes convenient, when designiﬁg complex
switching circuitry, to specify the design in terms of
Boolean equations using the basic connectives AND, OR and
NOT. It then becomes necessary to rearrange the equations,
in order that the specification be presented in terms of
the more versatile NOR or NAND elements. Also it is necessary
to eliminate any redundant terms which were not initialiy
‘apparent. The detection of such redundant terms may not be
easily seen using the princip{é laws of Boolean algebra;
it may, therefore, be necessary to introduce special
techniques (12) which are summarised as follows:

(1) Trial and error.

(ii) Conversion of a sum of products to a pfoduct

of sums.

(iii) Introduction of dummy factors.

(iv) Chart methods.

(v) Map methods.

It is imﬁortant to note that, in expressions
containing a large number of variables, it may be convenient
to break the expression into sections and apply the most
appropriate of the above methods to each section. As most
of the design specification was required in terms of NAND

functions, a simple example is given.
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Lo |
i

A-B + K-B
A°B + A-B
- (A-B) (A-B)
(a-3) (R-B)

It is seen that the function ¥ may be realised using

|
(]

= Hi|
i "

three NAND elements.

3.3 Combinational Logic Circuits

When it becomes evident that a number of basic logic
elements, connected so as to satisfy a complex expression,
are being employed on a number of occassions; it is
customary to simplify the specification by considering the
-complex function as 2 single unit which has straight-
forward relationships defining its operation. The
combinational logic elements used in this equipment are

therefore listed and defined.

3.3.1 EXCLUSIVE-OR Gate

The EXCLUSIVE-OR gate is used fairly commonly when a
function F is to be in the logic 1 state with only one of
two input variables, A + B , in the logic 1 state. Thué
¥  F= KB+ A'B,
ﬁhich.may Be rearranged to give,

F = A'B + AB,
The use of two AND gates and one NOR gate is required to

satisfy this equation. The general arrangement for the
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EXCLUSIVE-OR function is shown in Fig. 6.

'3.3.2 The Binary Adder

The combinational logic circuit required to add
together two binary digits, A and B,- with a carry digit C
from a previous stage, is obviously used extensively in
computing electronics., A4n examination of the following
truth table shows how the Boolean expressions are derived

to satisfy the requirements of a full binary adder.

a B Cc cout cout Sum

0 0 0 0 1 0

0 0 1 0 1 1

0 1 0 0 1 1

0 1 1 1 0] 0

1 0 0 0 1 1

1 0. 1 1 0 0]

1 1 0 1 0 0

1 1 1 1 0 1

Cout- ABC-+ABC+ABC+—A"BC
= _C(AB+AB+AB+AB) + AB. 4+ ALBLC
=4 [A( B+B )+B( A+A )]+A B( C+¢C)
: A.C + BQC+A.B

Sum = A.C 1;-i- B.C t-f- c. C t+ A.B.C

* Dummy factors
"“ﬁ logic circuit required to satisfy these two equations
is shown in Fig, T. and 15 He cireeit of lhe Texas 743N

7.C whick was vsed 1w His c’o-m/lo./'évr,
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3.3.3 The Bistable Element

The.bistable element is widely used in digital
equipment. It is appropriate, thérefore, to describe the
operation of the simplest form of such elements and to give
the characteristic equations and symbols associated with the
two types used in this equipment.

This logic.circuit is arrangeéd to have two outputs, Q
and 5, only one of which may exist in the logic 1 state at
any one time. The state of these two outputs is controlled
by the previous application of a logic 1 state to either of
the two inputs which are called the set, s, and reset, r,
inputs. If a logic 1 is applied to s, then the output Q
assumes the logic 1 state and will remain in that state
even after the logié 1ohas been removed from the set input.
Similarly a logic 1 applied to r will cause the output Q
to assume the logic 1 state and remain in that state after
the logic 1 has been removed from the reset input. The
logic schematic of Fig. 8 illustrates the mechanism of a
very simple R-8 bisﬁable element,

The characteristic equation, defining the operation of
the bistable element, relates the state of the outputs Q
and Q@ at a time (t+1) to the state of the inputs at a
previous time (t). Thus the characteristic equations for

the R-8 bistable elemenf shown in Fig. 8 is simply,

Qo1 & B and Q1 Tt
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Fig. 9.
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The type D and J-K bistables, which are used in this
eqﬁipment are more complex than the R-8 type. They have
more ;nput terminals from which the state of the outputs
Q and.ﬁ may be controlled. A detailed analysis of the
operation of these elements is given in Ref. 13. The graphical
éymbol and characteristic equatiohs for each type are shown
in Fig. 9. |

‘It is customary to give a title to each bistabie, and
this is normally done by using the initial letters of the
particular function with appropriate numerical subscribts.
The schematic of Fig. 10 illustrates the accepted method of
designating a series of bistable elements associated with

the common fﬁﬂction B,

“3.3.4 Shifting and Counting

Since the shifting and counting operations are used
extensively in digital equipment, it is appropriaté to show
how yhey may be realised using both basic logic and bistable
elements. An fn' stage shift register may be constructed
from n bistable ﬁnits, so interconnected by gating elements,
that on the application of a shift pulse the contents of
each stage, Bx’ is transferred to stage thl. Fig. IQ
indicates how a shift left register may Be consﬁructed
using R-S bistable elements. The gates R and S are used to

steer the clock pulses from the control line to either the



Shift Left Register

Rp Rp-| R, RO A
—C Y F_G_—
|
r . rl r r
ol o) Q Q.
B, Bp-i By Bo
a o o Q
|
| .
&l el Lo
Sn Sn S| So
: - - - -+
Control line
Fig. 10

_ Divide by Two Circuit

Q . |Q
Q
] r T
- B
s R Q
Clock pulses |

Fig. II



-35-
reset (r) or set (s) input of each bistaeble element. This
steeriﬁg action is controlled by the state of each preceding
element, or in the case of stage By, by the state of the input
function A. MAssuming that element By is 'set' and A is
equal to O, then on the application of the first clock
pulse, C;, gates Ry and S; will operate, causing elements
B, and By to be 'reset' and 'set' respectively. This steering
action applies to all étages-of the register, causing the
contents of each stage to be shifted one place left each time
a clock pulse CL is applied to the control 1line. The
switching time of the binary element usually provides
sufficient delay, so that intermediate storage elements
are not required. Shift'registers are used for temporary
storage of binary numbers, serial to parallel conversion
and in the more complex arithmetic processes. The
characteristic equations for each bistable eleﬁent Bn in
a sﬁift left register are given by:
Bug,y = Bn-ly ¢ CL amd By, = Buzly <O
Similarly for a shift right register these equations are:
Bager = Boely ° Cp and By = By . G

The second 6f the motre complei operatibns, bihary

counting, may be ‘realised using similar techniques to those

described for the shift register.. In this cése the steering

of the @¢leck:pulses is controlled by the state of the
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bistable element to which the pulses are applied. The logic
schematic, Fig. 11, shows a simple 'divide-by-two' circuit
in which the pulses aﬁpearing at the'oufput_occur at half the
.rate of those applied to the input. With the bistable
initially reset, gate S steers the first and subsequent odd-
numbered clock pulses to the set input s, bausing_the
bistable element to change state. The second and subsequent
even-numbered pulses are applied to the reset input r,
causing the bistable element to sw1tch back to its orlglnal
reset state. The signal appearing at the Q output may be
used as a clock_signal to a second identical ;divide-by—two'
circuit.- By cascading n stages in this fashién; a system
is produced which will accept and store as a Binary number |
up to 2".1 clock pulses. When constrﬁcting counters of thié
sort, it is important to establish whether the bistable
elements change state on the leaﬁing or trailing edge of'the'
clock pulse. The effect of proﬁagation delay in fast counters
may be overcome by gating the clock pulses to each stage of
the counter. This ensures that all stages change siate at
the same time. The characteristic equations for a 'divide-by-

two' circuit are:

Bngeyr = Byl and Bngyy T BngeCp
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3.4 Realisation of Arithmetic Processes

The basic processes involved in arithmetic are
addition, subtraction, multiplication and division. It is
expected th#t sub-routines will be programmed for the
determination of the more complex arithmetic operations
e.g. square roots, trignometric functions etc. These sub-
routiﬁes will also assist in demonstrating the operation of
the equipment, Some of the logic methods available for the
realisation of the basic processes are described here.

Addition has already been dealt with in Section 3.3.2

Fedal Binary Subtraction,

It is possible to produce a set of equations to satisfy
thé laws of binary subtraction, and hence construct a binary
subtractor by methods similar to to those described for the
full adder in Section 3.%3.2. It ié common practice to .employ
the method of complementing the subtrahend and adding, thus
eliminating the need for both an adder and a subtractor to
be incorporated in- the same machine. The logical decisions
required to complete a subtraction are given for the types
of complement possible in binary algebra. Both methods
have certain merits and limitations, the most serious
limitation being the complexity of the methods necessary
to establish the sign of the remainder. A number of rules

may be applied (14) which provide the equations necessary
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to determine the sign of the remainder. The two methods
are as follows:
(i) Subtraction using Two's Complement,

The two's or radix complément of a binary number is
obtained by replacing all 1's by O's and all O's by 1's and
adding 1 in the least significant ﬁosition. _Tﬁé difference
is formed by adding the two's complemenf'of the subtrahend
to the minuend. '

e.g. 1001 - 0101 = 0100 i.e. 9-53=4

Two's complement of subtrahend = 1010
S 1

= 10m
adding minuend 1001
difference = 1) 0100

The 1 inﬂthe overflow column indicates a positive
difference. y
(ii) Subtraction uéigg One's Complement,

The one's complement of_a binary number is obtained
simply by reﬁlacing all 1's By O's and all O's by 1's. The.
one's complement of the subtrahend is added to the minuend
to éive the difference. With this method the carry produced
in the most significant stage must be'added together with

the least significant digits to complete the subtraction.

Using the previous example:
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One's complement of subtrahend, ' 1010
. . 1001
adding minuend
8 A = 1 TUIT
The overflow digit is then . 1
added in the least significant stage. f""

Difference. : = .0100

34,2 Binary multiplication,

As in the case of subtraction it is not economiéal to
construct a multiplier which will generate the product digits
simultaneously with the inputs. It is usual to find that the
methods adopted are based on 'long multiplication’. The
method described here is baseé on thé repeated adéition of
the multiplicand to correct orders of a sub-product, the
final sub-product being the required proﬁuct. It will be
appreciated that if each of the two operands haﬁe n digits,
then the product will have a maximum of 2n+l digits. It is
customary to allow the product to develbp in an accumulatof
and in the register which is used to store the multiplier.
This is possible since the multiplier is successively
shiftéd out of its initial storage register during the
operation., It then becémes necessary to round off the product
to n digits so that it is again compatible with the data
already stored.

This operation may be realised in the following way.

It is assumed that the sub-products are to be developed in

an accuﬁﬁlator register which has right shifting facilities
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and that the multiplier is initially stored in an auxilliary
storage register M, which allows right éhifting. The first
sub-product is formed by examining the least significant
digit of the multiplier. If this is a 1, the multiplicand
is added to the zero contents of the accumulator. If the
least significant digit of the multiplier is O, the-addition
is not performed and the contents of the accumulator remain
at zero. The contents of both the accumulator and register
M are then shifted one place right, with the least significant
digit in the accumulator being routed to the most significant
position in register M. The process of examining the least
significant digit of the multiplier, adding and then shifting
is repeated until all the digits of the multipliér have been
tested.

The following example is intended to illustrate this
method of binary multiplication. Multiply 10011 x 1101 i.e
Multiplicand is 10011 and the multiplier 1101.

Accumulator: Register M

The L.S.D of multiplier is 1, 00000 *

therefore sub-product is 10011 E

Shift (ACC) and (Reg.M) right 01001 & 1

L.S.D of multiplier is 0, sub-product=01001 E 1

Shift (ACC) and (Reg.M) right 00100 - 11

L.S.D of multiplier is 1, add 10011 -
"“Sub-product = . 10111 : 11
' Shift (ACC) and (Reg.M) right 01011 : 111

‘L.8.D of multiplier ig 1, add 10011

Final product is therefore 11110 & 111
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343 Binary Division,

The method involving counting the number of repeated
subtractions of the divisor from the dividend and resulting
-remainders is considered to be uncharacteristic of a modern
computer. The commonly used method requiring trial
subtractioné, restoring and shifting is considered suitable
for the proposed demonstration eqﬁipment and is therefore
described here.

This method requires that the two operands be initially
aligned such that the most significant 1 digits aré in
identical positions in their respective registers. The
difference in the number of digits contained in the dividend,
compared with those contained in the divisor, is used to
determine the number of digits in the quotient. A trial
subtraction of the aligned divisor is performed; if the
remainder is positive a 1 is placed in the most significant
position of the register in which the quotient is to be
developed. If, however, the remainder is negatiﬁe-a 0 is
placed in the quotient and the original dividend restored.
The divisor is then shifted one place right and a further
frial subtraction is performed. Thé_tests on the ?emainder
are repeated to determine the valﬁe of the digit to be
entered into the quotient register. The prbcess of trial
subtraction is repeated until either the required accuracy -

is obtained or the capacity of the register storing the



-42-
the quotient has been exceeded. An example is given to
illustrate this method of binary division.

Divide 1100100 by 10100 i,e. 100 by 20,
The difference in the number of digits between the two

operands is (7 - 5) = 2; therefore the number of digits in
the quotient is (7 - 5 + 1) = 3,

Step 1. Align both operands 1100100
1010000

Step 2. Subtract 0010100

Step 3. Remainder is positive :
therefore quotient is 1

Step 4. Shift divisor one place right

Positive remainder 0010100
Shifted divisor 0101000
Step 5. Subtract 1 0001100

Step 6. Remainder is negative
therefore quotient is 10

Step 7. Shift divisor one place right
Restored remainder 0010100
Shifted divisor 0010100
Step 8. - Subtract - 0000000

Step 9. Remainder is positive
therefore quotient is 101.
The quotient now contains the required three digits and at

this stage the operation is terminated.



CHAPTER 1V, -

FACTORS AFFECTING DESIGN.

4.1 Primary Considerations,

The general requirements for the demonstration
computér have already been established from the literature
and in Section 2.4 as follows:

(i) The machine must be a computer in the full sense of
the word and not an electronic calculator. This implies
that it must work to a programme, which will be fed to the
machine, to-gether with the data, and that the programme
may be modified during its execution.

(ii) Large display panels are essential for the.teaching
function.

(iii) Three speed operation is required, manual, slow speed
and fast speed.

(iv) The machine must incofporate modern circuit and
constructional techniques.

(v) The cost of the equipment should be as low as possible.
(vi) The educational requirements must be borne in mind at

every stage. This implies that the circuit must be capable

of being broken down into the baéic.units for individual
study, and that each part must be based on straight forward,
easily understood electronic circuits.

It is appropriate at this stage to state the non-

technical factors which have affected the design., It was
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obviously necessary to balance the estimated available man-

hours withtlhe requirements of design and cdnsﬁruction_

effort. It was important to ensure that the,programme-did

‘not become so large that there would not béjtime to consider

it in sufficient detail. Also it was necessary to 'foresee'

the state of the art techniques so that components Qould bei

available at reasonable cost. In conéideréng these and other

aspects, the senior members of the department decided to split

the project into three sections. The Memory Unit is

described by Smith (1), the Control and Arithmetic Units are

the subject of this-thesis, while the design and construction

of the Input / Output equipment was held in abeyance until

after the comﬁletion of the other two parts. This

arrangement is compatible with the initiél_proposals, that

the three sections should bé physically separable so that,

in the event of some major malfunction, all would not be lost.
Against this background, there are the following main

features of the machine, which should be listed but which

obviously warrent no further discussion in this thesis. It

was decided that the computer would have:

(i) A ferrite core store.

(ii) A magnetic drum store.

(iii) An adaquate instruction repetoire.

(iv) That it would use integrated circuits and plug-in

printed circuit modules.
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The following secondary features were also examined:
(i) Aspects of general purpose computers.
(ii) Type and number of machine instructioms.
{iii) Serial or parallel operation.
(iv)  Number representation.
(v) Address modification.
(vi) Word length.
(vii) Micro-programming.
(viii) Method of demonstration.
| These features are discussed in detail in the present
Chapter. Decisions on these features enabled a detailed
specification of the machine to be drawn up and this will

be given in Section 5.1.

4,2 Some Aspects of General Purpose Computers.

In an effort to establish those main charactéristics,
which are dommon to the majority of general purpose machines,
an examination of the recent survey on British computers(15)
was undertaken, The results of this examination assisted
in determining a specification which is characteristic of a
.modérn general purpose machine., Those aspects'relating to
“central processor operation are summarised here.

(i). There is no definite preference for pure binary or
binary coded decimal number systems. There is a suggestion,

that, where the machine is intended for business or accounting
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purposes, the latter system is preferred.

(ii) A1l machines operate with fixed point arithmetic,
floating point operation being included in those machines
used for scientific applications.

(iii) The word length appears to be governed by accuracy

énd the-expected range of numbers as wellsas the address
format. Variations from 12 to 60 bits are evident.

(iv) With few exceptions, arithmetic operations are carried
6ut in the parallel mode, the exeéution time for such operat-
-ions being dependent on the switching speed of the logic «le«
elements, the access time of the memory and. the complexity

of the timing circuits. Times for addition vary from 3u3

to 1.3mS, with multiplication and division taking in

general 4 to 5 times as long.

(v) Current trends indicate a complete lack of uniformity
in respect of the number of instructions offered, the range
Eeing from 14 to 170, with the majority of machines having

between 50 and 80 instructions.

4.3 Machine Instructions.

A machine. instruction comprises a pre-determined
sequence of minor commands whichl:are established by the
design of arithmetic, control and memory units. The number
and type of machine instructions may be classified as those

associated with:
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(1) transfer of operands between the memory and arithmetic
units,

(ii) elementary arithmetic operations,

(iii) transfer of control and the B line modifier,

(iv) 1logical manipulation of operands,

(v) input and output of data.

The number of instructions in this machine must be
kept fo a minimﬁm to reduce costs and preserve clarity of
demonstration. There must of course be sufficient
instructions to énable the machine to operate with all the
main features of a full computing system. The instructions
should be as simple as possible, and it is hoped that
student appreciation of the mére complex instructions wili
be improved by demonstrating one simple step and allowing
time for discussion, before proceding to thé next. In a
general purpose machine a typical instruction may'be,

"2dd the contents of location n to the contents of the
éccumulator placing the sum in storage location n"
In the demonstration computer it is expected that.three
instructions may be necessary to effect this operation:
(i) Trensfer (n) to the arithmetic unit, |
(ii) Aadd,
(iii) Transfer sum to location n.
By placing a stop instruction between steps i and ii, and
between ii and iii, it will be possible to demonstrate the

opgration more effectively.
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4,4 Parallel or 8erial Operation,

The difference between parallel and serial operation
is as follows. In a parallel arithmetic unit all bits in
the operands are.acted upon simultaneously, requiring a
single timing pdlse for any one function. In a serial
machine, on the other hand, each bit of an n bit word is
acted upon sequentially, and tﬁis requires n timing pulses
to complefe each function.

Comparing the two modes of operation, the parallel
type requires approximately, n times the circuitry in the
arithmetic unit, l/n times the circuitry in the timing unit

and l/nth of the time to complete a particular function.
Other major factors must also be considered: e.g.
compatibility with the memory system, the operating speed of
the input devices and the expected load on the machine.
Nearly all full-size computers operate in the parallel

mode and the proposed machine should, if possible, be
typical of this modern practice.

The choice of parallel or serial operation in this case
is also affected by the demonstration aspects of the
machine. One of the major techniques to be demonstrated
is timing and sequencing of operaﬁions, and it is felt that
to introduce many more timing pulses to satisfy the
requirements of a serial machine would seriously impair

the effectiveness of the demonstration. The parallel mode
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is also compatible with the small core memory which is
included in the machine., For these reasons it was -decided

to adopt parallel working in the arithmetic unit.

4.5 Number Representation

The choice of number representation was made on the
simplicity of circuitry and student appreciation. The
three systems, puré binary, binary coded decimal and octal
were each reviewed. The pure binary system, which requires
the most simple arithhetic circuitry, was adopted. It was
appreciated that the binary coded decimal system has
certain advantages in the input / output sections. It was
felt that the complexity of the éircuitry to deal with the
'excess 6' would severely limit the effectiveness of

arithmetic demonstrations.

4,6 Operand Address Modification,

One of the most important aspects of cbmputing is_the
use of the'B line modifier' or index register. When it is
required tb repeat an instfuction n times with different
operands, it is usual to employ the same instruction,
modify the address field by the contents of the modifier
register and use a conditional transfer instruction to
maintain the loop in the programme. The number of address
modifications to be applied, (n), is initially stored in

the modifier register, the contents of which are reduced
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after each loop has been completed. The value of the

decrement is left to the programmer and may be 1,2,3,4, etc.

"It is also usual in large computing systems to have more

than one modifier register. 1t will be appreciated that
associated with each register there must be the necessary
gating and control circuitry and also special instructions
for addressing them., It was decided that, in view of the
importance of this technique,.at.least one modifier
register should be included. The procedure normally
adopted for adding the contents of the modifier register
to the operand address is to use the adder unit contained
in the arithmetic unit. It was felt that to do this in
the proposed computer would tend to over-complicate the
arithmetic unit. By using a single bit full adder in the
control unit the arithmetic section would not be affected

and it would permit the demonstration of serial addition.

4.7 Word Length.

Having decided on parallel operation, it was apparent
that the word length would directly affect the amount of
circuitry required for storage and arithmetic operations.
It was necessary to choose as few bits per word as possible
without impairing the effectiveness of the demonstrations.

In order to give an ad€quate demonstration of

multiplication and division, it was felt that the minimum
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number of digits in either operand'should be four, and the
minimum difference in the number of digits between either
operand should be three. With one bit reserved as a sign
digit, the minimum number of digits per word was therefore
established as twelve. As a single address mode was intended
this word length was examined in terms of the machine instru-
-ction., When used as an instruction, the word must contain |
sufficient bits .to specify, in binary code, all machine
instructions, all operand or instruction addresses and the
code to addresslthe modifier register. Tig. 12 shows the
format of the proposed machine word, when used as an
instruction, indicating that the twelve bits considered
necessary for arithmetic processes satisfy these requirements.
For simplicity and minimum cost it was therefore decided

that a tﬁelve bit word should be adopted.

4.8 Micro-programming.

It is important that the computer be as flexible as
possible in use., If the sequence of minor commands
comprising each instruction is not readily alterable, this
mey not be achieved and may limit the type of calculatiqn
which can be performed. A method of altering existing
instructions or generating new ones is therefore considered
desirable. One method of achieving this is micro-
-programming. The technique assumes that all minor

commands in the control unit are available for assembling
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into any desired sequence to form new instructions. This
ma& be done by programming, or by a pin-board, or by re-
-wiring of the timing circuitry. By arranging the circuitry
associated with the timing pulses in a form suitable for
later modification, it is hoped that the effectiveness of
the equipment may be maintained in the light of experience.
A general purpose integrated circuit carrier board referred

to in Section 7.1 was déveloped especially for this purpose.

4.9 Method of Demonstration.

In Section 2.4 it was established that the method of
demonstration was to be pre-eminent throughout the design.
Clear display panels are essential, incorporating lamps to
show the condition of all the registers and major control
gates in the system. Also, for clarity of demonstration,
it was decided that the machine should incqrporafe four
modes of operation. As these modes materially affect the
actual circuit design, a description of each is given here.
(i) Standstill operation.

This mode is included to provide the bridge between
the basic'logiq tutor and the demonstration computer.

In this condition, the machine will operate without the
fime base. 4ll the minor commands, e.g. load régister A,
shift (Reg. A) left, transfer sum to ACC etc will be
available on a 'Student push-button panel'. 4 twelve bit

2
i
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'data panel will also be provided. With these facilities

| the student will be able to transfer information throughout
the machine, without reference to any partictlar sequence
or-instruction. Demonstration of the basic computing
processes, countiﬂg, shifting, adding and parallel transfer
igcpossible in this mode.

(ii) Manual operation.

In this condition, each timing pulse will be generated
manuaily.v This permits the student to fully appreciate
the effect of one timing pulse,:befdre proceding to the
next., All instructions may be executed in this mode with
the instruction being set up on a twelve bit data switch
panel. ‘ |
(iii) Slow operation.

In this mode, the time base will generate one bit time
per second. A student 'Execute' switch, when operated, wiil
allow the machine to coﬁplete oﬁe instruction and then stop.
This mode illustrates the way in which the time base links
to-gether the various minor commands to form an instruction.
(iv) Normal operation. |
. In this mode, the time-base will run at its normal
speed. Instructions will be obtained in sequence, (except
for jump instructions) from the memory and then executed.
Visible indication will be by way of waveform examination

in any of the three main sections of the equipment.
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CHAPTER V.

GENERAT, FEATURES OF THE DESIGN.

5.1 Statement of Specification.

It was decided to draw up a basic specification which
would enable an estimate to be made of the circuitry
required to construct equipment generally in accordance
with the findings of Chapters 2 and 4. The details for
each part of the specification followed fairly naturally
from the major decisions described in Chapter 4, and the
reasons for their choice are not included here.

Based on this -specification, block schematic diagrams
were produced to show, in detail, the quantity and type of

logic elements which would be required to meet it.

Specification
Word length. ---Twelve binary digits, the most significant
digit to be used as a sign digit.
Number system.--Pure binary, in the range +2047 > x > -2047
Memory.-——————-- 64 word magnetic core store, parallel.
45 word magnetic drum store, serial., ¥
Modifier ,—-—————- One six bit register for operand address
modification only.
Arithmetic,---—Parallel., Add, subtract, multiply
and divide, |
% In practice the drum store is a magnetic tape loop and

in later parts of this thesis it is described as the tape
store. '
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Instructions.-——Single address, total 16 instructions
as follows: |
Four to link the memory to arithmetic section.
four to identify basic arithmetic operations.
Two to specify conditional transfers.
Two to specify logical manipulation of data,
One to address the modifier register.
One to terminate the programme.
One for input of information.
One for output of information.

Input. ~————~8imulated punched tape or push-button switches

at this stage of the project.
Output ,———=—=—=o Filament lamps at this stage of the project.
Controls.-————— Three position mode switch:-
| " Normal - Slow - NManual / Standstill.
Single switches for:-
Start, Stop,-Execute, Proceed and Manual,
Construction.---Must incorporate:-
Integrated circuit logic elements.
Plug—in printed circuit modules.
Physical separation of major secfions.
Comprehensive mimic diagrams.
Free access to logic élements.

A self-contained power supply.
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5.2 Overall Operation of the Computer.

Before procé%ing to the more detailed description of
the operation of the Control and Arithmetic sections it is
necesgary to describe briefly how this computer is intended
to function. This then forms the basis for the design work
required to build a2 machine to the specification of Section
5.1. |

It was assumed initially that the programme would be
stored as a sequence of machine instructions in the serial
type magnetic drum store, and that operands would be stored
in the magnetic core unit. On receipt of the instruction
alignment signal, the control unit allows the clock signal,
from the drum store, to be gated through to the timebase.
The required machine instruction is then fed to the control
register where it is decoded and used to direct the timing
pulses to the various sections of the machine. These pulses
are used to execute the instruction. At the end of the
instruction the timebase is returned to the standby
condition to await the next instruction alignment signal.

This summary of the overall function of the control
of thé machine can now be extended in detail. The general
features of the design followed logically from the
specification and this operating mechanism. The detailed
derivation of the basic design will not be giﬁen but the

next two sections, Section 5.3 and 5.4, describe the
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operation of the.control and arithmetic uﬁits of the machine
in outline, Aé e’result of this it is possible to list the
16 instructions (Section 5.5) and the minor commands
required for each (Section 5.6). This'enables the circuit

design to follow légically as described in Chapter 6.

5.3 Final OQutline Design of the Control Unit.

The block schematic, Fig. 13, indicates the main
interconnections required between the major sub-units and
gives the expressions for the timing pulses associated with
the control gates. The logic elements in this section will
:controlz
(i) The transfer of instructions and operands from the
input devices to the memory.

(ii) The serial transfer of instructions from the drum
store to the control register.

(iii) The decoding of the four most significant bité of the
control register to give one of the available 16 machine
instructions.

(iv) The modification of thé.operand address.

(v) The next instruction address.

(vi) The generation of all timing pulses.

. The gatiﬂg, shiffing_and trénsfer operations in both
the arithmetic and control sections are effected by pulses

occuring at a pre-determined time and in thé correct
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sequence. These pulses are derived from the timebase, which
generates character (K) and bit (B) times by appropriate
division.and decoding of the cloék signal. The waveform
diagram of Fig. 15 illustrates the 12.: 1 time relationship
between the"character and bit times. Fig. 16 shows the time
relationship between bit times (B), master clock (Cr),
pre-clock (CLp) and the square-wave signal (CL-lO) which

is derived from the drum store.

During Ko time the twelve bit word, representing the in-
-struction, is shifted from the drum store to the control
register by the application of twelﬁé gated master clock
pulses to the shift line of the control register. The
decoded instruction is thien gated with signals from the time-
-base to produce the correct sequence of timing pulses, or
minor commands, necessary to execute the particular
ingtruction., It is expected that all instructions except
'multiply' and 'divide' will require no more than the |
twelve puises available during the second character time Kl.
The execution of these two exceptional instructions ( i.e;
'multiply' and 'divide') will be complete by the end of the
fourth chéractef time K3'

If the specified instruction is one of the four dealing
with the transfer of operands between the memory and
arithmetic units, the operand address will be defined by

the contents of the control register ( bits 6 to 11 ).
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ARITHMETIC UNIT BLOCK SCHEMATIC
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The gatevG;14 is used to transfér the operand address to
the memory during B7 time. When operand address modific-
-ation is required, bit 5 in the control register will be
true. The first six bit times are allocated for operand
address‘modification in which the contents of the modifier
register are added to the contents of the control register
(bits 6 to 11) using the single bit full adder. After
modification the operand address is available for transfer
to the memory in the normal way.

The six stage instruction counter specifies the drum
storage address from_where the pext instruction is to be
obtained. This counter is normally up;dated, by adding one,
after each instruction has been executed. In the case of the
two instructions which specify 'jumps' in the programme.the
address of the next instruction will be contained in the
control register (bits 6 to 11) and will be conditionally
transferred to the instruction counter during 32 time,

The individual timing pulses, required to initiate each
of the minor commands which are needed for the execution of
all instructions, are produced in the timing pulse generator

using simple gating techniques.

5.4 Final Outline Design of the Arithmetic Unit.

— e p—

The major sub-gections of the arithmetic unit must be

the four 12 bit registers and the 11 bit full adder. The
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block schematic, Fig. 14, illustrates the way in which these
components are interlinked by the control gates.
(i) Addition.

The 'gddition' operation is initiated by placing the
two operahds in the register A and in the accumulator
register. ( The accumulator register is also referred to as
" The ACC. register"). The contents of the ACC.register is
éhén transferred to_the temporary storage register B, A
re-get pulse is subsequently applied to the ACC. register.
The true outputs of each bistable in both registers A and B
are then simultaneously transferred to appfopriate orders
of the 11 bit parallel adder. The sum outputs of the adder
are subsequently gated into the ACC. register. The operand
.initially stored in register A remains unaltered.after this
operation,

(ii) Subtraction.

Subtraction is performed using the one's complement
method. The subtrahend is initially placed-in the register
A and the minuend in the ACC. register. The contents of the
ACC. register 'are transferred to the regiéter B and the ACC,
register reset. The false output of each stage in register
A and the true output of each stage in register B are
simultaneously applied to appropriate orders of the parallel
adder. The carry output of the adder is gated to the least

gsignificant stage of the adder to maintain the 'end-around-
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carry' which is necessary with this method. The sum outputs
of the adder are finally gated to the ACC, régister to give
the difference.

(iii) Multiplication.

The process used for multiplication differs slightly
from the method described in Section 3.4.2, The multipli-
cand is initially stored in the register A and the multiplier
in the register M. The least significant digit in the
register M is tested for a logic 1. If the test is positive
the contents of the register A are added to the zero contents
of the ACC, register. The sum outputs of the parallel adder
i.e. the first sub-product, are then gated to the ACC. register
If the least significant digit test is negative the add
operation is not performed. The contents of the registers
A and M are then shifted one place left and right respectively.
The process of testing the least significant digit of register
M, adding, shifting etc. is repeated until all the digits in
the register M have been tested after which time the final
product is held in the ACC. register.

This method of multiplication pre-supposes that the'
product is within the range of the machine, i.e. 11l binary
digits, The product is built up in the ACC. register and
due to thé left shifting in the register A the least signif-
-icant digit in the product is retained. The limitations

imposed by this method were agreed to be of little consequence



—-52=

compared with the complexity involved in both rounding off’
the product and in maintaining a clear demonstration.
(iv) Division.

The division operation is certainly the most complex
of these four arithmetic processes., The dividend is
initially stored in the ACC. register.and the divisor in the
register A. The quotient is developed in the register M
and is transferred to the ACC. register on completion of the
division operation. Initially, both the dividend and
divisor are shifted left until their respective most_signiff
-icant one dlglts occupy position 11 in the reglsters. “
. The difference in the number of shift pulses applied to each:
register is counted and stored in the ' 4 bit count' and
~used to determine the number of digits—in the quotient.
The contenté of the register A are then subtracted froé the -
contents of the ACC. register. If the Eémainder is positive
a 1 is stored in position ten of register M, and the
positive remainder gated into the ACC. register. ' If éﬁe
remainder is negative, a O is stored in position ten 6f:the
register M and the contents of tﬁe ACC. register réﬁain '
unaltered. The contents of ‘the registers A and M aréfthén
shifted one place right. A pulse is applied, to reduce by -
one, the number stored.in the '4 bit count', which is-
subsequently tested for zero. _The process‘of trial-

subtraction , right shifting etc. is repeated until the
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'4 bit count' shows zero. Finally the quotient is serially
trangferred to the ACC, register from the register M,

It was égreed that the maximum seven digit quotient
resulting from the execution during three character times

would be sufficient for demonstration purposes.

5.5 The Machine Instructions,

. |
In Sections 5.3 and 5.4 the required operation of the

control and arithmetic units has been described. Each must
function in accordance with up to the maximum number of
allowed machine instructions ( i.e. sixteen). By considering
the opgration in detail it was.possible to list what these.
instructions should be, and sixteen was found to be adaquate.
The sixteen basic machine instructions suitable for all
the operations of the control and arithmetic units plus the
transfer of information_to and from the memory units were
found to be as follows:
Io—— Transfef the contents of memory location n to the
ACC. register.
Il-- Transfer.the contents of memory location n to the
-register A,
112—- Print the contents of the ACC. register.
ij—— Add the contents of the register A to the contents
of the ACC register, placing the sum in the ACC,

register.



64—

I4--Transfer the contents of the ACC. register to
mémory location n,

I5--Transfer the contents of memory location n to the
fegister M.

16--Transfer the contents of the ACC. register to the

. register B, -

I7--Mu1tip1y fhe contents of the register A by the
contents of the register M, placing the product in
the ACC. register.

I8--Dividé'the contents of the ACC, register by the

' contents of the register 4, placing the sum in the
ACC. register.

19—-Shift the contents of the ACC. register n places
left.

IlO-Subtract the contents of the register A from the
contents of the ACC. register, placing the
difference in the ACC. register.

Ill-If the contents of the modifier register are
positive take the next instruction from location p,
otherwise take the next iﬁstruction in sequence,

Ilz—Read in instructions and data from input devices,

I13-If the contents of the ACC. register are negative
take the next instruction from location p, otherwise
take the next instruction in sequence;

114-Stop.
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I15—Load modifier register with the number n.

5.6 The Order Code.

To operate the machine, each of the instructions listed
in Section 5.5 must give rise to a particular sequence of
basic logic functions occurring at the correct times. Each
instruction is executed by the application of the
appropriate sequence of timing pulses to the'varioqs gates
and registers throughout the machine. | |

By considering the operations required for each instruc-
-tion a list of the basic functions and their timing codes
was prepared. This list is specified for each instruction.
The time is defined by the character time (K time Kl,K2,K3 )
and by bit time (BO ------ Bll)' Each of the timing functions
has been allocated a number between F.l and F.53.

The complete list of instructions, their associated
codes and breakdown into minor functions, fully describes
the proposed method of execution. The list is also used to
establish all the timing functions detailed in Chapter 6 and
listed in Appendix 1. Reference is made to Fig. 13 and Fig. 14.




=686

Machine Instruction I Code 0000

Transfer the contents of memory location n to

the ACC, register,

Timing Time. Operation
Function.

F.1 KlBl Reset ACC., register via OR 5,
F.3

Kl(Bl—-Bs) Check instruction for operand
. . address modification. If CR.5

is 1, add the contents.of the
modifier register to the
contents of the control register
(bits 6 to 11) placing the sum in
.the control register. ( The control
gates are G.15, G16 and G.17).

F.40 - F.45

F.6 KlBS Transmit pulse to memory to
T - release data to core buffer

register.

F.7 K1B9 Gate the contents of the core
. buffer registervto the ACC. register
via loading gate G.8. '

F.8 KlB10 Transmit pulse to memory to re-
' write data.

¥F.9 KlB10 Apply pulse to instruction
counter via OR 15,

F.12 KlBIO If CR,5 is l; apply pulse to
. modifier register.

F.10 31311 Reset timebase.

F.11 K. B

.1:11 Reset EXECUTE bistable.
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Machine Instruction I1 Code 0001.

—————

Transfer the contents of memory location n to

the register A.

Timing Time. Operation
Function.
F.13 K132 Reset register A.
F.3 Check instruction for operand
F.40 address modification. If CR. 5
F.41 is 1, add the contents of the
F.42 K,B,--Bg -~ modifier register to the contents
F.43 of the control register(bits 6 to 11)
F.44 + placing the sum in the control regi-
F.45 -ster. ( Control gates are G.15, G.16
: and G.17.)
F.6 KlB8 Transmit pulse to memory to release
- data to core buffer register.
F.14 K1B9 Gate the contents of the core buffer
. register to register A via gate G.1.
F.8 KlBiO TTransmit pulse to memory to re-
_ . write data.
¥F.9 KlB10 Apply pulse to instruction counter.
F.,12 KlB10 If CR.5 is 1, apply pulse to reduce

the contents of the modifier
register by one.

F.10 K.B Reset timebase.

1811
F.11 K, By, Reset EXECUTE bistable.
Machine Instruction I, Code 0010.

—

This instruction is reserved for print-out, it is
proposed that during execution time the contents of the ACC.
register be transferred to twelve bistable elements

associated with a combined Binary / Decimal convertor and
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paper tape printer. This section of the equipment is not
being built at present and therefore the minor operations

associated with this instruction cannot be specified.

Machine Instruction I3 Code 0011.

Add the contents of the register A to the contents

of the ACC. register, placing the sum in the ACC. register

Timing Time, Operation
~Function
F.15 KlBl Gate the contents of the ACC.
: register to register B, via
G.4 and OR.4
F.l KlBl Reset the ACC. register via OR.5.
F.16 KlBZ Gate the true side of register A to
X input of adder via G.2 and OR,2.
F.17 KlB2 Gate contents of register B to Y
input of the adder, via G.5 and OR.3.
F.18 KB, Gate sum output of adder to the ACC.
: register via G,7 and OR.3,
F.9 X80 Apply pulse to instruction counter.
?.10 KlBll Eeset time base.
F.11 KlBll Reset EXECUTE bistable.
Machine Instruction'-I4 Code 0100.

Transfer the contents of the ACC. register to

memory location n.
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Timing Time. Operation.,

Function. :

E.3 _ Check instruction fom:.dperand

F.40 . address modification, If CR.5 is 1,

F.41 add the contents of the modifier

F.42 Kl(Bl—'BG) register to the contents of the

F.43 control register (bits 6 to 11)

F.44 placing the sum in the control

F.45 register. (Control gates are G.15,

: G.16 and G.17)

F.19 KlB9 .Gate the contents of the ACC.
register to the core buffer register.

F.8 KlBIO Transmit pulse to memory to write data.

F.9 KlB10 Apply pulse to instruction counter.

F.12 KlBlb If CR.5 is 1, apply pulse to reduce

. the contents of the modifier register

by one.

F.10 KlB11 Reset timebase. |

F.11 KlBll Reset EXECUTE bistable,

Machine Instruction 15 Code 0101.

‘Transfer the contents of memory location n to the register M

Timing Time. Operation.

- Function
¥.20 .KlB2 Reset register M
F.3 -Check instruction for operand address
F.40 modification. If CR.5 is 1, add the
F.41 contents of the control register
F.42 KB, --Bg (bits 6 to 11) tdcthegcohbents 6f the
F.43 . modifier register placing the sum in
F.44 the control register. (Control gates
F.45 are G.15, G.16 and G.17).
F.6 : KlBB Transmit pulse to memory to release

data to core buffer register.

F.21 K1B9 Gate contents of store buffer register
to the register M via loading gate G.9.
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F.8 '~K1310 Transmit pulse to memory to re-write data.
"F.9 KlB10 Apply pulse to instruction counter.

F.12 KlB10 If CR.S is 1, Apply pulse to reduce the

contents of the modifier register by one.

F.10 K'iB11 Reset timebase.

F.11 KlBll Reset EXECUTE bistable.

Machine Instruction I6 - Code 0110,

Transfer the contents of the ACC, register to the register B.
Timing . Time. Operation.

Function.

F.15 K,B;  Cate the contents of the ACC. register to

: register B via gate G.4 and OR.4.

F.9 K1310 Apply pulse to instruction counfer.

F.10 FlBll Reset timebase.

F.11 KlBll Reset EXECUTE bistable.

Machine Instructiong}z Code 0111,

Multiply the contents of the register A by the contents of
register M placing the product in the ACC. register.

Timing' Time. Operation.

Function.

F.1 KlB1 Reset ACC. register via OR.5.

¥, 22 KiBl Adjust sign via Ex.-OR.2, AND.3 and OR,9
F.16 Examine least significant digit in register
F.17 -KIB2 M, 1If positive add the contents of register
F.18 A to the contents of the ACC. register,

placing the sum in the ACC, register
( See instruction 13).

F.2 K132 Reset register B,

F.23 K133 Shift the contents of register M omne place
: right via OR.12 and OR.13,
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F.24 K133 Shift the contents .of register A one
place left via OR.7.
F.15 K1B4 Transfer the contents of the ACC, register
: to register B via G.4 and OR.4.
F.1 KlB4 If least significant digit in register M
is 1, reset the ACC. register. '
F.16
F.17 K.B Repeat operations specified during K.B, time.
F.18 175 N 172 .
%:23 K,B Repeat operations specified during K,B; time.
F.24 176 173
g.%S KlB7 -Repeat operations specified during KlB4 time.

These last three groups of operations are repeated until

K3Blotime.

F.9 KSBIO Apply pulse to instruction counter.
F.10 B K3Bll Reset timebase.

F.11 K3B11 Reset EXECUTE bistable.

Machine Instruction'I8 Code 1000,

Bivide the contents of the ACC., register by the contents &

of register A, placing the quotient in the ACC, register.

Timing Time. Operation.

Function.

F.22 K B, Check sign of quotient via EX.-OR.3, AND 2,
and OR.9.

F.24 K,B, Shift the contents of register A left

until most significant 1 digit is in.
position 11. (Gates OR.7 and AND 6.)

Shift the contents of the ACC. register
left until the most significant 1 digit
is in position 11.(Gates OR.10 and AND.S5)

F,.25 KlBl




F.26

F.15

F.l
F.51
F.20
F.27

F.17
F.18

F.38
F.23

r.24

F.26
F.50

F.15
F.l

F.17
F.27

F018

F.38

F.23
F.24
F.26

=T2=

Gate the difference in the number of
shift pulses between timing functions

F.24 and F.25 to the '4 bit count', via
Ex-OR.1 and OR.1ll, '

Transfer the contents of the ACC, register
to register B via OR.4.

Reset the ACC. register via OR,5.
Set DIVIDE bistable.
Reset register M.

Gate the false side of each bistable in-
register A to the adder via OR.l and G.3.

Gate the contents of reglster B to the
adder via OR.,3 and G,5,

Gate the sum outputs of the adder to
the ACC. register via OR.3 and G.7.

Set the CARRY bistable via AND 8 and AND 9,

Shift the contents of register M one place
right via OR.13 and OR.1l.

Shift the contents of reglster A one place
right via OR.7.

Apply pulse to '4 bit count’'.

"If contents of '4 bit count' is zero,

reset DIVIDE bistable.

If CARRY bistable is set, transfer the
contents of the ACC. register to register B,
Reset the ACC. register.

Repeat operations specified during K1 5 time,

Repeat operations specified durihg K135 time.
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F.15 KlB10 Repeat operations specified during KlBG time,
F.1

These last three groups of operations are repeated

sequentially until the DIVIDE bistable is reset.

F.23 K3B10 Shift the contents of register M ten
: - places right.
F.25 K3B10 Shift the contents of the ACC, register
ten places left.
F.9 K3BL0 Apply pulse to instruction counter.
F.10 ‘K;By, Reset timebase. |
F.1l k3311 Reset EXECUTE bistable.
Machine Instruction Iy ' Code 1001.

Shift the contents of the ACC. register n places left.

Timing Time, Operation,

Function. :

F.33% KlBO Reset SHIFT LEFT counter.

F,34 KlBl Transfer the contents of the control

‘ register (bits 8 to 11) to SHIFT LEFT

counter.

F.35 K1B3 Apply pulses to reduce contents of
SHIFT LEFT counter to zero.

F.9 KlB10 Apﬁly pulse to instruction counter.

F.10 lell - Reset timebase.

F.,11 KB Reset EXECUTE bistable.

111




Machine Instruction I10 Code 1010,

—

Subtract the contents of register A from the contents of

the ACC. register, placing the difference in the ACC., register.

Timing
Function.

F.15
F.1

F.27
F.17

F.18

F.9
F.10
F.l1l

Machine Instrﬁction I

Time.

K3

KB
KB,

KB,

KB,

1810

KiB1p

K184

Operation.
Transfer the contents of the ACC.
register to register B via OR.1 and G.3.
Reset the ACC. register via OR. 5.

Gate false side of each bistable in register
A to the adder via OR.1 and G.3.

Gate the contents of register B to the
adder via OR.3 and G.5.

Gate the sum outputs of the adder to
the ACC. register via OR.3 and G.7

Apply pulse to instruction counter,

Reset timebase.

Regset EXECUTE bistable.

11 Code 1011,

If the contents of the modifier register are positive take

the next instruction from location p, otherwise take the

next instruction in sequence.

Timing
Function.

F.28

F.29

Time.

K18y

KB,

Operation.

If the contents of the modifier register

‘are positive, reset instruction counter,

If the contents of the modifier register
are positive, transfer the contents of
the control register (bits 6 to 11) to
instruction counter via G.12.
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F.9 KlBIO If the contents of the modifier register
are not positive, ;apply pulse to
instruction counter,

F.10 KlB1l1 Reset timebase.,
F.11 KlBll Reset EXECUTE bistable.
Machine Instruction 112 Code 1100.

It is proposed that this instruction be reserved for
reading in data and instructions. When this instruction
appears in the control register the timebase will be turned
off and the information transferred from a tape or card
reader by means of pulses generated to synchrénise with the
input devices. Initially data input will be under manual
control and the interfacing of input devices may be dealt
with as a future project. The minor operations associated

with this instruction are therefore not specified.

Machine Instruction Il3 Code 1101.

If the contents of the ACC. register are positive, take
the next instruction from location p, otherwise take the

next instruction in sequence.

Timing Time. Operation,

Function,

F.28 KlBl If false side of stage 12 of the ACC, reglster
: is 1, reset instruction counter,

F.29 KlB? If false side of stage 12 of the ACC. reglster

is 1, transfer the contents of the . control
reglster (bits 6 to 11) to the instruction
counter via G.12.
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F.9 "K.B If false side of stage 12 of the ACC,

1710 register is O apply pulse to instruction
counter. :
F,10 KlBll Reset timebase.
F.1l1 KlBll Reset EXECUTE bistable.
Machine Instruction 114 Code 1110.
Stop.
Timing Time, Operation.
Function.
F.10 FlBll Reset timebase.
F.,11 KlB11 Reset EXECUTE bistable.
F.52 31311 Reset START bistable,
Machine Instruction 115 Code 1111.

Load modifier register with the number n.

Timing Time, , Operation.
Function,
F.31 ¥131 Reset modifier register.
F.32 K,B, Transfer the contents8 of the control
: register (bits 6 to 11) to the modifier
register viacG.1l3.
F.9 KlBlo Apply pulse to instruction counter.
F.lO lell Reset timebase.
¥F.11 KlBll Reset EXECUTE bistable,

The timing chart (A), Fig. 17, conveniently summarizes

the information given in the order code.
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It will be apparent from the order code, that some timing
functions are associated with more than one instruction. The
Boolean expressions for these timing functions must therefére
combine a number of terms in an OR configuration. It is
convenient to include in these expressions an additional term,
'student' ( St.25 ), to meet the requirements for Standstill
0peratioh which were given in Section 4.9. The expression for

the timing pulse F.25 is given here to illustrate the method.
F.25 = I8K131ACC cLlO + 19K B3CL10 + 18K3B 0 110 T St 25

The terms for each of the timing pulses are deduced from
the order code and from a consideration of the timing chart (B);
8

Fig. 18.
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CHAPTER VI,

- DETAILED CIRCUIT DESIGN.
Because of the decision to use one particular family of
-integrated circuit logic elements to construct the computer,
it was necessary to prepare detailed logic diagrams. This
was done using the block schematics, Fig.l3 and Fig.14, the
order code, Section 5.6, and the specification of the chosen
family of logic elements. The choice-and characteristics of
the elements are discussed in Section 6.1 of the present
Chapter. The remaining sections deal with the methods
employed to meet the specification of Section 5.1 in the
light éf the overall operation described later in Chapter 5.
The conventional pracﬁice of making continued reference to
the.logic schematics is adopted in presenting the discussion

of the detailed circuit design.

6.1 Choice of Integrated Circuits.

6.1.1 Practical Considerations.

It was established, in Section 2.4, that integrated
circuit elements must be employed, so that the equipment
should be characteristic of modern computing techniques
and also that it should not be out-dated before completion.
In deciding which family of integrated circuit elements to
émploy it was necessary to examine those which were currently

available, in terms of cost, method of assembly and their
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long term development.

Before attempting the actual circuit design, a cost
estimate was made of the elements required to construct a
twelve bit shift register and its associated loading and
output gates. This estimate was based on the price per
logic element, even though some logic blocks contain more
than oné element. The cheapest suitable range from each
manufacturer was selected and used in the estimate.

The following estimate was completed in April 1967.
(i) S.G.S. Fairchild - RTuL ) 900 series.

12 off, type 926, J-K bistable @ 36/7 £22-00-00
24 off, type 910, two-input gate @:19/6 £23-08-00
£45-08-00

(ii) Perranti - ZSS - 130 series.

12 off, type ZSS131B bistable @ 54/6 &£32-14-00
24 off, type 2S8133B two-input gate =~ @ 34/3 £40-00-00
£72-14-00

(iii) Texas Instruments - T.T.L. - 74N series.

12 off, type SN7474N, bistable @ 27/- £16-04-00

24 off, type SNT400N, two-input gate @ 9/3 £11-02-00

. £27-06-00
(iv) DMotorola - R.T.L. - MC700P series.

12 off, type MCT90P bistable @ 10/10% £6-10-06
24 off, type MC717P two-input gate @ 5/1% £6-03-00

£12-13-06
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It was obvious, from the results of this estimate,
that the choicé lay between the Texas Instrument 74N series
and the Motorola MC7OQP series. The dual-in-line encapsula-
—~tion in both cases was attractive, because it permitted the
use of double-sided printed circuit boards. This latter
point was most important; it was agreed that double-sided
boards were within the manufacturing capabilities of the
university workshops; whereas the use of the T-05 encapsula-
-tion in either the S.G.S. Fairchild or Ferranti range would
have necessitated the 'outside' manufactﬁre of multi-layer
printed circuits. It ﬁas predicted by senior members of the
department, that future development effort of integrated
circuits would probably be concentrated on T.T.L. devices,
so that the range of available logic elements would be
likely to increase. It was also predicted that considerable
price reducfions would follow. In choosing the Texas
Instrument 74N series, due consideration was given to loading
requirements, delivery dates and the availability, or
otherwise, of application notes and specifications. It will
be noted that the continued development of the 74N series
has already led the manufacturer to introduce two cheaper
ranges, the System 11 and Series 10. As these ranges are
compatible with the 74N series, they have been used where

appropriate with a saving in cost.
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6.1.2 Texags Instruments 74N Series.

It is appropriate to summarize the main characteristics
of this range, and to list those elements which have been
used in the design and construction of the computer., The
NAND gate is used as the basic function of this series of
transistor - transis@or - logic elements. The high fan-out
capability (ten) is due largely to the use of the multiple
emitter input transistor, which also accounts for the low
propagation delay (typically 13nS per gate). The power
dissipation associated with each gate is specified as 10mW
with a 50% duty cycle, when operated from the specified
two wire é volt supply. The logic levels used in. the 74N
series are specified as :- |

Input;_logic 1 >2v; logic 0 << 0.8v.
Output; logic 1= 2.8v; logic 0 << 0.4v.
The d.c. noise margin is specified as 1 volt,

The output impedences of the basic gate are quoted as
12 ohms for the logic O state and 70 ohms for the logic 1
state. The more detailed specifications for the more complex
elements are giveﬁ in Ref, 16.

.The'elements used in this equipment are as follows. In
certain cases it was convenient toi:employ elements froﬁ the

cheaper series 10 range,
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7400N --.-Quadruple two input NAND,
T410N ---Triple three input NAND,
7420N -—- Dual four input NAND.

7430N -- Single eight input NAND,
7440N —— Dual four input NAND (power).
7402N -- Quadruple two input NOR.
7451N -- Dual EXCLUSIVE OR.

74748 —-- Dual type D bistable.

7476N —— Dual type J-K bistable.
7480N -- Single binary full adder.
T483N == Quadruple binary full adder.

T490N -~ Single decade counter.

6.2 Detailed Design of the Arithmetic Unit.

This section deals with the detailed design of the
various parts of the arithmetic unit showing how the require-
-ments are met in terms of logic. elements which will be

realised in practice with 74N series integrated circuits.

6.2.1 The Accumulator Register.

An accumulator, according to B.S. 3527 (17), will
automatically add an incoming number to its fresent contents
and store the sum in the accumulator. It will be appreciated
that a number of minor commands are required to achieve this
operation. In this computer the accumulator, or the ACC.
register as it conveniently referred to, is much less

sophisticated in its operation.
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The general requirements for the ACC, register are :

(i) Left shifting facilities between stages 1 and 11.
(ii) Parallel entry from either the core buffer register
or the sum outputs of the parallel adder.

(iii) Overall reset to zero.

(iv) Parallel transfer of the contents of the register to
the core buffer register.

{v) Serial entry from the register M during the division
instruction 18.

The register is formed using twelve Type D bistable:.
elements. The logic échematic, Fig. 19, éhows the Q output
of each bistéblé connected to thé D input of the stage of
immédiate higher 6rder. . With this arfangement, the positive
going timing pulse, F.25, applied simultaneously to the C
input of each bistable, causes the content8 of the register
to be shifted one place left. The expression for the timing
pulse F.25, derived from a considération of the timing chart

Fig. 18, is given by:

F.25 = Ig.K,. Bl.mccll 110 * 19 Kl B3 C110 +-18 K3 BlO'CLlo
 + 8%.25
(See Figs. 27, 26, 22, 21. )
Parallel entry from two sources is achieved using the
twelve EXCLUSIVE-OR gates shown in Fig., 20. The output of e
each of these gates is directly coupled to the appropriate

pre-set input of the bistables comprising the ACC. register.
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"The EXCLUSIVE-OR gatesis convenient, as it provides the

negative going dutput pulse when either of the two pairs of

inputs are at logic 1. The timing pulse F.18, used to transfer

the sum outputs of the édder to the ACC.‘register is derived

using the gating circuitry shown in Fig. 24. The timing

pulse F.18 is given by:

?.18 = I.K).By.Cp + I.K).B,.Cp +-18;D(B3+37+311)
17.Ml[gf-xz(32+35+38+311)+33.Bz]cL + St.18.

The timing pulse required to transfer the contents of the

core buffer register to the ACC. register is given by:

F.7 = I2K#BsC, + St.7.
_ "071797L (See Fig.24.)

' The transfer of the contents of the ACC. register to
the core memory unit is effected by applying the timing
pulsepF.19 to the commoned inputs of the twelve NAND gates
associated with the Q output‘of each bistable. The output
of each ofvthese gates is connected to the corresponding pre-
set inputs of the bistables which form the core buffer
register. The positive going timing pulse F.19 is given by:

F,19 = I4.K1.39.CL + St.19

Whenever: parallel entry into the régister is required
it is necessary that the register be reset to zero before
the application of either timing pulse F.18 or F.7.

Resetting is done by applying the negative going timing
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pulse F.1 to the pre-clear input of each bistable element.
The expression for this pulse involves five different
machine instructions and is:

F.1 = IB.KI.Bl.CL +-I3.Fl.Bl.CL +-I10.K .Bl.CL

+ LMy (( K tK3) (B +B 4+B7+310)+K33,}CL
+ I [181)(32+36+310) + Xy .Bg]cL+ St.1
ot ‘ (See Fig.24)

The serial entry of the quotient from.the fegister M
is achieved by applying the signal Ile to the D input of
sﬁage 1 in the ACC. register. 1In ofder to tranéfer the
quotient at the end of the diviéion operation the function
ISKBBIOCLlo ’ which consiste of ten pulses, is applied to
the C inputs of the ACC. register and register M., Alsb
during this time, the Q output of stage 1 in register M
is applied to the D input of stage 1 in the ACC. register.
This is done using two NAND gates, Fig. 21, which produce
the function 18M1' During all other instructions this D
input is held at the logic O level. The function
IéKfBlﬁcLlo is included in the expregsions for timing .
pulses F.23 and F.25.

6.2.2 Registef B,

During arithmetic operations involving the adder, it is
necessary to employ the-tempo;ary register B to store the
contents of the ACC, register, so that this register may be

reset prior to the parallel entry of the sum outputs of the
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adder. The register B, Fig,19, comprises twelve Type D
bistable elements, with no brovision for shifting. Entry of
data from the ACC. register is effected by the application
of timing pulse F.l5 simultaneously to all stages in the
register B, The D inputs of register B are directly
connected to the Q@ outputs of the 6orresp6nding stages of
the ACC., register. The timing pulse F.15, which is applied
to the C inputs of register B, is defined by:

F.15 = 16.K1.Bl.CLP'F I7EKI+K2)(B1+B4+B7+Bll)+K3'B;]CLP

+8t.15. _
(8ee Fig.24.)

The'ogly occasionnon which it is necessary to reset the
register B ié to form the first sub-=product at the beginning
of the instruction :Multiply'. This is done by applying the
negative going timiﬁg»pulse ¥.2 éimultaneously to the pre-
-clear inpﬁts of each stage. The equation defining the-pulse
F.2 is given byﬁ

F.o = I..K, .B,.C '
- 7°71°*72°"Lp (See Fig.26.)

6.2.3 Regigter A.

From a consideration of the block schematic,Fig.1l4, it
is evident that register A acts as an auxilliary étore buffer
register. This is necessary to demonstrate arithmetic proc-

-esges independently of the Control and Memory sections of
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the machine. The.register is required to have the
following facilities:
.(i) " Overall reset to zero.
(ii) Parallel input from core buffer register.
(iii) Left shift operation.
" (iv) Right shift operation during the 'Division' instruction.
Fig.20 shows how twelve Type D bistableé are connected to
form the'shifting register A.

The register is reset by applying the negative going
pulse F,13 simultaneously to the pre-clear inputs of each
bistabie. The equation defining the operation of pulse F,13

is given by:

F.13 = Il.Kl.Bz.CL-+-St-13 _
g (See Fig.26.)

After ensuring that the register is reset'to zero, the
contents of the .core buffer register may be transferred to
:appropriate stages of the registér A by applying the positive
‘going timing pulse F.l4 simultaneously to one ihput of each
of the NAND gates linking the core buffer registef to the
pre-set inputs. Those gates which have a logic 1 input,
from the core buffer register, change their output from
logicil to logic O when the pulse F.l4 is applied. This
change, applied to the pre-set input of a Type D bistable,
causes the Q output to have the logic 1 value. The expression
- defining the timing pulse F.14 is given by:

F.14 = I,.K).By.Cp + St.14. (See Fig.24.)
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Thelleft shift operation is controlled by the timing
pulse F.24, which is applied to the C input of each stage
in the register. It wili be noted that during the division
operation the contents of the register must be moved one
place right. Thig is achieved by gating the true output 0
of stage 11 and the Q output of the DIVIDE bistable to the '
D input of stage_l. By applying ten shift left julses to the
C line the contents of the register are effectively moved
one place right. The expression for timing pulse F.24 iss
Fo24 = I [BO(K2+K3)+(B3+136+39)K1]cL

+18[x1(35+39) . (K2+x3)(31+35+39)]cmo + St.24.

(See Fig.26.)

An additional input to the gate controlling the pulse
F.24 is required to deal with the alignment of the operands
at the start of the division operation; It is necessary to
shift the contents of both registers A4 and AcC. left, until
their most significant one digits are in position 11. These
pulses are derived by using the gating circuifry shown in
Fig.21l. The difference in the number of pulses required to
align the operands is gated to the '4 bit count', which
du;ing‘KlB1 time is arranged to count up from the reset state
of 0001; Dﬁring the di&ision opgration, timing pulse F.26
is applied to the counter to reduce the contents to zero.
When the '4 bit count' shows zero, the DIVIDE bistable is

reset, signalling the end of the division operation. See Fig.Z27.
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6.2.4 Register M.
The twelve stage register M is required to store the
multiplier during'the ingstruction 17 and the quotient during
the instruction Ig. It must be capable of:
(1) .Overall reset to zero.
(ii) Parallel entry of data from the core buffer register.
(iii) Right shift operation.
(iv) Serial entry into position 10.
The general arrangement of the twelve Type D bistables
which are used in this register, is shown in Fig.2l. From
a consideration of the order code, it is evident that the
register must be reset to zero before the multiplier is
entered and before the first digit of the quotient is entered.
The negative going timing pulse F.20 is agpplied to the pre-
-clear input of each stage to provide the overall reset
%&3%%&%?. This pulse is defined by
.C

.B + 8t.20.

F.20 = I5.K .B,.Cp + Ig.K).B,.Cp,
(See Fig.26.)

Parallel loading from the core buffer register is
achieved using the twelve NAND gates which are connected to
the corresponding pre-set inputs of the register. The positive
going timing pﬁlse F,21 is applied to one input of the gates.
The outputs from thése gates, which already have a logic 1
applied from the core buffer register, change from logic 1 to
logic 0. This negative going edge at the pre-set input

causes the Q output of the bistable to be in the logic 1 state
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The timing pulse F.21 is given by:

F.21 = I .K;.By.Cp + St.21.
(See Fig.24.) .

The right shift operation is achieved by connecting the

Q output of each stage, M_, to the D input of the stage of

x!
immediate lower order, Mx—l' The shift pulse F.23 is applied
to each of the C inputs in the register. The expression for
this pulse is:

F.23 I7 [(K]-_i- K2) (B3+BG+B9) + (K2+K3)Bo] CL

+Ig.D [K1(35+39') + (Kz+Ks) (Byr Ber 39)]%
+18‘K3'310'CL10 + St.23.
(See Fig.26.)

The three NAND gates connected between the Q output of
stage 11 and the D input of stage 10, Fig.2l, are required
to ensure that, during the division operation, the quotient
digits, derived from the CARRY bistable, are entered serially
into stage 10 of the register.

When the multiply instruction is being executed,'the
addition of the multiplicand to the sub-products is condition-
-al upon the state of the least significant stage Ml‘ The
preposition I7Ml is derived using‘ﬁhe two NAND gates, shown

in Fig.21, and is used to generate some of the timing pulses

agsociated with instruction I7.
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6.2.5 The Parallel Adder.

Three four bit full adders, Type 7483N,'form the basic’
parallel adder. Fig.7 gives the logic circuit for each of the
four adders incorporated in the 7483N package, and Fig,20
'éhows their general arrangement in relation to the other
registers in the arithmetic section. Whenéver the adder is
used, the two operands are temporarily stored in the régisters
A and B, with the ACC, register and ready to accept the sum
outputs. The circuitry linking the registers A and B to the
adder is arranged so that either the Q or Q outputs of either
register may be applied to the adder simultaneously. (See
Fig.28.). The conditions associated with the inputs to each
stage n are:

X
n

B, .F16 + E_.F27

Y
n

'B,.F17 + B .F52

These conditions are satisfied using the three two-input NAND
gates to link the outputs of the registers A and B to the
correspondiﬁg inputs of the adder. The equations defining

the operation of the timing pulses F.16, F.1l7 and F.27 are:

F.1§ = I3.Kl.32-+ I7.M1[ka-Kz)(B§+B§+B8+Bll)~+(K3.32)]4-St.16

F.17 = I.K,.B,. + I7.l\ﬁ_[(K1+K2)(Bz+BS—st+Bll) +(K3.132)]
+ IB.D(B3+B7+B]_1) + I,4.K;.B, + St.17.

' (See Fig.24.)
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It will be noted that the operands are applied to the adder
for.the whole of one bit time. - The timing pulse F.18 occurs
at the end.of the bit time and is used to transfer the sum
outputs of the adder to the ACC. register. (Sec. 6.2.1.).
This delay allows sufficient time for the carry to propagate
the adder twice. It is estimated that the total carry
propagation time should not exceed 5pS. Fig.29 shows the
relationship between the timing pulses ¥.16, F.1l7 and F,.18.

| It is nécessary to define the carr& input conditions to
the first stage of the parallel adder, when it is used for
subtraction and division. For the subtraction instruction
110, an end-around-carry is required while for the division
instruction 18 the carry-in of the first stage is held at the
logic one stéte since only positive remainders are used. This
is an important point because if an end-around-carry were used
in the trial subtractions of the division operation, the
successful subtraction which gives a remainder of zero would
have a zero carry-out. Thus a O would be entered into the
quotient instead of a 1. The expression defining the carry
input to thé first stage is:

cin = IlO'Couf+— ;S'D

(See Fig.27.)

Owing to the physical layout of the Type 7483N unit, it
is not possible to obtain the carry signal from stage 11.
" The correct carry-out is however obtained from stage 12, by

applying a logic 1 signal to the X and Y inputs of stage 12,
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6.2.6 Miscellaneous Special Circuits.

The '4 bit count' referred to in Section 6.2.3 is a
synchronoﬁs up-down céunter employing four J-K bistable
elements. The up-down control is achieved byharranging that
either the Q output or Q output directs the clock pulse to
the succeeding stage. The logic schematic of this circuit
is shown in Fig.2l. The counter is used only during the
divide instruction Is. During KlBB time, the counter is
reset to 0001. During KB, time, the counter is set to’
count up, the nec;ssary élock pulses are derived from the
operand alignment pulses. The true output of the DIVIDE
bistable,~18.D, is used to control the down count and the
pulses reqﬁired to achieve this are given by function F.26:
F.26 = ISD[KI(B5+39) + (K2+K3)(BI+B5+39)]CL

' : (See Fig.26.)

Determination of the sign digit for both the multiply
and divide instructions is achieved using the gating circuitry
shown in Fig.2l. Four three-input NAND gates are required
to accept the inpuﬁs from the sign digit (bit 12) of registers
A, ACC., and M. These signals are gated with the signals for
ingtructions I7 and 18 to give the correct determination of
the sign digit. The expression for the sign digit of either
product or quotient, which is applied to the D input of stage

twelve of the ACC., register, is given by:

P —

= 1Moy + IgApoM o + Ighy ,ACC,, + IGACC Ay,

D
ACC12
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The timing pulse F.22 is used to ehter the sign into stage
12 and is defined-by:
F.22 = I7‘K1'Bl‘CL + Ig.K B, .Cp + Ilo.Kl.B2.CIl

(See Figs.2T, 26)

The CARRY bistable, Fig.27, is necessary in order to

have temporary storage of~the carry-out during the division
- ingtruction, The bistable is reset at the start of the |
division operati&n by the applic#tion of a negative going
pulse, Is.Kl.Bz.'L.
the sum to the ACC., register, is also épplied to the C input

The timing pulse F.18, used to transfer

of the CARRY bistable. Thus the Q output of the bistable
will reflect its D inpuf state, which is directly connected

to the carry-out of the parallel adder.

6.3 Detailed Degign of the Control Unit,

In this section the detailéd design of the parts of the
control unit will be considered.
6.3.1 The Control Register,

The control register is used to store the machine.
instruction during execution time. The instruction is
entered serially from the tape store during K0 time and is
given out in parallel when required. . L

The twelve Type D bistables are connected to form a

shift right register, the logic diagram being shown in Fig.22,
The shift control line is separated, stages 1 to 5 being
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controlled from timing pulse F.3, and stages 6 to 12 from
timing pulse F.3X. This separation is necessary because

the sum outpuﬁ of the single-bit adder may be required to be
entered serially into stages 6 to 11 during K1 time for those
instructions ass&ciated with operand address.modification.
The three two-input NAND gates associated with the D input

of stage 6 are used to link either the output from stage 5,

~ during K0 time, or the output.from the adder, during K1 time.
The shift pulses F.3 and F,.3X are defined by:

F.3 = Ko.Cpp + St.3
F.3X = KooCp + OR5.K) (Ig*T,+I,+15) (BytBy+B, +B,+B+Bs)0p
+ 8t.3

(See Fig.25.)
6.3.2 The Modifier Register.

The six-stage modifier register must be capable of:

(i) Parallel entry from stages 6 to 11 of the control
register. ..

(ii) Overall reset to zero.

(iii) Binary counting.

In order to meet the parallel entry and counting
requifements, Type J-K bistables are employed. The charact-
-eristic equation for.an n stage reversible counter is

@, = Qn.Ga-1------@1.Cp
It was decided to employ the ripple through technique

in ordervto minimise gating requiréments. The logic schematic
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Fig.22, shows the general arrangement, with the output of
each stage connected to the C input of the stage of immediate
higher order. The count pulses are applied to the C input of
stage one using the timing pulse F.1l2. The equatibn for

this timing pulse is: -

=c. (Mod +Mod +Mod +Mod +Mod +Mod )(I +I +I +I ).CR5.K.B
F.l2 cy (Mod, +Mod jriod vHo  +Hod +Hod ) LI HL FI 1) RS- KiB,

The circuit used to obtain the first part of the expression .
‘involves the use of the Bixsinput NAND gate, Fig.22, the
inputs to which are connected to the Q output-of each stage
in the counter. The gating circuitry associated with the
remainder of the equatién is shown in Fig.25,

-The regisfer is reset by applyingﬂthe negative going
timing pulse F.31 to all pre-clear inputs simultaneously.
This pulse is defined by:

F.31 = IlS.Kl.Bl.CLa
(See Flg.26o)

With the register reset, the data stored in the control
register (bits 6 to 11) is transferred to the modifier
register by the timing pulse F,32. This pulse is applied
to one input of each of the six two=input NAND gates which
link the Q outputs of the control register to the correspond-
-ing pre-set inputs of the modifier register. Timing pulse
F,32 is given by:

F.32 = I)p.K).B,.0p + St.32

15. 1.
(See Fig.26)
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The modification of the operand address is carried out
during K1 time of those instructions dealing with transfer
of operénds between the Memory and Arithmetic sections. The
state of stage 5 of the control register determines whether
or not address modification is required. The operation is
executed serially by applying the contents of the control

register (bits 6 to 11) and the contents of the modifier

register to the single stage modifier adder. The sum output
of this adder is returned to the control register via stage 6.
The six two-input NAND gates, Fig.22, and the timing pulses }
F.40 ...... F.45 are used to transfer the Q ouﬁputs of the
modifier register to modifier adder. The timing pulses

Fo40 oece.. Fo45 are defined by:

F.40 = “,1(10*11‘“14*15)31 F.41 = Kl(IO+Il+I4+15)Bz
F.42 = Kl(Id+II+14+IS)BB F.43 = Kl(Id+II+Ii+IS)B4
F.44 = K1(10+11+14+15)135 F.45 = 1(1(10+11+14+15_)B6

The timing pulse F.3X is used to shift the contents of
the control register right. This ensures. that the correct
order of thevcontrol register is applied to the modifier adder
and that the sum output of this adder- is serially entered
into stage 6 6f the control register. As serial addition
is employed, the carry storage bistable Cp is required. The
bistable Cy is pre-set by the negative going edge of the

pulse Bo before the addition process commences. The carry-

-out from the single stage modifier adder is entered into the
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carry bistable Cp by the timing pulse F.3X.

6e3.3 The Programme Counter,

The programme, or instruction, counter section of the
control unit is similar in construction to the modifier
register. 8ix J=K bistable elements are arranged as a
ripple through biﬁary counter. The count up pulses, F.9,
are applied to the C input of stage one at the end of every
instruction. 1If, however, a conditional jump instruction is
specified and satisfied, the count up pulse is not applied
and under these conditions the counter is reset and loaded
wifh the address of the next instruction which is stored in
the control register (bits 6 to 11). The circuitry
associated with this section of the control unit is shown
in Fig.22, and it is similar to that of the modifier register.

The counter is reset by the negative going timing pulse
F,28, which is given by: |

F.28 = K. B [Ill(Mod~fMod

i -+ Mod

2

18, -+Mod4+Mod5+Mod6)1-113.AC012]CL

3

+ 8t.28 :
(See Fig.25.)

The positive going timing pulse F,29 is used to transfer
the contents of the control register (bits 6 to 11) to the
programme counter, The expression for this pulse is:

F.29 = K132[Ill(Modl+Mod2+Mod3+Mod4+Mod5+Mod5)-+Il3ICCz§JCL

+8t.29,
(S8ee Fig,.25.)
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The timing pulse F.9 is given by

F.,9 = KlBlo[EFll(ModlfMod2+Mod3 4 5+Mod6) +113A0012

.+ I7+T%ch-+.33Bloch(I7+Ie)-+ St.9
' (See Fig.25.)

+Mod , +Mod

6.3.4' Miscellaneous Control Circuits.

On each occasion when the programme calls for a transfer
of operands between the Memorj and Arithmetic units, it is
neceésary to gate the six-bit operand address to the memofy,
so that tﬁe appropriate sense wires may be energised. The
~ code of the operand address, held in the control register,
is gated to the memory during K, time By the application of
the function F.37 to the commohed line of the six two-—input
NAND gates, Fig.22, The timing pulse F.37 is defined by:
F.57 = Ky (I+0+I,*1) + 86.37 .

~ | (See Fig.26.)

Although the operand address is available in the memory
for the whole of K, time, it is not used until the read and
write pulses are épplied during %iand BlO time respectivély.
The expression defining the read pulSe is: '

F.§ = (Io+1i+;5)-Kl.38.cL.+ St.8

~

The expression defining the timing pulse F.8, the write pulse,
iss

F.8 = (Id+11+12+15)K1.310.cL
(See Fig.26.)
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The instruction 19 specifies the left shift operation
of the ACC. register. During the execution of this inst-—
-ruction, stages 8 to 11 of the control register specify,
in code, the number-oflleft shift pulses to be applied to
the ACC., register. The shift left counter, shown in Fig.22,
employs faur J-K bistable elements arranged as a binary
counter., The counter is reset by the negative going timing
pulse F,33, which is simultaneously applied to the pre-~clear
inputs of each stage of the counter. ‘Timing pulse F,33 is
given by:

CF.33 = I9°K1'130°‘(:IJ (See Fig.26.)

The contents of the control register (bits 8 to 11) are
entered into the shift left counter via the four, parallel
transfer, two-input NAND gates, each of which is gontrolled
by the timing pulse F.34.I The expression for this pulse is:
‘Fo34 = Ig‘Kl'Bl'CL + St.34. (See Fig.26.)

A maximum of ten pulses, F.35, may be applied to shift
the contents of the ACC, regisfer left. The number permitted
to pass through to this register is controlled by the four-
-input NAND gate associated with the Q outputs of the shift
left counter. The shift pulses, F.35, are applied to the
counter until the contents is llli, when this occurs the
output of the four-iﬁput NAND gate falls to zero thereby
blocking further pulses to both the counter and the ACC,
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register. The timing pulse F.35 is given by:

F.35 =-19 1°BB'CL10

(See Fig.27.)

6.4 Detailed Design of the Timebase and Instruction

Decode Secfions.

This Section deéls with the design of the circuits for
the basic functions I!K,B and CL which are used to generate
all the timing pulseé.

6.4.1 The Instruction Decode.

The sixfeen machine instructions listed in Section 5.5
are decoded from the four most significant stages of the
control register. In order to minimise gating circuitry, the
method éhown in Fig;23 was used in preference to either a
rectangular or pﬁramidal decoding network. This method
~involves decoding 'by pairs'; e.g. stages Cﬂi and CR2 are

decoded to produce four intermediate outputs,

CRl.CR2 ’ CRl.CR2 , CRl.CR2 and CR1 CR2 .

Similarly stages CR3 and CR4 are decoded to produce

intermediate outputs,

CR3.CR4 R CR3.CR4 y CR3¢CR4 and CR3.CR4 .
The intermediate outputs are applied to the inputs of sixteen
two-input NOR gates to complete the decoding. There are two

advantages with this method, which aré:

(i) The total number of gate inputs is reduced from 64 to 48.

P lvulﬁgcrgfékl
1 - 3MAY 1969
-~ BEOYICH
IBRARY
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(ii) The loadinglon stages CR1 —_— CR4 of the control
register is reduced from 16 to 2.

The expressions defining the sixteen machine instruct-
~ions are listed below. For convenience the stages CR4, 6R35
CR2 and CRl are referred to as A,B,G'and D reépectively. The
equation for I, is given in full to show how the intermediate
and final decoded outputs are derived using the combinatién
of two-input NAND and two-input NOR elements. The othef

expressions are derived similarly.

Ig = «C.D A.B o= K;E.E,ﬁ
similérly:
I,= 4.B.C.D ; I,= A.B.C.D ; I5= A.B.C.D ;
I,= A.B.C.D ; I;= A.B.C.D ; Ig= A.B.C.D ;
I= K.B.C.D Ig= A.B.C.D Ig= A.B.C.D ;
I,0=A4.B.C.D ; Ilf__‘“‘ﬁ'c'p : I,,= A.B.C.D ;
I,5= #.B.C.D ; I,4= A.B.C.D ; I,5= A.B.C.D .
6,402 The Timebase,

The requirements of the timebase, specified in Section
5.3, may be met by either of two methods. The squfe-wave
signal derived from the tape store or from an internal
oscillator, may be divided using binary counters, with the
outputs of the counters decoded to give the required sequential
bit (B) and character (K) times. The second method involves

the continued circulation of a 'unique 1 stage! using a
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closed-loop'shift register or ring counter. In ordér to
minimise circuit components, it was decided to employ a
combination of these two methods.

The fundamental square-wave signal, CLlO’ is derived
 either from the tape étorage unit or from é 10Hz astable
multivibrafor. The logic schematic, Fig.23, iiiustrates the
method used to generate the four chgracter times KO’ - K3,
the twelve bit times BO’ —— Bll’ the master clock signal
CII and the pre-clodk signal ch' The signal CLlO is divided
by ten using a B.C.D Decade Counter Type 7490N, which is
connecﬁed as a 'divide-~by-five' followed by a 'divide-by-two'
circuit. This is done to mainfain an equal‘ma;k ¢ space
ratio at the output of this unit. The signals '@ivide-by-five',
'divide-by-two', and CLlO are applied to a threé-input NAND
gate, the outpﬁt of which is inverted to produce the master
clock signal CL' A similar gating arrangement is employed
to generate the pre-clock pulse CLp‘

The bit time (B) generator consists of twelve Type D
bistable elements connected to form a closed-loop shift right
register., The single 'one' digit is arranged to be stored in
position 11 during standby conditions, this is done by
connecting the pre-=gset input of this stage to the common reset
line. On the application of the inverted 'divide-by-ten'
signal to the shift control line, the conténts of the register

are circulated towards the right. Thus the single digit
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initially stored in posit;on 11 moves sequentially through
the register. The Q and % outputs from each stage are made
available for use in the timing function generators.

The character time (K) generatdr operates on a similar
principle, using four Type D eleménts, arranged as a closed-
--loop shift right register. A single 'one' digit is stored
'in position s.during standby éonditions; this is done by
connecting the pre-set input of this stage to the common
reset line. .The shift pulses for this register are obtained
from stage Bo'of the bit time generator. Thus the single
'one' digit is circulated right one position on the applicat-
;ion-of the positive going edge of the Bo pulse. The timing
pulse, F.,10, is used to reset both K and B generators to the
standby condition, KBBll’ at the end of each instruction.
This pulse is defined by:

F.I0 = Kl.BllaCLéi7+Eé) + KzoByyCp(Io+Ig) + 5t.10

(See Fig.25.)
Three bistable elements, entitled START, EXECUTE and
MANUAL, Fig.27, are used to control the application of the

~ fundamental square-wave signal to the timebase. With the

mode selector switch set to 'FAST' the START bistable is
set by the manual operation 6f the‘startlpush-button. On
receipt of the alignment signal, which indicates that the
next instruction to be executed is in line with the tape

head, the EXECUTE bistable is set. This allows the square
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wave signal, CLlO’ to be gated through to the timebase
section. On completion of an ingtruction the EXECUTE
bistable is reset by the timing pulse F,1l.. The gating
requirements for the pulse F.ll were found to be the same as
those used to establish the timing pulse F.10, the pulse
F10 is therefore used to reset the EXECUTE bistable. The
timebase then rests in the standby condition to éwait the
next alignment signal.

With the mode selector switch set to 'SLOW', the 10Hz
signal is gated through to the timebase when both thevSTART
and EXECUTE bistables are set. The START bistable is set at
the beginning of a demonstration by manual operation of the
fstart'push—button. Manual operation of the 'exécute‘ push-
button causes the EXECUTE bistable to be set and allows the
10Hz signal; CLlO’ through to the tidmebase., On completion
of an'instructidn the EXECUTE bistable is reset in the normal
way. Under these conditions the machine completes one
instruction for each operation of the 'execute' push-button.

With the mode selector switch set to MANUAL the 10Hz
Bignal is gated with the Q output of the MANUAL bistable.
Aadividefby-ten‘circﬁit is incorporated to reset the MANUAL
bistable after ten pulses. . Under these conditions each
operation of the 'manual' push-button causes the timebase to
advance by one bit (B) time.

The START bistable is reset, either by operation of the
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'stop' push-button or by the timing pulse 114.K1-.B11¢CL

which occurs at the end of the'stop'instruction.

6.5 The Timing Function Generators.

The Boolean expressions defining each of the timing
functions have been given in the Sections 6.2, 6.3 and 6.4
dealing with detailed circuit design. The procedure adppted
for determining the logic circuitry required to'generate'these
functions is discussed in this Section. Appendix 1 gives full
details of load, polarity and location for each timing function.

The basic equations, derived from a consideration of.the
order code and timing charts, were re-arranged and/or
simplified using the methods outlined in Section 3.2. In
deciding the actual logic circgitry to be uséd, the follow-
-ing points were borne in minds -

(i) - The master clock pulse, C;, or the pre-clock pulse,CLp,
should be introduced in the last stage of any chain of gates.
This is desirable in order to preserve synchronism and reduce
the effects of propagation delay.

(ii) The circuitfy-should be arranged so as to avoid having
partially used logic blocks.

(iii) The equivalent of one logic load should be allowed for
driving the display circuitry. The fan out is therefore
reduced to 9 in the case of the Series 74N and to 7 for the
Series 10 integrated circuits.,

(iv) - The deSigﬁ should ¢onveniently permit future
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mpdification either to form new instructions or to modify
existing instructions in the event of unforseen sequencing
problems.

(v) The circuits should be arranged to accept inputs from
the 'Student push-button panel' in order to meet the
requirements of Section 4.9.

The gating requirements for each function were deduced
and tabulated. Common factors were noted and fhe final
circuitry drawn up by a compromise between the limitations
imposed by items (i), (ii) and (iv) above and the capacity
of the integrated circuit carrier board that was specially

designed for the timing function circuits.

6.6 The Digplay and Manual Control Circuits.

As stated in Section 4.9, an important feature of the
machine would be that é large number of filament lamps should
be incorporated on the front panel to monitor the various
timing functions and the contents of storage registers. It
was decided to use 6v-40mA ' lamps on the mimic diagram and
?SV—SOmA lamps in the illuminated switch units. The lamp
drive circuit, Fig.30, causes the lamp to be fully ON when
a logic 1 voltage is applied between points A and:B. The
majority of timing functions and registers are monitored
using this type of ciréuit. When negative going timing
puises are being monitored ‘the two transistor circuit, Fig.3l,

is used and, in this case, a logic O voltage applied between
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points A and B-causes the lamp to be ON, Both circuits are
desigﬁed to present not more than one logic load to the
6utput.of a 74N Series integrated circuit. The worst case
conditions, listed in Section 6.l1l.2, were observed in
deducing these circuits. The drive circuit for the 28v-80mA
llamps, Fig.32, is used in preference to a Darlington pair
arrangement so as to minimise junction potentials existing
in series with the input circuit. A logic 1 voltage level
applied to the input causes both transistors to be turned on,
allowing the lamp circuit to carry the nominal 80mA.

The circuits shown in Figs.33 and 34 are used to derive
the logic 1evels.associated with the student operating
switches, the main control switches and the data input
switches. In those cases, where manual control is associated
with shifting or counting, it is necessary to buffer the input
by means of a bistable element (Fig.34) in order to eliminate
the effects of contact bounce. These circuits have been de-
-signed in accordance with the input characteristics of the

74N Series integrated circuits.

6.7 The Power Supplies,

A Sy : .25v stabilised supply is required to operate the
integrated circuits and also to derive the logic states
associated with the manual control switches. The total power
requirements for this supply were estimated to be:

9.0 watts for the 180 integrated circuits, plus
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3.0 watts for the 60 manual control circuits. It was
decided to use a 5v, S5A commercially avéilable stabilised
power unit. ( Farnell Instruments Type V.3.)

A 6v unsﬁébilised supply is néeded to operate the 128
display lamps. It was assumed that, under worst case
conditions, only 100 lamps would be ON, giving a current
drain of approximately 4A. This supply is derived using a
conventional bridge‘réctifier arrangement.

The 28v unstabilised supply associated with the 5
illuminated control switches is required to deliver a total
current of 800mA.

Ihe various power requirements for the memory section
were also estimated, and the totals combined so that a single
povwer pack could be incorporated in the main equipment
cabinet. The ratings of each section were suitably modified
to off-set. the effect of any reasonable extension to the

equipment,




CHAPTER VII.

MAIN ASSEMBLY.

It was decided thgt the main equipment cabinet should
incorporate four 16™ rack units. Two of these are required
to acéommodate the ﬁemory section,'the third to incorporate
‘the arithmetic and control sections énd the fourth to carry
the various power supply units. The sketch, Fig.35, showvs
the general arrangement of the foﬁr.raeks, assembled so that
all four may be withdrawn from the cabinet in order to permit
detailed examination of the logic circuitry. The cabinet,
Fig.36, includes a three section front panel which is
intended to be identified with the Memory, Control and
Arithmetic sections of the machine. Details of the relevant

mimic diagrams are given in Section 7.3.

T.1 Printed Circuit Boards,

The use of double-sided printed circuits was seen to be
the most practical method of interconnecting the dual-in-line
logic blocks. After making some preliminary test circuit
boards, the following design criteria were established in
order to reduce the rigk of malfunction:

(i) To employ €0;065 in. glass epoxy laminate (See Ref. 18).
fii) The minimum conductor width to be 0.02 in,

(iii) The termination pads to be 0.062 in. diameter.

(iv) The through-board connections to have 0.125 in.

diameter pads on one side.
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(v) The overall size of printed circuit board to be
approximately 9" x 8".

(vi) The'pagkiﬁg deﬁsity to be approximately 30 dual-in-
-line integrated circuits per board.

(vii) The edge terminations to be via two single-sided

%3 way I.S.E.P. connectors on each board.

In deciding on the number of printed circuit boards to
employ, two conflicting factors required careful consideration.
The costssize ratio of the integrated circuit blocks could
result in expensive replacements, if each board carried too
many units. If only a few units were incorporated on each
board, then the numbéri of edge connections would be extremely
high. 1In anticipation of the expected price reductions of
integrated circuits and to demonstrate their chief advantage,
it was decided to aim at between 20 and 30 circuits per board.
An influencing factor was that the circuit requirements seemed
to break down into groups of about this size admirably.

The Arithmetic sections are accommodated on three boards
AU-001, AU-002 and AU-003. The Timebase and Instruction
Decode circuitry is incorporated on a fourth Board TB-001.

A fifth board, CU-001, accommodates the logic elements
associated with the Control section. The circuitry associated
with the timing functions is built up using three identical
single-sided dual-in-line carrier boards with a small amount

of cross-board wiring. Each of these single-sided boards can
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accept up to 20 dual-in-line circuit blocks and the inter-
~connections between gates are made using 'jumper' wires
fitted to the non-copper side of the board; The ﬁinth board
in the machine carries a small number of special circuits
which could not conveniently be included with any other
section.

The art-work required for the five double-sided and four
identical single-sided boards was produced four times full
size using conventional materials. The nine boards were
produced in accordance with the procedure developed by senior
members of the Department of Applied_PhySics. After the
boards had been drilled and sprayed with a protective qux,
they-were loaded with the appropriate integrated circuits
and each fitted with fhe two 3% way 1.S.E.P. connectors.
Examples of the art-work and finished module are shown in
Fig.37 and Fig.38 respectively.

3.2 Wiring Schedule,

The.layout of the boards in the 16™ rack unit is shown
in Fig.39. The 264 way tag panel is used as an intermediate
termination point between the 18 female I.S.E.P.-connectors
and the display paﬁel. The detailed wirihg schedule given
in Appendix 2 specifies fhe function, location and
destination of some 800 interconnections.

7.3 Panel Layout.

It was generally agreed that the effectiveness of the
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of the.equipment would be directly related to the design and
1ayoﬁt of the front panels. It was realised that a
compromise was necessary in respect of the amount of detail
to be included; too much would lead to confusion and tob
little would lead to over-simplification. It was decided,in
accordance with the specification of Section 5.1, that the
front panel should be constructed so that the Memory,
Arithmetic and Control sections would be separately.'
identified with a 'Data Highway' incorporated to illustrate
the link between tﬁe three sections. It was felt that the
student operating switches and data inﬁut controls should be
mounted on separate sub-assemblies, in order to ensure
maximum clarity of the front panel. After considerable
deliberation and a number of permutations, acceptable
layouts were evolved.

The display panel, Fig.40, used to illustrate the
operation of the Arithmetic section, incorporates four groups
of twelve filament lamps which monitor the contents of the
registers 4, B, ACC, and M. The timing functions associated
with this section are identified and monitored by the lamps
1 to 15. The graphical symbols and 'data paths' are intended
to assist in the understanding of the arithmetic processes.
The student switch panel allows manual operation of the
fifteen timing functions and, when used in conjunction with

the data input unit, enables the 'Standstill' operation
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referred to in Section 4.9 to be performed.

The control register is made the focal point of the
Control section display panel, Fig.4l. The timebase is
represented by 16 lamps, of whiéh twelve.identify'each of the
bit (B) times and the remaining four identify the character
(K) times. The sockets adjacent to each iamp may be used
fbr oscilloséope examination of the timebase. The mimic
diagram shows the decoding of the four most significant
stages of the control register into the sixteen machine
instructions, each of which is separately designated.

During the execution of an instruction, one of the sixteen
lamps will be on, indicating which instruction is being
‘executed.

The Timing Funétion Generator is included on the front
panel in order to show that instructions and timebase signals
have to be gated to-gether to produce the timing pulses
which are routed to all sections of the machine. The outputs .
of the control register (bits 6 to 11) are seen to fan out to
the Programme Counter, Operand Address Gate and Modifier reg-
-igter. The single-bit modifier adder indicates the serial
method of address modification. The timing functions which
are relevant to the operation of the Control section are
included and are also monitored by lamps. The student
operating switches and the main machine controls are.mounted

on separate panels beneath the mimic diagram.
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T.4 Mechanical Construction.

It will bé appreciatéd that the main équipment cabinet
is much larger than that required to accommodate the four
I.8.E.P, rack units. This is due to the large display panels
which are essential an& to the motor driven worm gear
arrangement which is incorporated to 1ift the I.S.E.P. frame
clear of the top of the cabinet. This latter facility is
desirable ip order to gain access to the logic elements
while still observing the lamps on the front panel.

The main-equipment cabinet is designed to fit onto two
4' x 2' desks fixed back to back for operation from either
side.

Fof classroom use larger display panels can be used.
For a large lecture theatre these would be approximately
8' x 2' 6™ each, with 24 watt lamps and thyristor driver

circuifs plugged into the existing machine.




CHAPTER VIII,

COMMISSIONING

8.1 Circuit Testing,

After conétruction, each of the major sub-sections, such
as the timebase, instruction decode and the individual
storage registers were separately checked using manually
derived control pulses. The polarity and sequence of all
timing functions were checked using an oscilloscope and a
SkHz. square wave input to the timebase.

Before attempting a complete check-out of the arithmetic
and control seétions it was necessary to construct a parallel
to serial converter to simulate the operation of the tape
storage unit. Each step in the execution of all machine
instructions was checked in accordance with the order code
of Section 5.6 and the majority of operations were found to
fuhction as planned. A small number of modifications were,
however, necessary as listed in Section 8.2.

8.2 Circuit Modifications.

As a result of the tests, the following modifications
were deemed to be‘necessafy to correct errors and omigsions
in the design:

(i) At the end of the multiply and divide instfuctions
the pulse, F.10, used to reset the timebase caused the time-
.C It

3.Bll L.
was necessary to replace the master clock pulse CIl by the

—base to be 'locked’ in the reset state, (I7+18)K
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pre—clock pulse CLp’ so that under standby conditions the
timing pulse F,10 is in the logic 1 state.
(ii) The modifier register was designed and constructed
as a backward counter using 7476N J-K bistable elements in
the ripple-through technique. It was appreciated that these
elements change state during thé negative going edge of the
clock pulse, i.e. when the Q output of a preceding stage
changes from logic 1 to logic O. It was precisely this
condition which was overloéked in éonsidering parallel
loading of the register. On loading a 1 into the least
significant stage, it was found that 1 digits propagated
through to the most significant stage. It was realised that
a‘synchronous counter ought to have been employed. A
satisfactory solution was obtained by arranging the circuit
as a forward binary counter and loading the register with
the number (64 - n), n being the required number of address
modifications.,
(iii) The same problem as in (ii) existed with the counter
used to control the number of ieft shift pulses during the
execution of instruction 19 and the solution followed the
same method as outlined for the modifier register. 1In this
case thevcounter is loaded with the number (16 - n) where
n is the number of required left shift pulsés.

These changes are included in the logic schematic

diagram Fig,22.
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(iv) It was noticed that extraneous pulses were being
entered into both the programme counter and modifier register.
'These pulses were coincident-with the reset timebase pulse
F.10. During the search for the extraneous pulses it was
noticed that the timing pulses F.9 and F.12 were being masked
by the reset timebase pulse F.ld. These two pulses were

then changed to operate at B10 tihe, so that oscilloscope
examination of their waveform is possible,

The problem of the additional pulses entering the
hodifiér register was solved by separating and re-routing
the O volt line feeding the control register.

An examination of the wiring showed that considerable
electro-magnetic coupling could exist between the conductors
carrying pulses F;9 and F.10. Thié was supported by the fact
~that the pulse F.10 was supplying 34 logic loads. These
conductors were separated in order to effect a solution.

(v) Following a departmental demonstration of the equipment
it was decided to introduce a blanking pulse to an additional
input of the driver circuit for the instruction decode lamps
This pulse, Ka, will cause all lamps to be turned off during
the period when the instruction is being fed into the control
register. Arrangements have been made for this modification

to be done.

The timevspent in commissioning and in tracing the few

wiring errors, approximately 100 hours, was cohsiderably less
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than anticipated. The major part of this time was spent

dealing with the problems outlined in Section 8.2.




CHAPTER IX.

SUGGESTED TEACHING PROGRAMME .,

9.1 Ingtruction Manual.

It is essentiai.that an instruction manual should be
made available to those employing this equipment in a
teaching laboratory. Although the production of a handbook
is outside the scope of this thesis, it is appropriate to
make some suggestions as to its form.

It is suggested that the manual should be divided into
two sections. The first should describe all aspects of the
equipment to assist in future modification and maintenance.
It may be possible to assemble this section directly from
the two theses concerned with the machine. The material may
be conveniently pfesented in the following sub-sections:
(i) Details of conmstruction and layout, including
component identification drawings.
(ii) A description'of the function of all circuitry with
reference to the complete logic schematic diagrams.
(111) The purpose of the display panels and the associated
manual control circuits.
(iv) ‘A description of the four modes of operation,
including the methods used in assembling the programme in the
tape storage unit.
(v) Wiring and timing function identification tables.

The second section of the handbook should list the

detailed procedures to be followed for a number of laboratory
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exercises. These should be graded and of such a nature as to
lead the student'from the basic combinational circuits of the
logic tutors to a complete appreciation of the internal
functioning of a general purpose central processor.

The object of each of these exercises is likely to be
the same for each of the courses referred to in Chapter’1%t.
It is suggested that the exercises may be classified as
followss -

(1) Revision of simple logic circuits.

(ii) Central processor organisation.

(iii) Manual operation of basic arithmetic processes.
(iv) Manual operation of machine instructions.

(v) The timebase.

(vi) Sequencing of minor commands.

(vii) Execution of a series of instructions.

(viii) Assembling a programme.

The mannef in which the detail is handled, for each
exercise, is expected to differ considerably between courses.
Students following a technician course might be encouraged
to identify 'blocks' of circuitry with particular functions
and to become familiar with the methods used to test the
performance of such blocks. On the other hand student
engineers would be more closely concerned with the design
features of the individual logic elements which comprise

these blocks, e.g. loading, polarity, waveforms, etc.
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Another factor requiring consideration is the student-
hour quota which is allocated to particular aspects of the
course being followed. It would be inappropriate here to
specify the number of hoﬁrs which should be aliowed for work
associated with this equipment. The author is, however,
under the impression that third year students, following
electronics courses in the Department of Applied Physics,
at the University of Durham may expect to spend some 60/70
hours on an experiment of this nature. The detailed
suggestions in Section 9.2 would be suitable for such a course.
It is clear that other exercises must be drawn up to suit the

individual requirements of particular courses.

9.2 Notes on Laboratory Exercises.

These notes are intended only as a guide to indicate how
some computing techniques may be demonstrated using this
equipment. The actual preparation of the exercises must of
course be left ﬁo the discretion of the individual course
ﬁutor.

9.2.1 Revigion of Simple Logic Circuits,

This exercise is expected to consolidate the work done
on the basic logic tutors. The Type D and J-K bistable
elements should be introduced at this stage. .Simplified logic
schematics maj be used to show how the following techniques

are realised using NAND/NOR gating with Type D and J-K bistable
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elements:
(i) Shifting.
(ii)  Binary counting.
'(iii) Decoding.
(iv) Parallel transfer of data.

The shifting operation may be performed using the
control register. With the timebase reset, the logic level
applied to the D input of the register is determined by the_
state of the switch 2° on the data input panel associated wifh
the memory section. By using this switch in conjunction with .
switch %1, the functions of serial entry and right shifting
H&y BE GéHonstratea. |

The programme counter may be used for forward binary <c.
counting by simply operating the student switch No. 26,

The four most significant digits of the control register
are arranged in a pure binary code. The result of decoéing
these four bits is displayed on the lamps associated with the
sixteen machine instructions. The ﬁarious combinations should
be deduced from an examination of a truth table and a logic
schematic of the 'two-by-two' decoding network. Encoding of
the four bits in the control register may be achieved using
the method outlined for shifting.

Two methods.of parallel transfer are available for
demonstration. The first method utilises NAND gates, which

are coupled to the pre-set inputs of either Type D or J-K
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<n

bistable elements. This method may be demonstrated by f
loading the programme counter from the control register. It
should be pointed out that, with this method, it is necessary
to reset the register to zero (000Q0) prior to the operation
of the loading gate. The two student switches involved are
Nos. 28 and 27. The same method may of course be demonstrated
using the twelve data input switches and any of the registers
in the arithmetic section.

The second method, involving direct coupling to the D
inputs of a storagé register, may be demonstrated using the
two registers ACC. and B. The student switch No.7 applies-
a:.signal to the C inputs of the register B. This method

allows parallel entry without the need for resetting.

9.2.2 Central Processor Orgsnigation.

The three major sections of the machine are here
included in the term 'central processor'. It will be
necessary to outline the requirements of each section, and
to show how the techniques established in Section 9.2.1
are used to allow communication between the various registers
and control gates which form the three sections. The purpose
of each register and control gate should be briefly defined.
The machine word and data word may be introduced to establish

the idea that the machine requires some fundamental direction

from outside. The basic characteristics of each of the sub-

-sections may be demonstrated by using the appropriate
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student .switches, for exsmple:

(i) Register A, :- used to store an operand during

arithmetic operations. This sub-section is capable of
overall reset to zero, (student switch No.2), parallel entry
from core buffer registér (student switch No.l), and left
shifting (student switch No.3). |

(ii) Programme Counter. s- used to instruct the memory
regarding the location of the next instruction. This sub-

-section is ' capable of forward binary counting (student

‘switch No.25), oversll reset to zero (student switch No.26)
and parallel loading of data from the control register
(student switch No.27).

The other sub-sections requiring this kind of brief
treatment sre : Control Register, Modifier Register,
Instruction Decode, Operand Address Gate, Register B, Parallel
Adder, Register ACC. Register M and the main control switches
Stop, Starﬁ, ete.

9.2.3 Manual Operation of Arithmetic Processes.

Using the twelve data and fifteen student switches
associated with the Arithmetic display panel, the student
should be encouraged to deduce the sequence of minor commands
required to execute each of the four basic arithmetic
processes. Information, in the form of flow diagrams, could
be made availsble to assist in the determination of the

correct sequence., Confirmation of these deductions may be
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achieved using the single pulse mode of operation.
The sequence of minor commands required for binary
mulfiplication is given gs an examplés

Multiplicand = 10100 ,  Multiplier = 101.

Step 1 Set multiplicand on data input switches.
Step 2 Reget register A - St. Sw. No.2
Step 3 Load register A - St. Sw. No.l
Step 4 éet multiplier on data input switches.
Step 5 Reset register M - St. Sw. No.1l4
Step 6 Load régister M- St. Sw. No.15
Step 7 Reset ACC, register - St. Sw. No.10
Step 8 If least significant digit of register M is 1,
a) Transfer (ACC. register) to register B - St. Sw. No.7.
b) Reset Acc. register. St. Sw. No.10
c) Gate (register A) to sdder - St. Sw. No.4
Gate (register B) to adder - St. Sw. No.6
Gate éuﬁ to ACC. register - St. Sw. No.1ll

* If least significant digit of register M is O
proceed to step 9.
Step 9 .Shift (register A) one place left - St. Sw. No.3
Step 10 Shift (register M) one place right — St. Sw. No.13
Step 11 Repeat'steps 8,9 and 10 until the contents of
register M is zero when the product 1100100 will
be held in the ACC. register.




=127~

9.2.4 Manuagl Operation of Machine Instructions,

In exercise 2, Section 9.2.2, the characteristics of
each sub-section were identified and demonstrated using the
student push-button switches. It is sppropriate at this
stage to examine these circuits in detail snd identify their
characteristics with the corresponding minor commands. To do
this it will be necessary to make reference to the logic
schemastics of the registers, counters etc., and to become
familiar with the actual circuit layout.

It should be established that a selection of minor
commands is required to be sequenced to form a machine in-
-struction, and that one or more iﬁstructidns are associated
with each of the various aspects of machine operation, (e.g.
input-output, conditional tfansfers, arithmetic, transfer
of data and logical decisions.) By making reference to the
order code, Section 5.6, each of the machine instructions
may be demonstrated using the student and data input switches.
Manual operation of the single pulse facility will allow
the sequence of minor commands to be confirmed. This should
indicate to the student that pre-detefmined periods of time

are allocated for esch operation.

9.2.5 The Timebase.
The timebase circuitry may be examined and identified

with the counting and shifting operations of exercise 1,

Section 9.2.1, With the timebase running continiiously
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(i.e. single pulse button held on) it is possible to examine
the waveforms of the character, bit and clock timeé-dsihg an
oscilloscope. These waveforms show the independent uﬁique
periods of time designated Ky, K, By, By, Bll; ¢, etc. The -
purpose of the clock pulses ought to be established, (i.e._to
maintain synchronism). 'The timebaée.observed during the |
single pulse operation indicates the nature of the machine ;:
cycle. During KO time the machine instruction may be seen to
-be entered serially into the control register, and executed
during K1 time. It should be possible to identify certain
timing functions which are common to all instructions, e.g.
reset timebase, add one to programme counter, and to observe

that they occur during the same bit time for each instruction.

9.2.6 Sequencing of Minor Commands,

In this exercise it is expected that each of the timing 
pulses will be studied. The 16gic circuits required to-
realise these functions should be identified, and this will
indicate the methods used to derive the timing pulses from
the timebase and instruction signals. With the-machine set
for continuous operation (i.e. single pulsé button held on),
it is possible to display any of the timing functions uéing a
double beam oscilloscope. It is expected that one or two of
the timing functions will be examined ih.considerable detail.
This may be done by encouraging the student to deduce the'

Boolean expression, timing waveform of input variables and
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and actual logic circuitry. This section should be completed
by observing the sequence of ﬁinor commands associated with
each instruction, To do this it is necessary to have the
machine set to operéte in the slow automatic mode, with
ingtructions being set up on the data input switches beneath
the memory display panel. Operation of the Execute push-
-button will cause the timebase to step through one machine
cyéle. The cycle may be suspended at any point by operating
the Stop.switch. This may be required to aiiow more critical
examination of the machine cycle. The Start switch is used
to cause the machine to continue the execution of the

instruction.
9.2.7 Execution of a Series of Ingtructions.

9.2.8 MAssembling a Programme.

7
L

The noteé for these exercises cannot be completed until
the memory sections of the equipment have been constructed
and tested. It is anticipated that these exercises will be
concerned with the execution of a series of instructions and

with the methods used to assemble a programme.




CHAPTER X,

CONCLUSIONS.

In concluding this thesis it is appropriate to make
comments in the following areas. '
(i) General observations regarding the project.
(ii) Notes on additions and /or modifications which would
extend the capabilities of the present equipment.
(iii) Suggestions, bassed on the work described in this thesis,
which are intended to assist in the construction of a Mark II

machine.

10.1 General Conclusions,

It is obviously pleasing to confirm that the equipment
does function generally in accordance with its original |
specification. This is due largely to the predictable
performance of the Series 74N integrated circuits. The use
of integrated circuits has removed all guess-work from the
circuit design. It has been the author's experience,.in the
development éf electronic systems using' discrete components,
that the majority of teething trouble can be attributed to
errors and omissions in the design. The use of integrated
circuits not only reduces the number of components to be
considered, but also inspires the designer to express the
design in considerably more detail than with discrete
components., It is clear that the decision to employ integrated-

circuits has proved to be correct and that the choice of the
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Series 74N was most appropriate since this series continues
to be extended and is now also available from manufacturers
other than Texas Instruments.

The only comment on the construction is concerned with
one aspect of the printed circuit boards, since criticism of
other constructional features can be made only after a period-
in service, Thé decision to fit approximately 25 integrated
circuits to each printed circuit board was something of a
risk in that a great deal depended on their reliability. It
is the author's opinion that in view of their now proven
reliability it is worth putting as many integrated circuits
as possible on to a printed circuit board. This has the
advantage of reducing edge connectionsg which obviously
improves reliability and simplifies external wiring.

It is difficult to assess the performance of the machine
as a teaching aid, since there has been no oppurtunity to use
the equipment in the teaching situation. There have, however,
been some impartial comments and observations which indicate
that the equipment is expected to be a useful and effective

laboratory teaching aid.

10,2 Extensionsg to the Pregent Machine.

It is suggested that the following extensions should be
incorporated to extend the capabilities of the equipment.
. (1) The inclusion of a parallel to serial converter, coupled

to the data input switches, which will allow a more convenient
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method of manual insertion of instructions into.the control
register.

(ii) Some form of input-output equipment is desirable. The
most likely form of input device is a paper tape reader,
while the output could be interfaced to a line printer via a
Binary - B.C.D converter and decoder, |

(iii) The capacity of the core memory could be doubled,

Bit 12 of the insfruction word is spare and could be used for
selecting this extension,

(iv) A large separate display panel could be incorporated
for use in lecture theatres. Brief details are given in
Section 7.4.

(v) The design of the display panels was considered to be
a very important feature of the project. The discussion of
Section 7.3 indicates the nature of the problems which were
resolved. After these display panels had been built it was
felt that more lamps could have been included without ovér-
-complicating the panels. These additions are possible with

re-designed front panels.

10.3 Suggested Mark II Equipment.
It is obviously possible to consider the buiiding.of

considerably enlarged teaching computers. It is felt that
this temptation should be resisted in order to maintain an
equipment which can still be understood by students at a

comparatively early level. Two or three possibilities ceurId
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could be considered ﬁowever for changes to the specification
- for machines 6f this type. These changes would lead to basic
modificatidns of the circuit design so that they cannot be
included in the same way as the addiﬁions descr}bed in
Sectioﬁ 10.2..

One feature of this equipment which differs from the
current trend in teaching computers is that a twelve bit word
is used compared to sixteen bits in othervmachines. The
discussion. of Section 4.7 waé completely valid for the machine
at that time bearing in mind the uncertainty of integratéd
circuit devices. In view of their now proven reliability the
author would fecomﬁend that a future machine could be produced
using a sixteen bit word. This would allow more machine
ingtructions, larger numbers and a much higher capacity core
memory section,

The other modification which might be considered is the
inclusion of both operands and instructions in the core
memory unit. This feature would be more typical of modern
practice and would allow the tape store to be used as a

backing store.

Although these suggestions sound rather basic they in no
way minimizeis the success of the present machine which, it is
hoped, may prove to be of value to many generations of
students at the University of Durham, and, possibly, through

commercial channels, to other universities and colleges also.




TIMING FUNCTIONS.

The timing functions, altﬁough defined at various points
in Chapter 6, are listed here for convenience. The loading,
polarity and actual location for each function are given to
assigt in the future application of the machine. The loading
is given in terms of the Series 74N unit load and the polarity
refers to either positive going (p) or negative going (n)
timing pulses. @n interpretation of the location code is

given in Appendix 2,

List of Timing Functions,

Funétion., Load. Polarity. Location.
F.l1 Reset ACC. register. 24 n R-1-11
F.2 Reset register B. 24 n T =1 - 20
®.3 Shift (cont. reg.) right. 12 D S-u-2
F.3X Shift (cont. reg.) right. 12 P S-u-25
F.6 Read core memory. 2 9] S-1-09
F.7 Gate (core mem.) to ACC. 12 P X -u- 18
F.8 JUrite data in core memory. 2 o S -u- 31
¥F.9 [Add 1 to prog. counter. 2 P S —-u-3
¥.10 Reset Timebase. 32 n S-u-1
F.11 Reset EXECUTE bistable. 2 n S ~-u-~1
F.,12 Add 1 to Modifier register. 2 P S-u-19
F.13 Reset register A. 24 n T-1- 32
F.14 Gate (core mem.) to reg. A. 12 P R-u-16
F.15 Transfer (ACC.) to reg.B. 24 P R-u- 26
F.16 Gate (reg. A) to adder. 11 P R-1-31
F.17 Gate (reg.B) to adder. 11 P R=-u- 17
F.,18 Gate sum to ACC. register., 13 P Reu- 32
F.19 Transfer (ACC.) to memory. 12 P R-u-9
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F.20
F.21
F.22
F.23
F.24
F.25
F.26
F.27
F.28
F.29

F.31
F.,32
F.33
F.34

F.35
¥.37
F.38
F.40
F.41
F.42
F.43
F.44
F.45
F.50
F,51
F.52

Function. Loagd. Polarity. Location,
Reset -register M. 24 n T -1 - 22
Gate (core mem.) to reg. M 12 P R-u-3
Enter sign digit in ACC.12 2 P U~u - 29
Shift (reg. M.) right. 24 p T —u - 21
Shift (reg. A.) left. 24 P T —u - 18
Shift (ACC. reg.) left. 24 1) U-1-=6
Clock input '4 bit count'’ 8 P R-1-2
Gate ( reg. A not) to adder 11 p R-u-15
Reset programme counter 12 n’ S ~-u=9
Transfer ( C.R) to prog; 6 P S-u-4
counter,
‘Reset modifier register. 12 n T-1-31
Transfer (C.R) to mod. reg. 6 P T-1-3
Reset shift left counter. 8 n T-1-11
Transfer (C.R) to shift 4 p T-1-4
left counter.
Add 1 to shift left counter. 4 P U-1-19
Gate operand address to mem, 6 P T-1-10
Set CARRY bistable. 2 n U~internal
Gate mod., to adder. 1 P S-1-6
Gate mod.2 to adder. 1 P S-1-38
Gate mod.3 to adder. 1 P S=-1-~3
Gate mod.4 to adder. 1 P S —-u - 27
Gate mod.5 to adder. 1 P S-1-10
Gage mod.6 to adder. 1 P S -u- 32
Reset DIVIDE bistable. 1 P T -=u-29
Set DIVIDE bistable. 2 n U-internal
Reset START bistable., 2 n U-internal




APPENDIX 2,

WIRING SCHEDULE,

A.2.1 Notes on Nomenclature. .

The wiring schedule lists the interconnections between
the various sections of the equipment. There are 18 I.S.E.P.
sockefs arranged in pairs to accomodate the nine printed
circuit boards. Each pair of sockets,.upper and lower

(see Fig.39), is ideptified with a particular board as

follows:
Sockets : Board
P €.U.2-001
Q T.B.--001
R T.F.G.--001
S T.F.G.-=002
T T.F.G.—003%
U Sp. Ct., No.l
W A.U,--001
X A.U,--002
Y A.U.--003

Each socket has separately identified pins, nﬁmbered from
1l to 33. 1In the destination column of the wiring schedule
each pin is specified by the following three part code:

First character denotes the particﬁlar socket.
Second character, u or 1 denotes upper or lower socket.
. Third character denotes the pin number of the socket.

€.8¢ . Q-u-25 i,e. Socket Q upper, pin 25.

Each tag on the 264 way tag board is identified by row
and column, €.8. TOW b, column 5 is designated b5.




A.2.2 - Socket P Upper - Control Unit,

Pin Function Destination
_ Socket . Tag.

1 Control register, bit 5 not S -—u - 23

2 Control register, bit 5 P-1-5 h8

3 Control register, bit 4 Q-u-1 h9

4 Control register, bit 4 not Q-u-3

5 Control register, bit 3 not Q-u -2

6 Control register, bit 3 Q-u-4 hl0

T Control register, bit 2 Q-u-5 hll

8 Control register, bit 2 not Q-u-8

9 Control register, bit 1 not Q-u-56 nlz

10 Control register, bit 1 Q-u-=-17 hl2

11  Shift control register right, F.3¥ S -u - 25

12 Shift control register right, ¥.3 S -u= 26

13 D input to control register ) wl

14 Set modifier carry bistable Cp Q=-1-12

15 C input to modifier carry bistable ¢ P - u - 11

16 Reset modifier register, F.31l T =1-231

17 0 volt line ' a9

18 ° Not used

19 Not used

20 Add one to programme counter, F.9 S-u-~3 _

21 Programme counter, bit 1 _ il

22 Programme counter, bit 2 i2

23 Programme counter, bit 3 i3

24 Programme counter, bit 4 i4

25 Programme counter, bit 5 i5

26 Programme counter, bit 6 i6

27 Load programme counter, F.29 S-u-4

28 Reset programme counter, F. 28 S=-u-9

29 Load shift left counter, F.34 T-1-4

30 Shift pulses to ACC. register U=-1-4

31 C input to shift left counter U-1-19

32 Reset shift left counter, F.33 T-1-11

33 Check (modifier register) is zero S-w=-17
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Socket P Lower - Control Unit,

Function,

Gate mod. bit 6 to adder
Gate mod. bit 5 to adder
Modifier register, bit 6 not
Gate mod. bit 4 to adder
Transfer CR5 to CR6

KO -

Modifier register, bit 5 not
0 volt line’

Load modifier register, F.,32

. Transfer operen@ipaddress} F.37

Vee

Operand address, bit 6 not
Operand address, bit 7 not
Gate mod. bit 3 to adder
Modifier register, bit 4 not

_Operand address, bit 8 not

Operand address, bit 9 not

Modifier register, bit 3 not
Modifier register, bit 1 not
Modifier register, bit 2 not
Operand address, bit 10 not

~ Operand address, bit 11 not

Destination
Socket . Tag.
S ~-1u- 32
S-1-10
il2
S =u -~ 27
P-u-2
Q -u =15
ill
a9
T-1-3
T -1=10
. _ b9

Direct to memory
Direct to memory
S-1-73
il0
Direct to memory
Direct to memory
i9
i7
i8
Direct to memory
Direct to memory

Clock input to modifier register F.128 - 1 - 19

Gate mod. bit 1 to adder
Gate mod. bit 2 to adder
KI |

Control register, bit 12
Control register, bit 11
Control register, bit 10
Control register, bit 9
Control register, bit 8
Control register, bit 7
Control register, bit 6

S~-1-6

S-1-~28

Q-u-13
hl
h2
h3
h4
h5
hé
h7




A.2.4 Socket Q Upper - Timebase.

Pin . Function, Destination
Socket. Tag.

1 Control ‘register, bit 4 P-u-=3

2 Control register, bit 3 not Pe-u-5

3 Control register, bit 4 not Paeu~4

4 Control register, bit 3 P-u-256

5 Control register, bit 2 Peu-7

6 Control regisﬁer, bit 1 not P-u-9

7 Control register, bit 1 P-u-10

8 Control register, bit 2 not P-u-28

9 K3 Lo R-1~-8 k4

10 - K3 not T—-—u-=-4

11 Ké k3

12 K2 not T -y = 2

13 K1 P-1-26 k2

14 - Kl not T-u-=1

15 KO S-u=-28 'kl

16 Ko not

17 O volt line a8

18 Vee b8

19 Bi1 S-u-21 jl2

20 B11 not Ra~-1«25

21 Bo S -~-u-33 jli

22 BlO not R-1-26

23 B R -=u~- 27 jlo0

24 . B9 not T —u-12

25 B8 S-1-26 j9

26 B8 not R-1-30

27 K1 R -1 =18

28 B7 j8

29 By not R-1-24

30 Bg 37

31 36 not R~1-27

32 Master clock not @ﬁ

33 Master clock C R-u-31

L




A.2.5 Socket_Q Lower — Timebase.

Pin, Function. Destination
: — Socket Tag.

1 B5 . j6

2 Bg not R31-25

3 B, | 35

4 B4 not _ R-1-22

> B3 U-1-18 j4

6 B3 not Re1la-=21

7 B2 R-1-28 j3

8 32 not R-1-20

9 B1 R~-1-15%5 j2

10 B, not R-1-19

11 B, T-1-13 jl

12 BO not P-u-=-14

13 Reset timebase F.10 S-u-=1

14 K1 not ) Q-u-14

15 Clock input to timebase CL10 T =u- 26

16 Pre-clock pulse not CLp

17 Pre-clock pulse CLP R-u-24

18 114 U=eu=-20 m3

19 16 §-1-31 17

20 I2 13

21 I10 U-1-9 111

22 113 S=u=-=13 m2

23 15 S=-1-730 16

24 I, S-1-22: 12

25 19 T-1-5 110

26 112 ' nl

27 I4 S=1-27 15

28 Io 8§-1-21. 11

29 I8 Re=u-=29 19

30 115 T-1-24" n4

31 I7 R~u-21 18

32 I3 R-1-17 14

33 14 S-u-10 112




A.2.6 Socket R Upper - Timing Function Generator No.l.

Pin, Function, Destination
Socket. Tag.

1 Student switch 19 qQ7

2 15.K1 not 8 -=-1-29

3 F.21 Y-u-15

4 Not used

5 Not used

6 Student switch 1 pl

_7 I,.K not S-1-15

8 Student switch 21 ‘ : q9

9 F.19 : Weu-17 v8

10 F.7 Xewu=-18 v12

11 Ilo.Klnot ' R-1-10

12 Student switch 14 Q2

13. Student switch 7 p7

14 Ig.X,not ’ 5-1-14

15 F.27 X-u-~-16

16 F.14 X=-=u-13 vl

17 F.17 Weu-3 v6

18 Student switch 15 a3

19 I4.K1not S=1-20

20 B2 R-1- 28

21 I7 S-1-=17

22 Not used .

23 Student switch 27 r3

24 Pre-clock pulse CIlp S -1-32

25 B, ' R-1~15

26 F,15 ¥eu-=25 v7

27 By A Q-u-23

28 Q@ output of CARRY bistable U-u-=9

29 18 S-1-25

30 Student switch 18 q6

31 Master clock CIl T =u =31

32 F,18 X=u=-21 v1l

33 Vce b7




A.2.7 Socket R Lower — Timing Function Generator No,l

Pin, Function ‘Destination
_ Socket. Tag,

1 0 volt line . a7
2 F.26 Y~-1-16

3 Not used

4 - IyeK; not S-1-14

5 I6.K%'not S-1-12

6 Not used

7. I7°Kl not S~1-16

8 S~-u-16

9 13.K1 not S-1-23%

10 I,,.K; not R-u-=-1l

11 F.1 - ' W-u-~-10 v10
;2 Ig.D T -=u =19

13 Not used

14 Kr Ky T—-u-6

15 By T-1-19

16 I7.M1' Y=-u-23%

17 . 13 S-1-24

18 K1 S-1-19

19 By not 8S-1-7

_20 B2 not S-1<4

21 B3 not S -1 =2

22 B4 not S=1-5

23 35 not S -1-11

24 -37 not Q-u-29

25 B11 not Q-u- 20

26 B, not Q=-u-22

27 'BG not S -—u -~ 30

28 By, R-u-20

29 Student switch 16 ' a4
30 B8 not Q -u- 26

31 F.16 X -u=-17 v4
.32 F.17 Reu~=17

33 Student switch 17 a5
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Socket S Upper - Timing Function Generator No.2.

Function.
F.10
Student”switch 9
F.9
F.29
Student switch 29
B,.Cy,
Check (modifier register) is zero
Control register, bit 5
F .28
In |
Student switch 28
Bl‘cL
113.

ACC, register, bit 12 not
Not used

Pre-clock pulse CLp
Student switch 10

C F.12

B
Ba

K1 _

Control register, bit 5 not

11.Cl_not

I7 18

F,3X

F.3"

F.43

Ko

Student switch 3
BG not

F.8

F.45

Vee

W

= O 3 O W W W3

B

O Wk HE W O c W

3

Destination
Socket, Tag,
-1-13% ul2

- P9
-u~20 mb
-u~=27 m8

r5
-1-=15
-u =~ 33
-u -2
-u - 28
-1-733

r4
-1~ 14
-1 - 22
-u - 11
-1-28
-1 =32

pl0
-u - 20 ml2
-u - 22
-u =19
-1-19°
-u -1
- 1-730
-u =11
-u - 12 m9
-1=-4
-u - 15

p3
-u =13

sl2
-1=1

b6




A.2.9 Socket S Lower — Timing Function Generator No,.2,

Pin, Function, Destination

, Socket. Tag.
1 O volt line ab
2 3'3 not T -u - 14

3 F.42 P-1-.14

4 B2 not R~1-20

5 B4 not R=1- 22

6 F.40 P-1-24

7 B1 not T -1-11

8 F.41 P-1-25

9 F.6 ' sll
10 F. 44 P-1-2

11 B5 not T =u =10

12 Ig.X, not R-1-=-5

13 'Kl(Io I, I, 15) T-1-28

14 IO.K1 not R-1-4

15 Il'K " not T -1-16

16 I$,K1 not Rel=T7

17 I7.‘ S-1-21

18 I8'K1 not T-1-28

19 Kl i T -1-17

20 I'4.K1 not R-u-19

21 Is Q -1- 28

22 Il- Q-1-24

23 13.K1 not ‘R -1-9

24 I3 R-=1-17

25 Ig Y -u-19

26 BB Q-u-25

27 14 . Q-1 - 27

28 Student switch 6 p6
29 15.K1 not T-1-9

30 I5 Q=123

31 16 Q-1-19

32 Pre=clock pulse CLp S-u-=17

33 B T-u-17

10




A.2.10 Socket T Upper - Timing Function Generator No.3

Pin, Function. Destination
Socket. Tag,

1 Kl not Q =-u - 14"

2 K2 not Q =u - 12

3 Not used

4 K3 not Q - u=-- 10

2 Kot¥s |

6 K1-+K2 R-1-14

T 310 S=1-733

8 Not used

9 Not used

10 35 not S=-1-11

11 B1 not U~1-15

12 B9 not Q-u=-=24

13 BG not S -u- 30

14 33 not S =1-2

15 Not used

16 B5-+B9

17 I8 Y~-u-=19

18 F.24 X=-u-15

19 18"D Ua=u-15

20 Not used

21 F.23 Y-1-~29 .

22 Student switch 23 qll

25 Ig.¥3.810.Cp50 U-1--3

24 Operand alignment pulses Y-1-12

25 Student switch 24 ql?

26 Cyiq U-1=-38

27 Not used

28 Not used

29  F.50 U-u-16

30 Not used

31 Pre-~clock pulse S -u - 32

32 Student switch 33 r9

33 Vee b5




A.2.11 Socket T Lower - Timing Function Generator No.3.

Pin, Function. Destination.
Socket, Tag,

1 0 volt line a5

2 Student switch 32 r8

3 F.32 P-1-9

4 F.34 Pe=u-~29

5 19 U-1~11

6 Student switch 34 rl0

8 18.K1 not U-1-=14

9 15.K1 not S-1-29

10 F.37 P wl- 10

11 F.33 Pwu~32

12 Bz.CLnot

13 BO Q~-1-~-11

14 Bl'CL S -u=12

16 Il'Kl not S~-1-=15

17 K, S-1-19

18 Bl.CL not

19 B1 R -1 - 15

20 F.2 We-u==56

21 I7 Y-u-24

23 Pre-clock pulse CLp R-u-24

25 32 U -=u - 26

26 Student switch 13 ql

27 Student switch 37 sl

28 Kl(Io+Ii+I4+I5) S-1-13

29 Student switch 20 q8

30 ‘I7+18 S-u-24

31 F.31 P a-u-16

32 F.13 X-u-14

33 Master clock CIl U-u-23




A.2.12 Socket U Upper — Special Circuit No.l.

Pin, Function, Destination.
' Socket . Tag,

1 Student switch Execute' ul

2 'Low frequency input (10Hz.)

3 Slow uz2

4 Fast ' u3

5 Student switch 'Start' u4

6 .Student switch 'Stop'’ ub

7 S5kHz signal from memory unit ub

8 F.10 S-u-=373%

9 @ output of CARRY bistable Y-1-24

10 18.K1 not T-1~-28

11 Bz'CL T-1-15

12 18-D not

13 STOP w2

14 MAN ' u7

15 I8.D Y-1-23

16 - F.50 T =u-=29

17 F.18 X=u-21

18 Carry—out from parallel adder, Cout X=-u-29

19 Not used

20 114 Q~1-18

21 Alignment signal from memory u8

22 Bll.CIl not S-u-=-=20

23 Master elock CII T -1-31

24 K, S -u - 22

25 Ig Y-u-19

26 B2 T ~-1-25

27 ‘4 bit count' bit 1 not Y-1-2

28 '4 bit count' bit 2 not Y-1-4

29 F.22 Weu-=14

30 '4 bit count' bit 3 not Y-1-17

31 '4 bit count' bit 4 not Y-1-8

32 Student switch''Manual' u9

33 Vee ' b4’
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Function,

Q0 volt line

Student switch 25
I8 .%.BlO.CLlO

Shift left pulses to ACC. register

Operand alignment pulses'

F.25

S9ign digit

Clock input to timebase CLlo
10

I
IlO'Kl not

Tg

JAY

Sign digit ACC, register bit 12
18.Kl not

Blnot

IS‘Kl'Bl

Not used

55

F.35

Q output of MANUAL bistable
Not used

18.D

Not used

Register A bit 11

Carry-in of parallel adder,Ci
Is.D.All_

Not used

Not used

Not used

Not used

Not used

Q output of EXECUTE bistable
Q output of START bistable

n

H o O M < & 4 W

< H B o=

MM

H g R g e R g M

Socket U Lower - Special Circuit No,l.

Degtination.

~ 2 M e

=

Socket.

23
30
10
9

33
26

21

-11

5
15

8
11

13

31

15

30

i8
21

Tag.
a4

rl

ulo

wb

w5
w4




A.2.14

Pin,
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Socket W Upper — Arithmetic Unit AU,001.

Function,
0 volt line |
Vee
F.17
Bcvolt line

R
W

Transfer (ACC. register) to register BR

Reset. register B F.2

Transfer (ACC.register) to memory
ACC, register, bit 11 not

Shift ACC. register left F.25
Reset ACC. register F.l

ACC, register, bit 12

ABC, register, bit 12 not
Setbinput ACC, register, bit 12
Fi.22

Sign digit ACC. register bit 12
ACC, register, bit 11

Set input, ACC, register, bit 11
To core buffer register bit 12
To core buffer register bit 11
To core buffer register bit 9
To core buffer register bit 10
ACC., register, bit 10

Set input ACC. register bit 10
ACC. register bit 9

Set input, ACC. register, bit 9
ACC, register, bit 8

Set input, Acc., register, bit 8
ACC. register, bit 7

Set input, ACC. register, bit 7
To core buffer register bit 8
To core buffer register bit 7
To core buffer register bit 5
To core buffer register bit 6

T

Ko d MK <K KD X

Destination
Socket.  Iag,
a3
b3
-u - 17
-u -1
-u - 26
-1-20
-u =9
-1-9
-1-6
-1-11
-u - 31 el2
-u - 32
-u - 24
-u - 29
-1-13
-1 - 18 ell
-u - 23
dl2
dil
dg
dlo
elO
-u - 25
e9
-u - 22
e8
-1=1
e7
-u-733
ds
a7
as
dé




A.2.15 Socket W Lower - Arithmetic Unit AU.O0O01.

Pin, Function. Destination
1 ACC. register, bit 6 Socket. 2%%;
2 Set input, ACC. register, bit 6 X=1-2

3 ACC. register, bit 5 e5
4 Set input, ACC. register, bit 5 X -u-32

5 ACC. register, bit 4 e4
6 Set input, ACC. register, bit 4 X-1-~-11

7 ACC. register, bit 3 e3
8 Set input, ACC, register, bit 3 X-1-10

9 To core buffer register bit 4 d4
10 To core buffer register bit 3 a3
11 To core buffer register bit 1 dl
12 To coré buffer register bit 2 d2
13 ACC. register, bit 2 e?2
14 Set input, ACC, register, bit 2 X-1-12

15 ACC, register, bit 1 el
16 Set input, ACC. register, bit 1 X~-1-9

17 Not used

18 Not used

19 Not used

20 Not used

21 D input of ACC. register, bit 12 Y-u-21

22 Register B, bit 1 to adder X-1-19

23 Register B, bit 2 to adder X-1-14

24 Register B, bit 3 to adder X-1-13

25 Register B, bit 4 to adder X-1-15

26 Register B, bit 5 to adder X-1-28

27 Register B, bit 6 to adder X-1-4

28 Register B, bit 7 to adder X-1-3

29 Register B, bit 8 to adder X-1-5

30  Register B, bit 9 to adder X -u-31

31 Register B, bit 10 to adder X =-u - 27

32 Register B, bit 11 to adder X -u-~- 26

33 Not used.
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Socket X Upper - Arithmetic Unit AU.002,

Function.

6utput, core
output, core
output, core
output, core
output, core
output, core
output, core
output, core
output, core
output, core
output, core
output, core

buffer
buffer
buffer
buffer
buffer
buffer
buffer
buffer
buffer
buffer
buffer
buffer

Load register A F.14

Reset register

AF.32

register
register
register
register
register
register
register
register
register
register
register
register

Shift register A left F.24

" Transfer A not to adder F.27

Transfer A to adder F.l6

Vece

0 volt line
Trangsfer sum to
Set input, ACC.
Set input, ACC.
Set input, ACC.

Vee

~Load ACC. register F.7

bit
bit
bit
bit-
bit
bit
bit 7

biti:8

bit 9

bit 10
bit 11
bit 12

o T B R S I

ACC. register F.18

register bit 9

register bit 11

register bit 12
Set input, ACC. register bit 10
Register B bit 11 to adder
Register B bit 10 to adder

Carry-out from parallel adder Cout

Carry in bit 9

Register B bit 9 to adder
Set input, ACC. register bit 5
Set input, ACC. register bit"77

MoK K KKK KK KA

Déstination
Socket. Tag.

-u - 12

I
1
i

= g

= = 2 M d XM £ 5 5 =

Mmoo HH XK

u

S F M S P K S E S £ £ &8 8 &8 £ £ C

g€ W HHEg £ RHHE S S ¢

11

H NN W ESE U I 00 E

N W
® O H v W o

b2
a2
17
25
17
13
23
32
31
19
18

30

29




A.2.17 Socket X Liower — Arithmetic Unit AU.002,
Pin, Function. Destination
' . Socket. Tag,

1 Set input, ACC. register bit 8 W-u-27 '
2 Set input, ACC. register bit 7 W-1l-22

3 Register B bit 7 to adder We-1l--28

4 ‘Register B bit 6 to adder W-1--=27

5 Register B bit 8 to adder W-1-29

6 Carry out bit 8 ' X =u-=130

T Carry in bit 5 : X=1-16

8 Register B bit 5 to adder W-1-26

9 Set input, ACC. register bit 1 W-1=16

10 Set input, ACC. register bit 3 W-1-28

11 . Set input, ACC. register bit 4 W-1-6

12 Set input, ACC. register bit-2 W-1-14

13 Register B bit 3 to adder W-1-24

14 ~ Register B bit 2 to adder W-1-=23

15  Register B bit 4 to adder W-1--25

16 Carry out bit 4 ¥ X -1~7

17 Register A bit 12 not Y -u- 29

18 Carry in bit 1 U-1-25

19 Register B bit 1 to adder W=1l=-22

20 Register A bit 1 : fl
21 D input bit 1 register A U=-1=-26.
22 Register A bit 2 : f2
23 Register A bit 11 not Y-1-11

24 Register A bit 3 3
25  Register A bit 4 £4
26  Register A bit 5 _ . f5
27  Register A bit 6 ' o £6
28 Register A bit 7 7
29  Register A bit 8 £8
30 Register A bit 9 9
31  Register A bit 10 | £10
32 Register A bit 11 ' - fl1
33 Register A bit 12 Y -u-30




A.2.18 Socket Y Upper — Arithmetic Unit AU.00B.
Pin, Function, . Destination

- ' Socket. Tag.
1 Q -output, core buffer register bit 12 X - u - 12 cl2
2 Q output, core buffer register bit 11 X - u - 11 cll
3 Q oﬁtput, core buffer register bit 10 X - u - 10 cl0
4 Q output, core buffer register bit 9 X =u = 9 c9
5 Q output, core buffer register bit 8 X - u-- 8 c8
6 Q output, core buffer register bit 7 X = u - 7 c7
7 Q output, core buffer register bit 6 X = u - 6 cé
8 Q output, core buffer register bit 5 X - u = 5 c5
9 Q output, core buffer register bit 4 X - u - 4 c4d
10 Q output, core buffer register pit 3 X - u -3 c3
11 Q output, core buffer register bit 2 X = u - 2 c2
12 Q output, core buffer regigter bit 1 X - u =1 cl
13 0 volt line al
14 Vee bl
15 Load register M,F,21 Reu-=3
16 Reset register M,F.20 T =1~ 22
17 Register M, bit 1 gl
18 Register M, bit 2 g2
19 18 U-u-25
20 Not used
21 I8.M1 We=1l-=-21
22 I7.IVI1 not
23 I7.M1 R - 1-- 16
24 I7 T-1-21
25 Register M, bit 3 g3
26 Register M, bit 4 g4
27 Register M, bit 5 g5
28 Register M, bit 6 g6
29 Register A bit 12 not X=1-17
30 Register A bit 12 X-1-733
31 ACC, register, bit 12 We-u-11
32 ACC, register, bit 12 not - Weu-=-12
33 U-1-17

Sign digit
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Socket Y Lower - Arithmetic Unit AU.003,

Function.

Set '4 bit count' UP ,

'4 bit count', bit 1 not

'4 bit count', Down

'4 bit count', bit 2 not

Not used

Clear '4 bit count' F.20

'4 bit count' bit 3 not

'4 bit count' bit 4 not

ACC, register, bit 11 not
Alignment pulses to ACC. register
Register A, bit 11 not
Alignment pulses to register A
Is‘Kl'Bl

Cr10
Not used

Not used

Register A, bit 11 not

ACC, register, bit 11 :.
Register M, bit 7

Register M, bit 8

Register M, bit 9

Register M, bit 10

I8.D

Q output of CARRY bistable.
Not used o

Not used

C input bit 12 register M
Register M, bit 11

Shift (register M) right F.23
Registér M, bit 12 not '
D input bit 11 register M
Register M, bit 12

D input bit 12 register M

a dq g K

g o H KK s ddw

Destination
Socket. Tag,
-1-13
-u - 27
-1-23
-u - 28
-u - 16
-u =30
- u =31
-u -8
-1-5
-1 - 17
-u - 24
-1-16
-1-8
-1~-11
-u - 16

g1

g8

&9

glo
- u = 15
-u-9

gll
- ul=-21 '

gl2



(¢)}
.

IST OF REFERENCES.

. A.Smith: The Design and Construction of the Memory units

of a Demonstration Electronic Digital Computer. Proposed
M.Sc. thesis; University of Durham. 1969.

S.W. Hockey and S.C.P. Parry: A Computer Project at Marl-
-borough, and its Implications in Science Teaching. Int. J.
Elgc. Engng. Educ..Vol. 2 p.p 233 - 240. Pergamon Press,
1964.

A. Wilkinson: Computer Models; Edward Arnold, 1968.

D.H. Green: A Practical Aid to the Teaching of Digital
Computing Techniques; Int., J. Elec. Engng. Educ, Vol. 2
pp 15 - 26. Pergamon Press, 1964.

S.L. Hurst: Logic and Counting Demonstration Equipments.
Int. J. Elec. Engng. Educ. Voli4. p.p 259 - 268. Pergamon
Press,,1966.

J.R. MAbrahamss LAN.DEC : a Low Cost Digital Computer for
Teaching. Int. J. Elec. Engng. Educ. Vol. 2. p.p 155 - 160.

- Pergamon Press, 1964.

-3
e

(0]

11.

12.
13.
14,
15.
16.
17.

18.

" I.H. Gould and F.S. Ellis: Digital Computing Technology,

Reinhold, 1962.

Litton Industries, Data Systems Div.: Digital Computer
Fundamentals, Prentice Hall, 1965,

B.S8. 3527. 1962. Glossary of Terms used in Automatic Data
Processing, p.p 7 - 8, Nos. 10007, 10015.

E.L. Braun: Digital Computer Design, Academic Press, 1963.

G. Hintze: Fundamentals of Digital Machine Computing;
Springer-Verlag, 1966.

E.L., Braun: Digital Computer Design; p.p. 52 - 66;
Academic Press, 1963.

Texas Instruments: Integrated Circuit Application Manual;
Henry Bart & Son, 1966.

G.A. Maley and E.J. Skiko: Modern Digital Computers p.p.
62 - 64; Prentice Hall, 1964.

Daphne.P. Kilner: General Purpose Digital Computers,
Control Survey 35; Control, Feb. 1966.

Texas Instruments: Data Book 2, Digital Integrated Circuits.

B.8. 3527, 1962. Glossary of Terms used in Automatic Data
Processing, p.p. 82, No, 34012.

Formica Ltd., Specification leaflet:- M.L.80 Glass . Epoyy
Materials for Multilayer Circuits. -




ABSTRACT OF M.Sc, THESIS

The Design and Construction of the Contro1 and Arithmetic units

of a Demonstration Electronic Digital Computer.

R.H. Brunskill

This thesis is concerned with the design and construction of the
control and arithmetic units of a small digital computer to be used in
the teaching of modern computer electronics. A review of existing
digital electronic teaching aids of commercial origin shows grave
deficiencies in this field. The specification of the present machine
is drawn up to include most of the features of modern computer technology
such as parallel operation, a B line modifier, core and tape storage
facilities, and conditional transfer instructions, while keeping the
circuitry simple and the co;t as low as possible.

The block schematic diagrcms for the machine are derived from the
specification and these enable the overall design to be considered in
detail., It is shown to be desirable to use integroted logic circuits
and in particular the Series 74N which is manufactured by Texas
Instruments Ltd., The detaniled circuit design is then presented in terms
of this series of logic elements. The design of the memory unit of the
nachine is dealt with elsewhere,

The demonstration aspects of the equipment are borne in mind
throughout the design. Large display panels and manual operating
facilities ére essential, as is the ability to gzin access to the
entire logic circuitry. The dual-in-line elements are assembled on
double-sided plug-in printed circuit boards which are housed in standard
16" rack units. The equipment functioned as intended after a very small

nunber of rodifications during the commissioning period.

\




A guide to laboratory exercises is included to indicate the intended
application of the machine. It is concluded that equipment of this type
is of great value in the teaching of both under-gradunte and technician

courses in the fields of electronics, control and computing science,




