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ABSTRACT

- .
With the extended use of controel computers the need has

grown for fail soft computing. In many of these cases, ' the
control -system, even in a fault condition, must maintain a
éertain degree of control, eg. l%fe support systems, aif traffic
control, steel making, oil refining, utility control, etc. This
thesis will suggest a comﬁﬁter arghitecture especially suited for
high reliabilitv control situations. . v

-

The sfStem is designed around two buildin& blockﬁ} EPUs
{(Elementary Processing Unitd gnd loaders. LFach EPU is identical
to every other E?U as is each loader identical to everv other

’ - -
loaden. To the programmer they constitute a flexible hardware
structure which - he .can ‘manipu%ﬁte ‘Ecﬁordinq to his proqgram
requirements, or which are autonaticallv\Panipulated in the case
of -a fault condition. Minimum operating conditions would he on
loader ’ tontrol) énd on EPU ’ brocessing). The degree of
reliability of the system 1is user deéined by the number of

"\
loaderssand EPUs he invests' in his system.

.
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CHAPTE‘ER I - INTRODUCTION . .

-

g
’ .

I-1 Brief Description of Control Camputers

-

A control computer, for the purposes™sf this discussion, .
will be defmed as a system whlch dynamically chands, -directs, "

or’ requlateq itsel®, or some other system
2 ‘ : g .
“ '1..
Control systems hav§ become very popular “since the .
advent of ' mass production techniques. This is because thﬁy

relieve the need for constant human superv151on and their speed

allows for closer control of the process. In many' of tgdays
’ ’ =2

control svstems applications, the ‘process is very nearly -

-

ccmplétely controlled/by the control system.. In cases like this

if the contrnl éystem ~loses control due to some fault in-the
- -«

svstem, a shut down sequence must be initiated. Here a human
supervisor could spot the error, and initiate the shutdown.

However, in many of these systems, the process cannot be shut
i
down without large 1loss of money, or possible 'danger to tho;eb

involved. Added to this problem is the fact that the error mavy

nott be obvious mwntil i** 1is too late to regain control. In mbsth

\

cases it is impossible to have a complete human backup to the
f

//’ESEE?ol system to take over even if they could spot the fault in
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time. "In-cases like this reliabjlity is the most important .

-

criterion, and even in a fault condition the control svstem. must

_be able to maintain a certain degree @f control¢

: . b :
Examples requiring this sort of control system would be.

oil refining, steel making, air traffic control, utility control,

Ctc. .. ' R ™~
The heart of any control system 1is its feedback
capability. That is, its ability to monitor conditions in the

s&stem's- performance and along with a set of desired operating

" conditions acted upon by some algorithm, modify the operation of

the system, Basmcallv there are two me thods of representlng this

"

- information, amd executing the algorlthm- analog and digital, or

of course some combination of the two. o '
- . ' 'f

In an analoq svstem the 1nformat1on is coded according

to a prOportlonallty scheme. That is, in an electronic control
-systgn the voltage or current is proportional. to the physical

guantity it represents. This has the.advantage that in a single
s

=

"unit of time, a single’” line can carry a large amount of

information. The accuracy of the system is dependent on. how

small ~a change in ‘voltage or current the dcmponents can

accurately discern. In all but  the most expensive analog

equipment., this limits the aécuracy to two or three significght
- P . L

digits.



In a digital system, the information is converted to}a

discrete number system. Today all practical electrgpic diéifal,

systems use a hinafv number schene. Th;¥ is, a single line in a

single unit of time can represeﬁﬁ-a weighted bit of information
. h .

which 1is either true or fals {on or off): This means it

requires n units of time, or n lines, or a combination of units

of time’ and 1lines totalling n, to give 2'n discrete levels of

information. /ﬁ\—\

Diqital systémé have the advantage over analog in logic
and de7i§1on making situations because .gf their simplicitv,
speed, and their direct handling of devices suchvas relays,
solenoids, switches, fuses, locks, counters, annunciators, panel
lights and panic bhuttons, all of which are digital devices,
Analog devices bave the advantage in situations where linear
calculatio%s must he made ard where input-output devices are
potentiometer and panel meter types.\

. v

. In m QX systems, the above advantages dictate the type
of electrmg,:fi;Ja ;ystem used. ~ However, when reliability and
accuracy bhe e important considerations, othe;'charaéteristics
of analég and digitai systems must he taken iggb\ accéunt. The
most important consideration here, Dloise. In ‘ianalog systems,
noise added to the signal chaéﬁesc the signal content,” since
information is coded according to a proportionality schéme with

signal level. Analog devices also have a tendancy to drift: with

S
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time, temperature, humidity q//yarious other enviromental

conditions. In medium or large . ¢dmplexity calculations, small
amounts of noise contributh by each analog input or computing

element add to‘degrade to a ﬂgrge extent the accuracv of the

salution. In digital  svystems a signal is either true or falﬁe

and there are thyeshold levels for rgprésenting these o
conditions. These thresh?ld levels are either actual v6€é;ge
levels (bipolar trans.) or percentages of supply voltages (cosmos
trans.). This means that \noise signals smaller than these
threshold levels can ﬁe completely iqnored as they do not aéd or
propogate thrdﬁéh the system, since each digital component
reshapes the signal, as it processes it, to well wihhin these

thresho ld limlts. Noise is a major .reason for the doAin\nce of

digital camputers over analeg coamputers where co méiE;\\bQSE:ol

(1) | -

systems are required.
. \ )

Analog controllefs, servo systems, cﬂart recorders,

panel meters and gma a%ﬁﬁog camputers are often simpler and
cheaper than their a%gi£al:counterparts. However this advantage
is.décreasing since the adéénf of integrated circuits and' large
scalé integration, where complex: functions can bhe realized
relatibely simply and cheéply. using pre-maefk/packaqes and
functioné. For complex control situations digital methods can
delivér accuracy and perform types of control beyond the ability
of an analog 'sys;eﬁ at any cost. Using solid state digital

control, analog and digital devices can woak together usiné A/D,

b
1
i

.../ i f
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D/A converters. Better yét, direct digital sensors and actuators
can he used completely in the control system. For these reasons,
the rest of this thesis will discuss solely digital control

a
systems.

In digital contrel systems, there'are two main types of
hardware implementations in use today;\;flays, and . s0lid state
devices. Relays hawve the advantageé of being cheap, easy to
service and maintain, and extremeixﬂ neise resistant. The
disadvantages of relays are that thev are slow, bulky, limited to
simple function per device, have high power consumption comnared
to solid state devices, and have a limited lifetime. Solid state
devices on the dther hand, are extremely fast, low power
consumption, verv small, and a nearly unlimited lifetime. With
large scale integration size is even further reduced. However
because of the high speed and sensitivity, solid state. devices
can respond to noise that relays would safely ignore, This
thes}s will be discussing a general contrpl s?sten compu ter for
use in complex and high reliabilitv situations, where the relay's
bulk, slow speed and limited lifetime make it an unacceptable
form of implementation. Solid state and in particular medium and
large scale integration devices are used in these complex control

applications.

Ultimately, the digital computer interfaced with the

control system QFq?‘%ves the greatest degrees ¢f freedom and



flexibility +to the systém designer and user. The most important
feature of using a computer 1is itg ability to modify the control
scheme wmerely by changing the program. Té the designer, this
means simplified hardware design and the ability to tfy cut
different control algorithmsfon the actual system. To the user,

S N

it Q@ans,he is not limited with a fixed control system, but a N
™ ‘
flexible one which allows him to change his system and still be

able to adapt the control to the new system, Using a digital
‘computer as the main component in a control system dogs’ﬁave a

few disadvantages., It is slower than dedicated .hafdware doing
/)’
/
the same ijob. It means that the computer must be extremely
reliable, as the whole control system is dependent on this one

comnonent. General purpose computers can he used, and in many

cases are used, however the user may be paying for more computing

power than he needs and _still not have the I/0 handling
capability he wantg.without paying for a complex interfacing
system, To meet this aemand for computers specilally suited for
control %ysﬁem applications, many computer manufacturers have
designed powerful mini-computers which can be ordered with mény
@ifferent configurations and options to match the user's needs.
This thesis will present a computer architecture whose
configuration varies dynamically with program requirements and

fault conditions of the machine. It can be repaired or expanded

3

without machine shutdown. It can be expanded from mini-computer

size to large computer system capability, yvet still maintain
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program  cempatibilitvy, and it also allows for parrallel .

processing under prograimef €pontrol. In short, this design 1is

hopefully an ideal control computer for high reliabkility control

-

. J’\\L

system applications.

I-2 Current Concepts in Control Computefs

1 A control system md?t be abhle to sample the vital
coniitions of the system to 'be controlled. Alcong with a set of
desired conditions, which can be selected via the operators
interface, the contrgl system must make ‘decisions agizrdinq to

p

the control algorithms, and output the appropriate inputs to the

svstem. Unless the system is very Simpl?, there will ke more

than one control algorithm.

There are basically two ways of approaching this problem__

of multiple algorithms, The first method is by breaking the

control problem down into its individual comtrol algorithms, then

designing small individual control systems for each of the
algorithms. Since most control problemicannot be broken down
into campletely independent alaorifhms, therikmust be some means
of intercammucation between the individual control systems. In
many cases the intercommunications are control systems in their

il

!
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own right. These provide 'global' control and allow for a

centralized operator inferface.

[

This type of appraoch is generally called a 'diétrihuted

system', ‘or 'hardware approach' and generally yields a faster and

. /
more efficient control system. ; o

The other approach, qgenerally :eferred to as a
'centralized system' or 'software approach', is to use a central

computer and hy means of software, time share the various

algorithms in the control problem. This means(i;:c control
computer must have a° sophisticated I/0 system with go interrupt
capabilities. The advantage here is that the control cémputer
can bhe a general purpose machine with special I/0 options. In

this case much less hardware need bhe designed and faster

installation can he expected. The operator interface heing

connected to the central® computer which executes all control
algorithms ‘means this one interface can modify any or all of the

algorithms,

This second type of approach is generally slower
requiring a qgreat deal of sophisticated programming, and in many
cases the user buys more computing power than he needs simply to

cut down on this programming burézn.

T

. -—H-“.\
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I-3 Common Failures in Computing Systems

-

Even with the advent of high reliabildty and long life
components, modern day comnuters are subject to hardware
failures. In addition’ to hardware failures, there are two types

of error which must be considered; design and wiring errors, and

program errors. A lot of research and work has been done in the

i/ . Led :
last deca tp correct, or at least reduce these three sources of

/ (2345)

error and ce&rtain hasie technicques, have arisen from this work. "'’

f
Hardwawe failure, the most damaging of these, since it !
]

occurs after the system has been debugged, is handled by means of

redundancy in hardware, software, or time. Hardware redﬁndancy d
can be, parrallel hardware with majority vote, standby hardware i
with automatic switching, or hardware using coding techniques.
Software redundancy consists of diagnostic programs intrinsic in
the operating system program, with reco&ery action subroutines.

Time redundancy constitutes repetition of programs or segments,

with checks made on 'reasonableness' and duplication of important

;Lteps.

Initial design and wiring errors are reduced by using
modular units. These are much easier to perform diagnostics on
and where many modules are of the same type, this greatly

simplifies testing technigues.
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Program errors are difficult to eliminate. Higher level
languages help, but there is still the problem of program
correctness, Some work has been done on 'program correctness'
programs, but the main method of verification is by executing

test cases.

The hardware approach is more subject to h&rdware
faults, however, due to its distributed nature, a hardware fault
need not effect a whole system, but only that part in which it
occurred . This allows the designer to build redundancy in areas
with the highest failure rates, and not in other areas, The main
drawback of a hardware approach results from its distributed
nature and specialized parts. This gives the system an inherent
rigidity, aﬁﬁ great care must be taken in its initial design and
procgramming.

N

In a software approach, the computer used is not
NéCegsarily a 'one of a kind' machine and is therefore more apt
to be completely debugged and working properly. Its disadvantage
is that it requires a sophisticated time sﬁ%rinq scheme along
with an interrupt priority handling of I/0 and emergencies. To

maintain adequate control, the control computer must be large

.enough and fast enough to support and execute all the control

algorithms within the specified time restraints of ‘the gystem to

be controlled. This means that it is highly succeptible to

" program faults. Also, any program or hardware faults affect the
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v

whole svstem in most cases and not just an isolated part of the

system. The structure suggested by this thesis will take
advantage of both these approaches.

!
4

The computer architecture describedrpy this thesis is
Mainly concerﬁed with the first type of error: hardware failure.
Its struéture allows for %ﬁ%lure detection and recovery, with an
equal or lowe; level of efficiency. Furthermore, this computer
8rchitecture consists mainly of only. two types of structure.

!
Both are simple and easilyv modularized, thereby reducing design

and wiring errors. Software errors are not specifically covered
by this design, although high level languages can be used and the

programs can be easily changed,

£
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I-4 Variable Structured Solution

As mentioned earlier, this architecture will be designed

to deal mainly with hardware failures. This can be divided into

three basic problems;

Hardware

Recognizing that an error has occurred.

Saving correct data and program flow.

‘Effecting a repair or replacement of the faulty part.

Redundancy Approaches

[

Standby

MajorityVote

Coding

effects a replacement of the faulty part

however does not detect errors hy
itself.
automatically detects errors and

L)

madntains correct data and program flow.
It does not, however, replace or repair

the faulty part.

can. be designed to simply detect and/or

correct errors, however 1t does not
)
I3

isolate the faulty:.component, it works

solely on the data- stream.
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‘Software & Time can be designed to detect certain errors
‘providing a sufficient amount of. the
machine is still wdrking. It can also be
designed to isolate the faulty haraware,

but cannot by itself replace or repair

™~ :

f\\

Standby hardware is the only approach which actually
replaces the faulty component. It disconnects the faulty
camponent from the system thereby allowing it to be removed and
repaired. Staﬁdby hardware must be combined. with some other
approach in order to recognize the error and maintain data and
program integrity. In a standby system, one unit is idle\iuntil
the other unit'fails, this being the redundant unit. ‘

~

In a majoritv vote system, .at least three identical
units must bé used. Fach capable of handling the camplete
problem. These units work in pérallel, and at every deciéion
point or output, a comparison is made to ensure that all three
agree. In the case that all three do not agree, the dissenting
unit is disconnected, and the output is taken from the agreeing

majority.

In a three unit majodity vote system, two units are

redundant and the error correcting capgbiliﬁy fails after one of

!
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the units fail. However it retains error detecting capabilities.
More parallel units can be added to the system to improve error
corfecting capabiliﬁy, however thiﬂ/repreéents a large_inuqstment
in additional units, eag?has complex as a single unit system.
i
Coding does not correct errors in its own hardware, bﬁt
can be ‘effectively used around fault prone hardware.6 -

r . ’

% ' | coptNG - SYSTEM

fault prone
input coderf )
hardware

fig. 1-2 o

In effect, éoding.providés data redundan A the fault

- ol . .
prone hardware. It will detgpb<and/or correct” errors in this
Rl T h
hardware within thefﬁimits of the coding scheme.

- Let us coensider a standby system with software or .time

' X7)
redundancy used to d%tect érrors.

- : I
’ /
© This meang/ we have one complete unit idle as well as

Y

extra software not contributing to the actual program flow. Let

us now add another feature to the system. Let the idle unit be

continuously executing a self testing:  and evaluation routine.




L

STANDBY
SYSTEM

~

fig 1-3

= This means that if d when the idle pﬁit is gwitched into the

Prooram flow, we car* be lassured that it

/This feature has represented no sacriffice of time or efficiency,
since it is being executled on the idle unit, vet it adds a degree

of confidence in the integrity of the

Let us now consider an lnterleaving of the parallel

units in this standbv system.

)

In%erléaving is a common tec@Aune; often used in memory
systems to increase speed. This technique wuses parallel units
wbrkinq 6n the same instruction flow,Abut alternate insﬁructions.

}3 Speedup is achieved by overlappinq:.cgrtain cycles of _the
instructions. The degree of interleaving refers to the nunber of
parallel units.' Any process .which has a setup time hefore

Y .
executions can be speeded up by this technique. ~ 4

.. i

is operating properiy. ‘
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~

suppose an instruction cvcle consists

SINGLE INSTRUCTION CYCLE

fig. I-4

we could interleave as follows

" e

\/"‘
of ' h\\\\\
SN
5.
store
results .-
\\ e
W

5.
store
results

fig. + I-5

2.
decode
instr.
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Lf, In a register oriented machine, the fetch data and store
results cycles would be wverv short compared with the other three

cycle times. Thus a threé level .interleave would look like:

A

cycles
1. fetch instruction
2. decode instruction
3 fetch data
u. EXECUTE
5. store results ~

/4

unit idle during this time

fig. I-6

Tt can be seen, that by interleaving we have greatly

increased the speed of execution. It also means, that each unit

will have some idle time. This idle time will increase with the

A
-,

1
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. . s o , Vs,
degree of interleaving. Let us consider that during the idle

time the unit is performing diagnostics on itself.

Since the system as a whole now operates much faster
than a single unit, each individuai unit can be made much simpier
than a single unit doing the same joblas the system. Because of
all th;s distributed hardware, most of the register storage
connected to a unit can be considered as commoﬁ to the system,

thus each unit can afford to have fewer facilities.

OuF system now has greatly reduced hardware investment
compared with our original standby system. The software and time
redundancy' can be substantially reduced since much of the
diaqnostics or error detecting is done during’”the unit's idle
time. When a unit fails;"the level of interleaving is simply

reduced.

Tﬁe architecture suggested by this thesis will be a

standby system with interleaving. The degree of interleaving will

be flexible and dependent on the routine being executed as well

as the nunber of units in operating condition. The number of

units, hereon referred to as 'EPUs' ( Elementary Processing Units)
will be dependent on the investment and degree of reliability
restraints for the overall system. When only a critical number of

EPUs remain in operating condition in the system, data and

program flow integrity 1is maintained as Jlong as one EPU ig

I

[
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operating, however speed of operation is reduced with every
failing EPU due to reduction in degree of intérleaving.
‘ :

This thesis will discuss the hardware aspects of a
svstem for handling a prbgfam flow in the above manner. This
system, called a "“String', has the responsibility of setting un
sof tware routineé in an interleaving scheme, assigﬁing EPUs in or
out of the p{ggfﬁﬁ/flow, maintaining data and program integrety.
The thesis w{il also discuss a complete coﬁtrol system using
several strings and give program examples to show operation as a

Complete system.
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CHAPTER II - THE SYSTEM

A

ITI-1 Overview of the System .,

The architecture suggested by this thesis can best be
described as a two instruction level machine. The lowest Ilevel
instruction is the 'instruction set'. One instruction set can he
handled by one EPU (Flementary Processing Unit). The upner level
of instructions are actually routines made up of instruction
sets, either from main memory, or pre-packaged routines 1in -the
Operating Fqnctions Librarv. These routines are vafiable size
subroutines or algorithms executable by a 'String'. A string
heing a small processing system made up of one loader anJBseveral

EPUs.

A program in main memory is made up of these macro-
instructions. The macro-instruction routines are loaded into &
string which then diétributes the instruction sets to the EPUs.
In the strings, hardware redundancy in the form of standby units
is used. However instead of one unit operating until it fails,
the program flow is actually interleaved through many EPUs. The
degqree of interleaving is dependent on the size of the routine,”

and the availabilitv of EPUS.
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THE SYSTEM .

" DMA
MAIN MEMORY
[ 3
B :
DR PERIPHERAL]
.‘—M | DEVICES
. c c L2
LOADERS EPU POOL
\ )
AN .
BUS NAMES . C Communications Busges
DMA Direct Memory .
DR Direct Registers
LM Loader / Memory Bus
fig {1 - |

Intetleaving allows much faster operation plus gives
each EPU idle time during the program flow to allow diagnosticy
to be preformed. This faster operation means each EPU can be much
simpler than a single CPU executing the same problem under the
same time restraints. In fact, each EPU can be thought of as an
accumulator with its own instruction register, and simple
arithmetic logic unit. Diagnostiqs being performed during idle

times means there is a speedup again in operation since program

e

flow need not be interrupted to maintain a diagnostics routine.

The system, 1in its fully expanded and working state,

resembles the hardware approach, as more and more parts fail, it
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takes on the aspects of a software approach. The heart of this
computer architecture is a stfuctuge called a string. The whole
comﬁuter svatem is made up of several of these strings comnected
to a common memory. The svstem may .have a large number ‘oF
components, however, they fall into only three classifications;

iy
the main memory, the foaders, and the EPUs.

The main memory is kv far the larqgest of these
comnonents. The loaders and FPUs are simple and identical within

. /
their classifications. : ‘i

OEeration

Operation is straight Fforward. Fach loader contains a
Program counter for main memory, and a program counter for the
string maintaining the state of execution of the subroutine’
operating. The executive and ogérall system programs are kept in
main memory, hup organized as adseries of subsets, or subroutines
which can fit and be executed by a string. The loader's main
memory program counter keeps frack of the strings execut ing
position in terms of these main system programs.

3. }’

The first instruction in the subroutines stored in main

memory is an instruction to the loader. This informs the loader

of the roué%g?s size, and whether or not it requires pre-packaged

ol

-  oak
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routines from the operating functions library. The operating
functions lihrary is a protected section of main memorv, or a
PRQM/ROM  (read only memory) device which contains the common
subroutines used in programming. As soon as this instruction is
received, the loader starts generating requests for EPUs from the
EPU pdol. The complete subroutine and initial data are loaded
int9 the loader's baclup memory and distributed to the captured
EPUs. When the routine has been completely loaded aﬁd
distrihbuted to;\the EPUs, communication with the main memorvy is

terminated and the routine initiated.

In this wav, each loader acts independemtlv of the other
loaders, aml can work on independent sections of the-main system’
programs simultaneously. This is iTportant in ‘many control
applications where several separate control algorithms are
required. The main memory provides any intercommunications

required hetween these alqorith“s.

Main Memory

Since multi-port memories are not practical, a aueuing
scheme must Be set up for the main memory. This could be set up
as a first come first served, or a first come last served, or
even a priority scheme, whatever the customer requires. Ffince

most control alqorithms contain many largely repeated loops, and
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the main memorv is not used in the instruction level transfers,
but in only subroutine transfers, -this means each loader spends
only a small percentage of its time in communication with the

main memorvy.

Operuting i Dire_cf Memory Access b

Functions BU LK :  E—— I /0
» Dedicated
Library ' STORAGE . Registers
l—— —
1' LBR-Library Buffer Reg.
LAR-Library Address Reg.
Coder MBR-Memory Buffer Reg.

MAR:Memory Address Reg.
LIC - Loader In Control

Ler | Lar | wmBRr | MAR | Lic | quEuE

o

fig Il - 2

-
The main memnorv would also have a direct memorvy access
port fog handling high speed bulk data periphera%,wdévices. Thi s
‘could be realized as a separate circuit, or made to resemble a
loader with a very high priority on the memory/loader bus. The
memory would also contain dedicated registers which are directly

connected to external devices. These registers would be addressed

9

Ed
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v

A
like any other word in main meméry, but their wvalue would

.

directly control, or hbe controlled by some external device,

p

\

So far all peripheral deviceé have been routed through
the main memory. These can also be handled by the strings
themselves, as will bhe described in the section dealing with
strings. This would remove a large share of the responsibility

for system integrity from the main memory.

r

fvstem Integrety

The meméry/lnader bus, since it is common to all
loaderé, also prdvides for direct communications between the
loaders. These camnuniéations. would not be in the f?rm of data
transfers, but in the form of status checks. When a]#striné has
finished its assigned routine, it checks to see if any loader is
in a failed state before picking up its next assignment fron main
"memory. If another loader is in a failed state, it picks up the
failed loader's %rogram counter and stores it alony with its own.
The two program streams are then a}?ernately excecuted according
to a prioritv scheme, until one of the program streams is picked
up by a free loader. The concept of a failed loader could be
extended to include loaders in a critical state. That is, lpaders
which are operating a high priority routine while having only a

few EPUs committed, thereby making operation slow.
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The main memorv's: integrifgy can be maintained at a
higher level by means of an error correcting code. This 1is
feasible since -the main memory is simply a bulk memory and not
directly used in execution. This means the memory can be’
organized into long words thereby allowing 1arge.cod;s with
reasonable data rates,9 and slower simpler routines can be
considered in the encoding/decodinqg procedures. The main memory
still remains the weak link since it has no immeaiate backup,

however, under ideal program conditions, it is little used, and

certainly less used than in a normal computer architecture.

With careful programming, the number of calls to main
memoxy can be greatly reduced. If a particular routine is used
very often, then a string { a loader with its assigned EPUs) could
be dedicated to that routipe. Then instead of calls ?to software
routines in main memory, there would be calls to that particular
string. This eliminates the need to reload a routine every time
it is called. Another way to reduce errors is to make use of the
pre-packaged routines in the operating functions library, If this
library is kept separate from main memory in a PROM/ROM device,
the errors in reading can be reduced. This is because a PROM/ROM
device once programmed is very reliablé, it cannot be written

over, it is non-volatile, and has the added attraction of béinq

fast compared with core memories.
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I1-2 The Processing 'String'

..The job of the string is to execute small algorithms
assigned to it by the system programs in mafa ménorv. FEach string.
consists of a loader and one or more EPUs connected to a common
communications bus. The number of EPUs connecfed to a loader
forming the string is dependent on the complexity of the job it
is performing, and the availability of EPUs. If only one LPU is
available, the loader acts as an instruction and data memory, and
the EPU must fetch a new instruction set from the Iloader each
time it has. completed its function. In the ideal case, enough
EPUs are available, such that the complete algorithm agsigned to
that processing string can be distributed to the EPUs. In that
way a fetch instruction cycle is not required as each instruction
get 1is executed, control is simply passed on to the appropriate
EPU. This represents time savings in fetch cycles where the
algorithm contains program loops. It also represents time savings
in that all instruction and addressing information is decoded
when the EPUs are loaded, before control has even been passed to

one of these units.
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Forming a String

-~

T he important features of these strings are the

interconnections between loaders and EPUs, and the strind

formation once a loader has picked up a routine from main memory.

to MAIN .
MEMORY LOADER 7 EPU INTERCONNECTIONS

Bo ]

!

/  COMMUNICATION BUS

i

¥ T L.
STATUS ARITH/

LOGIC
SECTION | SECTION |

/t[ ]_

hy
B

L COLMMUNICATION BUS N+
}\ '

- ’ l : | L#

I

o fig 11-3



‘1

~30~ -

Each loader has associated with it a communicationsbbus.
This communications bus allows for all communications between the
loader and the ﬁPUs. Ideally, each EPU in the EPU pool would be
connected to every loaders communications bus, thereby giving
cach loader access to every EPU. This would give a loade
searching for a free EPU the best chance of finding one. This
would mean fewer FEPUs would be required in the EPU pool, since
the maximum number of EPUs fér each loadeér would not be required
but only a total of (numbar of Loaders)x(average number of EPUs

per routine) would be required.

A more practical solution would be to have each EPU

connected to two communications buses. In that way if n EPUs are

connected to to the communications bus of logder i, n/2 are
shared with loader i-1, and n/2 are share&'with loader i+1. This
means each .loader has access to n EPUs vet the tgtal-number of
EPUs in the EPU pool is only (number of loaders)x(n/2 . as long
was n/2 is equal to or greater than the average number of EPUs
required by a routine, and n is equal tg or greater than the

max imum number of EPUs required by any routine, then ideal string

conditions exist.

The loader and its communications bus form the initial
Structure of the string. The loader must obtain the algorithm and
data from the main memory, and re-store it in its own memory. In
the model we are constructing using this structure, a two

instruction three address format is used. This format along with
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a data word form an instruction set. _Each instruction set is a
function for one EPU., Therefore a routine requiring 14

idgtruction sets would ideally form a string of 14 EPUs.

/

Instruction one acts on addresses one and .three, whereas
instruction two acts on addresses two and three. These addresses”
can be origins or destinations for data handling ifistructions,
jump instructions or as qualifiers for the instruction. As these
instruction sets are loaded in from main memory, they are
assigned a self address according to their pogition in the

routine. The addresses used in the instruction sets refer to the

instruction sets associated with these self addresses. The

instruction sets are also stored in the loaders memory under

-

these self addresses.

. When an instruction set'is loaded from main memory, a
request is also put outlon the ¢ .munications bus for a free EPU.
A free EPU being one in operating condition and not already
assigned to a loader. This EPU request L}ne on the communications
bus has built in delavs to avoid simultaneous answering. When the

®gtatus section of an EPU responds to the request, it deactivates
the request and gates the EPU onto the correct communications
bus. This EPU then picks up the instruction set and its self
address. The EPU then changes its status to busy, and will only
respond when addressed by the appropriate self address, until it
fails or is released by that loader. If there was no response to

the EPU request, the loader simply continies loading instruction
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sets fron the main memory as if the request had been answered and
the EPU loaded. Remember, no information is lost since the

instruction sets are also stored in the loaders memory.

OEeration

Once the complete algorithm has heen loaded from main
memory, the loader initializes the strings program counter, and

starts the routine. This program counter is separate from the
-

main memory program counter and 1is only responsible for the

execution state of the routine in the string. It is connected to

the ccﬁ;unication hus and identifies the EPU which has control.

This program counter is automatically incremented each time and

EPU has completed its instruction set, unless modified by a jump

instruction in one of the EPUs.

Tf there is no response from any EPU to the address in
the program counter it means, either there were, too few EPUs, or
"that EPU has failed. The loader then puts out a request for a
free EPU. If there is a reply, then that EPU is capt?red and
loaded with the self address and instruction set from thé loaders
memory associated with the address in the program counter.

[--3
Execution is then continued. If there was no response, the loader

gearches until it finds an EPU on its communication hus. When an

.I/ ‘
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EPU is _found, it 1is reloaded with the self address and
instruction set according to the address in the program counter.
Execution 1is then cohtinued. In this way failures occurring
“during program e£;cutinn can be tolerated, since the failing EPU
simplv goes off-line, and another EPU is assigned its task. When
too many EPUs fail, such that there are not enough to hold the
camplete routine, execution can still cont%nue. However: it is
slowed down by the fetch EPU cycle. In worst case conditions,

operation can be maintained by one EPU, however, the EPU must be

reloaded after campleting each instruction set.

The Loader ‘

The loader also monitors all load and store cycles.
Since the destinatibn and origin addresses are on the
communication bus, the loader can update ité data store copy of
the EPUs. Also in the case of a data load cycle, where no EPU
responds, the loader can supply this data from its storage. The
other main responsibilities of the loader to the string are; to
load or store blocks of data in main memory ét the request of an
EPU, to store data in main memory and release all EPUs at the
termination of the routine, and to provide timing signals and
checks on execution times in case an EPU has failed during its

execution of an instruction set.
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The EPU

. The EPU is made up basically of two sections, a status
S€ction and an arithmetic logic section.” The status section
maintains the state dﬁ the EPU, either busy or free. It controls
the gating of the EPU onto the communications buses. It keeps
track of the operating Eonditions; idle, 1loading, slave,
executing, or failed. Whenever the EPU is in an idle condition,
or free state, the status section continuously exercises the
arithmetic logic section checking for failures, If a failure

occurs, the EPU goes off-line in a fail state.

The arithmetic section fesponds whenever the status
sectign indicates its "address for a data trénsfer, slave
operation, or if passed control by the program counter. This
arithmetic logic section can be fairly simple, and have a limited

+

instruction repertoire. //J
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IT-3 Input/Output handling

In addition to its other functionhs, the string can also

handle I/0 devices. This means that where there is more than one

string operating, more than one perinheral device can he ?andled

at one time.

STRING | /O
' =1 STATUS | [
r Y
t e A_;/ ‘:’
’ cComvmMunICaTION B8uc (! (\7‘)
Peri.
r‘;‘; STATUS 2 b Dev.
A
AW N
COMMUNICATION BUS 2 Yo
=
B>
=4 STATUS N
J:y g =
- COMMUNICATION _BUS N {\g y
fig H-4 ' .

In control applications where there are many low data

rate devices with information belonging to different algorithms,
-

this proves to be a great advantage. These peripheral devices can

be considered as EPUs, the only difference being that they
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respond to a different set of instructioas. The loader whsn
receiving the alqofithm must be akble to recognize i/o
instructions, and the make the request to the Pool of peripheral
devices instead of the EPU pool. The status section of the
peripheral ‘device for that -communications bus picks up a self
ﬁddress exactly %ifé an EPU, and the peripheral device is loaded
with its instruction set. The first instruction in the set is an
initialization which is executed immediately the device is
loaded. This could be to lock-out other communications buses, or
initialize data transfers. The second instructinn is the one
exeairted dqring the program flow. NData is passed through the data
word of the instruction set and is accessed exactly like the data

word of any EPU.
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Chap III = 'System’ Realization

This chapter will discuss an exact realization of the
system as described in chapter FI. The system described here will
be a 12 bit data word and a maximum subset gsize of 16 instruction
sets. This means that all addresses referring to instructions or
data within the subsets will be 4 bits wide. The instruction
width will also be # bits allowing 16 instruction types. An index
register of 4 bits will also be included with each instruction
set. This meané the width of an instruction set will be 36 bits,

therefore defining the width of the main memory bus at 36 bits.

The Ioader, EPU, and Bussing system will be discussed in
detail for a system as described above. The style used for
describing these units will be as follows;_

1: list; defining the responsibilities of the unit

2: flowchart*; to aid in following the unit's control

3: suggestions; for hardware implementation
Instruction sets and programming consideratiohs will not be
considered in this chapter. Program operation ,and examples of

typical algorithm implementations will be dealt with in chapter

L

Iv.

* Flowcharting is basically a programming aid used to
describe a sequential proceedure. It 1is used here
because it is well known and easy to follow. It's
drawback is that the units will all be using parallel
logic. However the flowcharts will give an idea of
the control's decision making process, and where
parallel logic is involved, verbal descriptions .and
multiple flowcharts will be used to aid the reader
follow the essence of the control's proceedures.

g
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The Loader

is'rhe main responsibilities of the loader are as follows;

1.

To obtain from main memorv instructions and data for

the subset assigned to its operating string,

To output requests on it's communications bus for the

required number of EPUs.

To load each EPU with the appropriate instructions

and data. -

To initiate the operation of a subset.

Y.

To monitor and store all data transfers and their

destinations during the operations of a subhset.

To reload an EPU with the appropriate instruction set
if control is passed on to an EPU not on the

communication bus.

To dump in main memory the complete data at the
termination of the algorithm, or at the request of

the algorithm.
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"8. To reload new ‘data upon request.

9., To allow communications wi®h other processing strings

via their loader's data bus.
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The first word received by the loader from main memorv
is in fact an instruction to the loader. This word as discussed
earlier is 36 bits wide.

o

1 bhit is required to determine if it 1is an O=IL

subroutine call, ‘or the following is a machine language

instruction listing,

4 bits are required to determine the size of the
routine, since a limit of 16 instruction sets was put on the size

of a string. *

16 bits are required to determine 1if the data is a

constant or a variable address for each of the instruction sets.

A
These 21 bits are always defined as above for the first

wordi of a subset algorithm stored in main memory.

The two types of subset algorithms as stored in main memory.

call to an OFL subroutine an instruction listing
instruction fo loader instruction to loader
| §Data © |Data | [Data 2 instruction set 0|Data Wd.
2 § Data 3 [Data 4 |Data 5 instruction set 1 |Data Wd.
e
n {Data i |Dataiti|Datai+2 instruction set n |Data Wd.] i=3(n-1)
> el

fig il -1
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Data i, or data word belonging to the instruction set i
is interpreted as follows:
The ith bit of the sixteen hits in the first word

instruction to the loader defines it as a twelve bit constant or

~

a .twelve bit address refering to a wvariable stored in main

memory.

In the avent of an OFIL subroutine“call, the loader must
assemble the instruction set. The instructions coming from the
" OFL memory, and the data word coming from the corresponding 'data
i' in main memory. Since main memory is 36 bhits wide, and the
data word of an instruction set is 12 hits, three éata words can
be packed in a main memory word. This means some sort of

multiplex scheme must he set up.

1



-7 =

address of Data Word

o
i
ADDR = program .
counter + | ' _ “_l.

OFL Call Instruction List
ADD = ADDR ADD = ADDR
+ integer part + count
of count/3

setup read
mux. according
to remainder

of count/3

sefup read
mux. for last
12 bits

check direct

dir./ indir
acto

direct indirect

data word

place ADD in .
loads directly

main memory address
register read from main memory with instruction set

volue specified by ADD.

-place this value in main

meaemory address register,

setup read mux. for

last (2 bits
.

fig m-2
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&

If the routine is a straight instruction listing in main

Memorv, the operation is then simpler.

This is basically a subset of the OFL previouslv.
desC‘ribed control routine, except the.data word always comes from
the last 12 bits of the main memory buffer register, and ihsﬁead
of the 24 bhit instruction set coming ffom_ the OFL buffer
register, it comes from the first 24.hits of the main memory
buffer register. Indifect ata is handled in exactly the same way

as mentioned before.

Puring this peripd, the EPUs must also be assigned and
loaded. To accomplish thi;, the loader connects the instruction
count register onte the cdommunication bus. It then puts out an
EPU request signal. ’ | -
r

€.

The loader must be able to decode the first four bits of
the instruction set. These four bits are the first instruction of
the instruction set. If it is an Input/Output instruction, the

request is put out to the peripheral pool. If not, the request is

PUt out to the general purpose EPU pool.

At the same time the EPU backup memory's buffer register
is connected via a three way gating system to the 12) bit wide
data lines on the communications bus. The first 12 bits are
already connected to the data lines at the time of the‘ EPU

request signal, If the request was put out to the‘peripheral




7=

pool;“these 12 bits will identify which type of peripheral device
is reaquired. Should the request he answered, the EPU reset and
the remaining 24 bits of the instruction set are put out on the
data lines 12 bhits at a time. Therefore instruction sets are
loaded into EPUs via a three phase transmission over ~ the data
lines. The complete -cycle musf- be comnleted befére amother
instruction set can be brought in from maln memory or .the OFL. If
at the time of the request there.was no reply fépm any EPU, this

section simply signals 'cycle camplete!

T EXECUTION

!

Once the instruction count I is equal to the size of the

L

routine, 1loading -stops and execution begins. The loader's

responsibilities are now to follow the execution of the routine

“and maintain current data and to reload FEPUs in the event of

failures or shortages.

-

-

Maintaining updated data is simple simce all data
Eransfers occur over the communications bus. Dur ing an

instruction cycle there are basically two types of data
.

transfers; fetch and store. Each data transfer must also be

accompanied by a source. or destination address depending on

!

whether it is a fetch or store.

3

i



—4g-

'DATA TRANSFERS
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During a fetch data cycle the loader uses the source
address to lookup the appropriate data,mofa in 1its EPU backup
mémory. If no EPU answers the the fetch data request the loader
supplies the daté wordafrqp its EPU backup memory. This case
ﬁould occur when thére are too few EPUs to fully distribute the
routine or the FPU with the source address has failed. The other
possibility is +that an EPU does answer the fetch data request.
The loader will now compare its data word corresponding to that
source address with the data word supplied by the answerinqg EPU.

There should bhe an{aqreement, if not, one éust assume a failure

of the loader or communications bus and that string is shut down.

Dur ing a store data cycle, the loader uses the
destination address to store the data word appearing on the
communications bus. This insures that the loader's EPU hackup
memory always contains the latest data. It also means that the
EPU with the destination address need not be functioning or even
on the string at all since when the loader reloads ‘that EPU

instruction set in a new EPq{fit will have the correct data word.
% ¥
W

"
~

The prdgram counter for the algorithm executing in the
string is maintained in the loader. This program counter is a 4
bit two phase count. That is, the four bits identify which one of
16 possible EPUs is executing and' the phase identifies which
instruction in the instruction set is executing. The program
counter is automaticallv incremented at the campletion of an

inmstruction unless modified by a jump instruction. The program
; .




~50-

counter defines the operating FPU which can only be executing as
long as its address appea}s on the, program counter section of the
communications bus. ’ ‘

'

The only exception is the jump instruction. When the
jump line is activated, EPUs ignore the program counter lines
since they will bhe 1in a transition. state. After a suf ficient
settling time. the EPU initiating the Jjump instruction releases

the jump line, loses control since its address no longer appears

on the program counter, and the new EPU assumes control.

JUMP  INSTRUCTION_

JUMP Jump line & Address

generated by EPU

% executing - 'JUMP'

instruction,

fig 1l -7
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The loader must also monitor responses to the strings
program counter. There must always be an .IEPU on-li&e for any

count on the program counter. If there is no response from anv

EPU for a particular address on the program counter, the " loader

must find an FPU to take on the instruction set corresponding to
that particular address. The progrém counter also has a timer
assigned to it which is set for the longest instruction execution
time. Should the EPU executing fail to signal job complete within
this time, - the loader follows the same proceecuré as is no EPU
had responded to the address in the program counter.

\

The first attempt is to find a free EPU. That is one
which is not connected to anv processing string at that time.
ThiS( proceedure is identical to the initial loading technicues
described'earlier. Should there be no response to the request for

-
a free EPU, then an EPU already connected to the opnerating string

must he reassiqgned. N

This reassignment can be made in several ways. For
example the loader could search out the EPU with the lowest
address and reassign it with the‘.;ppropriaté address and
instruction set. This might involve a search proceedure since if

there are not enough EPUs for the complete routine, the lowest

address on the string need not be' zero. A more direct approach

both in implementation as . well as execution time would be to
reassign the last used EPU. This would simply require a four bit

storage register to retain the old pro&ram counter address. This

i
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would have the bhest chance of bheing on-line in an operating
condition, since it was the last EPU used. If this fails a search

must then be made.

Communications on Loader/Memory Bus

Aside from the initial loading proceedure, the léader
may be called upon to make main memory data transfers by the
routine operating ;n that string, The loader must also store all
data at the completion of the routi;e. The storing of data can be
of two forms, replacing or storing. 'Replaci;q', which is done at

the termination of a routine, involves storing the data word in

the same location where it was initiallv loaded from. 'Storing'

simplv involves supplying an address by the rcutine, and storing 5
the data word at that address. Loading can only be done in one

way, by supplving an address and reading the value stored there.

ReElacing

This function 1is carried out coﬁpletely hv the loader
and does not require EPU interaction except for the initial
argument supplied by the initiating EPU ovér the data lines. In
the case of replaéing at the camnletion of a routine, this
arguﬁent "is simply the size of the routine. The arqument is
composed of a initial and final string adiress for the data words

to be replaced. Since string addresses are only four bits, the
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is only eight bits wide, well within the limits of the twelve bit

wide data line on the communications bhus.

Actual address in main memory:

check ﬁh bit routine type
of dir/ind vector

(main memory PC. + integer part of i/3 + 1)

ofLicay  mux. set according to remainder of /3

instrlist
direct

ADDl.ﬁ

indirect

(main memory PC. + i + 1)
mux. set to last (2 biis-\

—_——

( value from address specified above)
mux.{ég to last 12 bits

©

Storing

The main memory actual aédress is supplied on the data
lines. The string address of the data word to be stored there 1is
also supplied by the initiating EPU on the four bi_é‘wide
source/destingtion lines used for internal string data transfers.
The dnta word is again supplied by the EPU haclup memory, but as
in internal data transfers, a comparison is made with the data
word from the EPU of that address, should it happen to bhe on-

line.




Loading

v

Again the main memory actual address is supplied by the
[ ]

initiating EPU. The data word is transferred to the EPU bhackup
memory as well as the destination EPU if it is on-line, via a

store cycle, as if it was the store cycle of an instruction

internal to the string.

v,

e

Loader Checking

Since the loader/memory bus is common to all loaders, it

can be used for loader-loader communications. Data transfers
between routines operating in different strings must be made
through the main memory to maintain loader and program
simplicit., The only inter-loader ccmmugifations made are checks
on operatinq' condition. Shoﬁld thg loéder fail line he
activated, a loader just completed a routine will interigqate the
other loaders to find the failed unit. This loader will then
pickun the old program_count'from the failed unit, release the
fail line, and then alternate program execution between the two
program counters. Should the failed loader have had a load of two:

program counters, the fail line remains activated. It will be up

to another loader to pick up the seoond program counter.
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A loader already operating two program counters does not
*check the fail line at the completion of a routine, it simply
switches ptogram counters and continues operation. Thus one
lqader can only be operating at most on two program streams at on
time. A 1loader operating on two program counters does however
activate the help request line. Any free loader will answer the
help request 1line or fail line and p£ckup the extra program
counter. A free loader is one not operating on any routine and is

simnly sitting idle.
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III-2 FPU - Elementary Processing Unit

/

The Epu has two hasic sections, the status sectﬁ{n and

the arithmetic-logic section.

The responsibilities of the status section are: >

1. maintain operating status of the EPU

2. control gating of EPU onto appropriate communications

hus .

3. run diagnostics on the FPU

4. control leoading of instruction sets

The responsibilities of the arithmetic-~logic section

are:

. execute operations specified by its instruction set
when its address appears on the program counter
2. output its data word on. the data lines when its
address appears during a fetch cycle
3. store the data appraring on the data lines in its

~ data word register when its address appears during a

store cycle



&
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The main responsiéility— of the status section is to
assure the EPU is operating properly. There are two methods' of
checking for error used here. The first is the error line which
is a single line connected to all major bus drivers and §toraqe
registers. This line should be high at all times. Should a driver
or reqister fail, and bring the line low, the status section puts
the EPU in a fail state. The second method is a diagnostics

routine run while the EPU is idle. The diagnostics are run on a

table lookup basis. This table is supplied via a read only memory

on hoard the EPU.
!
The diagnoétics are designed to test the instruction

decoder, arithmetic-logic unit and the logic comparator used in

the test routine itself.

output from the diagnostics test tahle:

1. 12 bits data word replacement t

2. 12 bits bus register reﬁlacement

3. 12 bits desired ALU output, for comparison only

4., 4 bits instruction register replacement

5. desired instruction decoder output for comparison only
6. agree/disagree bit

”
s

—~

The aqree disagree bit is used.to test the comparators,

Since purposely tHe desired outputs and actual outputs will

1y
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sometimes disagree to make sure the comparators can detect this

difference. The agree/disagree bit specifies if there is an

err6r when the comparator agrees or disagrees. :

»

The diagnostics provies error checking while the EPU is
of f=1line, that is not connected to =ny " communications bus, as
well as while-the FPU is on-line but not busy executing, fetching

or storing data. The diagnostics table is simplv connected to a

counter which when preforming diagnostics simply increments from.

on test to another. Should the EPU change to a husy state, the
counter for the table stops, the replagenenf lines for the data
word, bus register and-instruction register are disconﬁected and
the EPU is in an operating state. When the EPU returns to an idle
state, the diaagnostics are simply contiﬁued from where they were

last stoppedl

Should an error be detected, either by the error line,
which could interruﬁt the EPU even if it were executing, or by
the diagnostics routines, the EPU is comvletely disconnected from
both cemmunications huses. This includes the sta£us scctinon which
is also disconnected. Thé‘ Inader recoqnigés that an EPU has
failed not bv a signal, but by a 1$ck of response from that EPU
when it is called upon for execution or data transfer. A fail
line could be conneéted from each EPU to a panel diéplay to show
the operator that that particular EPU has failed. Otherwise he

would not even know that an EPU had failed.

[

<
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S

"If the EPU is not in an error -state, the status section
must maintain the EPU's operating status. These are either 'off-

. i
line', that is, not presently connected in any processing string,

or ‘'on-line', that is, connected to a processing string Via){\
of the two communications buses to which the EPU has access.'Th_us
the on-line state must be f-urthert._broken'down into on-line A and

on~line ‘B states in order to speci'fy which communication bhus the

EPU is connected to,.

Basic States of the EPU

off-line -operational but idle ‘
-failed ' ho exit from this stated ‘
on-line ' -on-line A

*=a' =on-line B

s

1 - . . /
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1- a diagnostics routine failure or the error line

activated by one of the drivers or storage registers
2- request for free EPU by loader on that compunications
bus

3- relecase of EPU bv loader on Yhat communications bus

fig Il - 8

EPU: 'on-line!

. An EPU is brough on-line by a request for a free EPU by
one of the two loaders it is connected to via their

-

communications buses. There are actually two lines used in the

loading phase of the EPU. They repgesent four distinct phases of

the loading and are genérated by the loader.
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1. non loading state or operating state

2. request for free EPU énd leoad data word and address

3. load second 12 bits of instruction set

4, load last 12 bits of instruction set

The EPU will only respond’if its address is present on
either the program counter lines or the destination/origin lines,
except for lrading state '2' ( request for free ETU and load data
word and self aldress). This request can only be answered bv an
off-line EPU. fﬁjanswering the request, a signal is sent hack to
the loader shuttiﬁﬁ of £ the rerquest and the communications bus
carrying the reqﬁest is gated onto the EPU( 5ee fig.1l-3) . The
data lines are loaded into the data word register of the EPU, and
the address on the program count%g lines is loaded into the self
address register of the EPU. The EPU is now in one of the on-line
states and is ready to load the remaining 24 bits of the
instruction set which are identified as belonging to that EPU by

the address on the program counter lines.

The Opgration' of the EPU is best gfscribed by the
following flow chart. { see fig 9) Et describes /p%e control of
the EPU. Exception to the flow chart are signals requiri
immediate service. These are EfU fail, force load request, nd
EPU release. The EPU fail has been covered earlier. \It
disconnects the EPU from both communications buses.

()

L.‘
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on-line AorB continge running ez
- the diagnostics

= .
'I'or Load
State ?

gate Data Lines signal
onto appropriate |° executing' gate Data foad Data
I2 bits of the Word onto Word from
" instruction set Data Lines Data Lyjnes
registers 8 Load |, v

\\.

gate instruction |, gate Instruction 2, I
ADD I"and ADD 3 ADD 2 and AD’SE o
into ALU decoder into ALU decod(

v

EXECUTE

y

1 1
release executing
signal

]

fig Wl -9 \
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The . force load signal is issued by the loader when it
cannot find an off-line EPU to pickup an instruction set during
the execution of a routine. The force load signal releases the
EPU with tiie same address as that _appearing on— the program:
counter. This means that that EPU As now in an of f-line state

¥

and can he relcocalded exactly like a free EFU.

~

The FPU release siqgnal is issued by the loader at the
termination of a routine, or upon failure of the loader. This
signal will put in an off-line state all EPUs connected to that

loader 's communications bus. ~

Instruction Execution ‘

The arithmetic-logic unit and decoder must he able to
handl& three types of instructiong; no arqumentyrone argument and
two argument instructions, and could*be designed using arithmetic

(10) , i
codes. . N

o

no argument instructions: These are register operations where
the registe; is its own data word. This type of
instruction does not require-a fetch cycle but does have
a store cycle. The destination address is the self
address of ghat instruction .éet. The reason for the

store cycle is simplv to maintain Adata intearety within

the loader's EPU backup memory.
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| P.C. Comparator
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4 Program Counter {(C.B.)
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INSTRUCTION  ADDRESS
[ [ 2 [ 1 [2]37) |Initiating

EPU .

— !

[paTa REG] [ BUS

REG.|

ARITHMETIC
LOGIC uNIT

FETCH CYCLE

INSTRUCTION ADD_RESS
I 7 2 11 ] 21].3 Answering

EPU

ARITHMETIC INSTRUCTICN
LOGIC UNIT DECODER
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INSTRUCTION ADDRESS

Initiating
EPU

[cata REG] [ BUS  REG.]

o A

ARITHMETIC
LOGIC UNIT

INSTRUCTION
DECODER -

INSTRUCTION ADDRESS

L + T 2 1112131 Answering
REG. . o i
ARITHMETIC

LOGIC UNIT

INSTRUCTION
DECODER

SELF

fig il =12 .
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single argument instructions: These.are instructions requiring
either a fetch data_ or store data cycle from or to an
address other than the self address of the instruction
set. Instructions only requiring a fetch cycle also have
a store cycle with the destination address being the
same as the self address of the instruction set. 7Again
this is for the purpose of maintaining data integritv

within the loader's EPU backup memorv.

double argument instructions: These are instructions requiring
both a fetch data and store data cycle with .addresses

other than its own self aldress., The other possibility

. is ha jump instruction where one argument is the

destination address of the jump, and the: second argument

is the condition on which the Jjump occurs. A jump

instruction does not require a store or fetch cycle at

R all. '
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ITI-3 The Communications Bus

L

-

The communications bus is a wide bi-directional bus.
There 1is one communications bus associated with each loader. EPUs
may be attached to or removed from the communications bus withnut

-

any mndifications to the hus. )f
The respohsihilities of the communications bus are;

1. address lines for program counter and all string data
tronsfers %
2. data lines for all data transfers within the string
—\ -

3. status and control lines for lpading and executing

routines in the string

tvpes af transfers
EPU to EPU
” . EPU to T.cader
TLoader to EPU
Where the Efﬂ can he a general purpose EPU or a

specialized EPU dedicated to a.peripheral device.

Signals on the communications hus are activated bv being

pulled to ground.n'l‘his means that several devices can drive the

same line by open collector driveg\with the line acting as an

-



inclusive or for ground levels

line.

1 address lines . *

proagram counter:
~-four lines address p

~direction:

EPJ to

bl .
degtination/origin address:

loader

~69-

from all drivers connected to

lus one line for phase

to EPU

—-four lines address
-direction: EPU to EPU
EPU to

2 data lines

data word:
-twe lve lines

-direction:

backup memory)

EPU to EPU

-,

EPU to loader

loader to EPU

the

loader ( during jump instructinn)

,

loader | maintaining data in LEFU ‘

3
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3 status and control lines

loading controlj; g 4&?%

-four lines

-direction: loader to EPU
L1 L2 L3 Lb
¢ 0 0 0 g;—non loading or operating statévb
0 0 0 1 -request for frge EPU
0 N 1 1 =-load 2nd 12 bits of instruction sét on address match
D 0 1 0 =load 3rd 12 bits of instruction set on address match
0o 1 0 0 —reﬁuest:for EPU from peripheral pool |
0 1T 1 0 =locad 2nd 12 bits of instruction set on aildress match

1 x 1 x =-release EPU on address match

1 x 0 x -release all EPUs on communications bus

X—don't care

e

Lines L2 and L4 are the only non passive lines in the
communications bus, LY. connects Pnly to the general purpose EPIIs

and L2 cennects only to the FPUs of the peripheral pocl.

These lines are in the form of shift registers:
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The purpose is to provide a delay hetween each EPU on

the line to prevent simultaneous answering.

onerating control and status:

-1 line EPU to loader FPU executing

-1 line . . EPU to lcader address match on fetch

-1 line EPU to loader 6§ EPUs jump

-1 line EPU to EPU & loader fetch/store

-1 line Overflow bhit, stored in loader

-2 lines EPU to loader replace, store andi load
comma nd s

-miscellaneous control lines

timing:

-1 line EPU to FPU & loader or loader to FPU ‘
strobe for data transfers

-clock "loader to EPUs
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Chapter IV Programming the System

'
N}

?

o~

. o
This chapter will -not specify an exact instruction set

.for the ﬁﬁUs, but will suggest classes ,of instructions which will

supply adequate programming capability. The actual instruction

Set is a function of the type of AILU one wishes to use in the

A

- F
~

EPU,

Ater the instruction cias@es have been discussed, small

-

examples will be used to demonstrate the operation of routines in

a string. These examples will be extended to a small program to

show how thev would appear in main memory.

Finally examples will be given

of

{

parallel program W

flOWs, and the u'se of'strings dedicated to handling one commonly

used subroutine.
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Iv - 1 m—~Instruction Classes

\

L

Each instruction in "the. instruction set has four bits

not counting the addresses or modifiers. This limits wus to 16

ifftrg?tions types.

type -déécription \ i

0 . I1/0 instruction. | : :

1 self reaister operations, addresses are modifiers.
5 conditional ju@p, 2 arguments, |

““one address is the destination, the second is the

« condition for the jump.

-

3 Ieplacing in main memory. ' ’
4 Bstoring in main meomry. -
5 loading from main memorvy.
- i
This leaves nine instruction types to be ui?d,;S}f’“f\\

arithmetic and loglc operations. ///

’

* .

examples of type 1, self register operation, GRO(A)““—

-

type 1: modifier

éﬁO(A) 0o NOP no operatiqn’ tindex épecifies delay}
"l - EXIT exit from gtrinq. ; \(
) ‘2 . CLR ‘W ‘Bét register to 0]
3 .~ + OCR dne's compieﬁept register
Wb ;‘\ "TCR e Ttwo's: complement reglster
J’SJ | .INC increment reglsté} and skip on zero

5



note

Lem

6 DCR decrement register and skip on zero
7 cor clear overflow bif ’ 3
8 S0 set overflow bit ‘
9 LLS logical left shift.( index specifies
repetition) ‘
10 LRS ) logical right.shift{ index specifies
- + repetition) ‘
11 ALS arithmetic left shift (index

-

specifies repetition) -

12 ARS ~arithmetic right shift { index
s - . specifies Fepetition) - p
13 ) ROT ) rotate { index specifies repetition)
N
14 RWO (/roéate]with overflow ( index specifies
. répetitioﬂ -
15 RST reset to zero register and overflow

bit. ‘Q )

index register is used here to specify the number of
repetitions of an instruction €for certain instruction

types.

-

on shifts, the overflow bit specifies what is shifted

in, zeros or ones. ' -

‘

™

. ‘repidcing storing and loading: are all main memory instructions.

They yere discussed in detgil in [the loader discussion.

(page 52-54 ’ v

_‘ ‘ o
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So far the instructions dstusSed used only one address,
and possibly the index register. There are also instructions

using two addresses.

jump instruction, type 2 instruction
' -address B is destination of the jump -
-address A is a modifier, and specifies the condition
for the jump. There are 16 possihle modifiers for the

jump. . ™S

JMP
AUNC -jump unconditional to PC phase A
AZER -jump on zero data work to PC phase A

ANZR -jump on non-zero data work to PC phase A

AOFL

+
|
o]
g
o
e
b
i

~jump on 1 to PC phase A

Y to PC phase A

E—l-
rt
il

AZOF  -jump on

APDS -jump on posi ata work to PC phase A

ANEG -jump on negative data word to PC phase A

-

AZRO ~-jump on zero data word and overflow to PC phase A
BUNC -jump uncorditional to PC phase B
BZER -jump on zero data work to PC phase B

—

. : /
BNZR -jump on non-zero data work te PC phﬁfe B

BOFL -gump on overflow bit 1l to PC phase™B

BZOF -jump on overflow bit = 0 to PC phase B

5

BPOS on positive data work to PC phase B 2

BNEG on negative data word to PC phase B

BZRO on zerg data work and overflow to PC phase B |,
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skip instruction, tvpe 6 instruction
~-single address instruction. The A address specifies
the condition for skip as above. Tf skip condition

occurs, the program counter is Jincremented, and the

' phase is set as stated above.

.
-

logical operations, two addresses

type
7 B = » AND self address data word
8 B = A OR self address data word . !

9 B = A XOR self address data word ‘

OPR (A) register operation on other than self data

k3
3

word -1

arithmetic operations, two addresses

type
i)
11 B = A ADD self address data word :
12 B = A SUR self address data word
13 ‘B = A MULT self address data word
1y B = A DIV self address data word ?

data transfer operation, two addresses.
type

D 13
ls L ap = B, a MOVE operation |
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The arithmetic operations can he done with twos
canplement arithmeticf11)This facilitates maintaininq correct
signs. The multiply and divide operations need not bhe a complete
multiply or divide operation within itself. It can he simply a
combination of shift and conditional add or subtract with numbher
of repetitions determined by the index register.

:

Program Jjumps and subroutine jumps can bhe ?ade in main
menory‘by accessing the main memory program counter through the
léad and ‘store commands. A specific address, such as addr ess
zero, could be used to specify the program counter. It would bhe

4 .
up to the calling routine to supply the return address for the

subroutine jumps.

R

Singe two argument instructions have definite
limitations when qonsiderinq two instructions per instruction
set, we coqld have duplicated some two arsument instructions as
sinqgle arquitent instructions.

EN

However, since in two argqument instructions the second

address is alwavs the destination, in many cases second arguments

will be the same, since it will be the address of the data word

acting as the accumulator for the routine.

-



v - 2 Routine examples

example 1; table look up

a mask wnrd is used, to specify which hits must match

the key word is supplied which must match in the table

table is in main memory, pointer to bottom address is given
*

a new table is produced of only matching words

- a zero in table defines end of tahle

on exit, the number of matches is qgiven
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; Cc_)\ding R For'm
I ,

..\\\.
Prograim name ekample 1 ) Routine name table lookup  gj,e 8
instr. | {instr. 2\ indexf A- | A-2 |B:lor2 1 (Before) DGta Word (aspery f0O
—— N
O0| opr  {romn CLR 01 04 ptrl endl -
| Of | e |xor AZER 07 06 - “table
102) anp[sRo 06 NOP 03 mask ma sk
03 OPR | IMP INC BNZR 00 - scratch
04| sro |orr ‘ INC ING 05 - match # H
05| sTorE{JMp 01 - | BULC 0n ptr2 end?2 {
061 sro EXIT | < - scratch
o7 key key
08 A
1 09
10 | I «
L1 |
12 |
|13
4 P
15 . K
S.A, Self Addresé
D Direct/ Indirect  Vector
instr.-1  works on A1 & B-|

instr. 2 works BFA'Z& B-2
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example 2; find minimum and maximum table values

A

- table is in main memrory, pointer to bottom address is

given
1

- on exit maximum and minimum values from table are given




Al

~ Coding

Program name __example 2

Ninsir. |

I

- Form

Routine name

max. /min.

v

end

max imum

ANER 01 06 - scratch
SRO 06 NOP 04 max val minimum
MOVE APbS N3 06 - scratéh
TMP DCX AUNC 00 size 0

EXIT - table

S.A,
D

instr. | ~works on A-i & B-1
instr. 2 works onA-28& B-2

Self Address

Direct / Indirect

Vector

Size 7_

, {Before) Oata Word (After) ﬂ
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%

examnple 3; modulo 2 multiply of two polynomials

-the two polynomials {(degree less than or equal to 17 are loaded

with the routine
-the product must have degree less than or equal to 11
-the product is returned at the end of the routine R=P1#*P2

-number of repetitions of program loop is equal to degree of P1

—

example 4; modulo 2 multiply double precision

“Same featurﬁg as example 3 execept product can have degree 23



Coding

Program name __ eyamnle 3

Form .

Routine name modulo 2 mult. Size 5

el

.
S.A, Self Address
D " Direct/ Indirect Vector

instr. 1" works on A1 8 B-|
inst(z wotks on A-28 B-2

S
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Coding " Form

- Program name _ example Routine name modulo 2 mult. Size 8_
’ .
m instr. | linstr. 2 ml Al A-2 B-raorz ) (B;fo,e) Data Word (atrery .

00| sro | orr 1 COF LRS

04

LLS

AZOF

AUUNC

EXIT

fo«' o ' S.A, Self Address
- : D Direct/ Indirect  Vector
instr. | works on Al & B 1|
! - instr. 2 works on A-2 &}8-2 .
- k

/\h N N ’ - B9
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IV - 3 Program example

The proqram example will make use of the routines

.
described in the previous section. The problem will bhe to perform
a modulo 2 multiply of two polynomi&Ls, use the result as a kev

_Q\Ferﬁorm a table lookup. Meanwhile find. maximum value from the

f
table and perform a modulo 2 multiply of the maximum value with
. x
11 the matching values from the table and AND the results.
%
J ~*
//’/ The modﬁgb 2 routine will be setup in a deditated string

£

which can be <called as a subroutine., BAn excellent way of

initiating a <call  to such a subroutine would be through a

\s

specialized pg—:riphéral device which c_f:uld be connected to se.vcfr;al "

strings at a time., The Subfpﬁtine call would then appear as a
call to a peripheral device wiéh that particﬁlar function. This

ipxample however, will only use features previously Qescrib%d ani

therefore calls to the subrouﬁine widl. be made through main.

memory.

”

'
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A~

- ' progran flow:
LN

s - — .
find maximum value modulo 2 multiply .

v

use prqducﬁ for

[
. N

table lpékup_/ T ?7’
AND results o " modulo 2 multiply
s ;l———————J

— is that last value? .

( END | ‘ . | ‘-'o‘ (:\‘- - . ..Lf

f . . . . Iy
/ . ..'Zf

e

The subroutine call is made via a flag word. The callinqg
[ -
routine sets the variables, then tuzrns Qy the 'bu'éy flag. ‘The q‘
. - ) ‘ A - . ,
subroutine continuocusly monitors this! flag. A calling program

"must assure this flag is zero before initiating - the call.. When

the subroutine has finished. it tputs the results ‘then
y : :

compliments the flag word. The calling routine, when ready, .can

»”

pickup - the results after the flaqg has en complimented,fthen
T ' . :

- . : -

sets the flag back to zero. ., ‘ . S
: . ’ 6. ST
. .
;o "The maximum minjmGm and table lookup routines gould be
- ;. : ' . ’ o
combined intc one routine?\g?he, maximum minimum ‘section - being »

- o . i s . :
executed €£irst, with a cond}ﬁﬁgnal statement-placed inbetyegn-

such that the routine only continues ontd the table -lookup if the.

EI .

flaqg is set to all ones (haé‘bgen canplimented). However -if these

- 4



Coding

Program name
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Routine name

[

Form

subroutine

Size 15

A insir. |
Flag add.
Ol | avp | LOAD AUNC 04 00 P1  add.
| 02| Loap. | OPR n7 T ocr 09 P2 add.
: - g
' srRO | oPRr 1 COF LRS 0l 0 R msb
JgMp | amp BZRO AZOP 09 P1
SRO |[XOR COF 07 05 0 R 1lsb
XOR |SRO 1 n3 LLS 03 -0 P2
SRO |oMp 1 | LLS AZQF n3 p2
OPR  |SKIP. INC AUNC 06
JMP  |skIp BUNC BUNC 06 Flaq
| 0| MP | |STORE AUNC 0% 03 Rm  add. |
. "
} | || sTorRE |oPR 05 CLR 03 "|R1 add.
Flag add.
»
S.A. Self Address _ . |
D Direct/ Indirect Vector }
instr, | works on Al & B-1I -
instr. 2 works on A-28 B-2



two _ routines were pre-packaged routines in. the Operating

Functions Library, the program would look like this:

oy
~ N : -
instruction listing setup and ca’ll subroutine
call max /min routine ( OFL)
pointer , 0 ' -
- ) b
max value, - r size

instruction listing loop unttil subroutine has

finished, then continue

setting flag = 0

call table lookup routine (OFI)

ptr 1 , - R mask
- , .- , ptr 2
~ ’ key ' - .

instruction listing loor throuch condensed table

calling multiply subroutine

and ANDing results



r

~ Coding - Form

. lopp thfough table )
Program name v - 3 Routine namemult-and AND Size 11

.Einstnl

Flag add.

=N ‘ Fiag

T
pointer
P1 add.
Flag® add.

n ) i Flag

Rm add. o

0 Result

size 2 0

Flag add.
scrotch

S.A. Self Address
D Direct/ Indirect Vector
instr. |  works on A1 & B -}

instr. 2 works on A28 B-2
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Chapter V. = Conclusions and Future Topics

-

v-I Summarv

‘The gomputer architecture suqgested in this thesis
differs from a standard computer architecture in Eﬁat it operates
on routines rather than sinqle :instructions. In a standard
comnutér-arcﬁitecture the CPU loads an instruction from main
memory, deéodes the instruction sets.up addressing for any data
transfers reduired by the instruction. Then the CPU executes the

A
instruction, campletes any data transfers specified by the

instruction, updates the program counter and repeats the cycle.

-

In fhé architecture described by this thesi's, the CPU
loads a 'macro-instruction' and data from main memorv. In an
ideal caée, all data requiréd iz loaded at this time, however,
data can be transferred to or from memory during the execution of .
"the 'macro-~instruction'. The macro-instruction can be a standard
routine, that is, one from the Operatind Functions Librarv, or it
can be a variable length in;truction set listing. A listing of
this t?pe is in effect a macro—inséruétion which is user defined.:
At the termination of this macro-instruction data is °returned to
ma in ﬁemory the program counter is uodated, and the cycle is

repcated.
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The CPU ( Central Proceséiné Unit) differs greatly from
that of a standard computer architecture. It was referred to in
this thesis as a string. Tt is this strinag's operational
confiqﬁration which 1is variable structured. The macrg-
instruction is comnosed of a listing of instructioﬁ sets which
forim a program executing the fFunction of the macro-instruction.
When the string loads a macro-instruction from main memorvy, if

distributes these instruction sets to EPUs { Elementary Processing

Iinits) .

Each EPU consists of a data register referred to as a
data word. This data word also has an instruction set reqister,
instruction decoder and simple arithmetic logic unit associated
with 1t. Be macro-instruction is executerd within the string bv -

A
passing on control to the EPU with the appropriate instruction

set in it. v

The reason for canpletely distributing the routine is as
follows. Proagram flow is in;erleaﬁed throuﬁh the TPUs,. This
means each EPU " is only busy for the time it is éxecutina its
instruction set, which is a small part of the routine, Oor macro-
instruction. ' This means that it has a lot of idle time in which
to perform extensive diagnostics. This means diagnostics are run
continuously along with the ﬁquram flow.

Most algorithms or routines have parts which are

repeated, that is, decision makina and branching which form
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program loops. ‘When a macro-instrnctinon has a préqram loop in
it, the advantages of a distributed routine becomes much more
evident, There are much fewef information transfers, the fetch
instruction cycles are virtuallvy eliminated. This ﬁeans an
inerease in speed ‘and less chance of missed bits due to

information transfers since there are fewer transfers.

, Interleaving of program flow also means a speed up of
program execution. This means the logic used in, the EPUsS can be
simpler than that wused in a standard CPU to exeéute within the
same time restraints., Simpler logic used in the EPU means

bipolar technology such as 1 or ecl.can be used and still aqive
. .

small packaging. The @Advantage of hipblar circuits is it's high
speed, however it‘ has a relatively low densify'of function per
package. There are AlUs and even micro—ccmnutefs on sinéle chips
available today using this circuit technique. on the other hand
more complex circuits can be used with sl;wer circuit
technologies such as MOS. MOS has the advantage of allowinq.hiqh
density of logical functions per packaqe?Z)There are large number
of MOS ALUS and microjﬁanputers on siﬁqle chips available on the
markef today. In fact the relatively new COS/MOS, which is faster

T : (1 : .
than MOS and very noise resistent, has ALUs on a chip available.

T+ is within today's technology to produce the loader
and the EPU on single chips. In fact with-large ceramic packadqe
techniques, several chips can he put in one package. This

reduces mechanical stresses, environment restraints, socket

.

A
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contacts and cold solder joints which plague attempts At
reliability where many technologies are nsed. That is combining
integrdted circuits, discrete components, printed circuits, etc.

-

-
Ideaily one loader and eight EPUs should be placed on a
single package for the realization described in chapter IIL.
This méans each package Qould have one loader/main memorv bus and
two communication bus ports. One communication bus bheélongs tol
, N
the }nader on board the chip, the second cqmmgnication hus is to
comnect to another package's loader in order to allow sharing of

EPUs. [Each EPU ¢n the package' is connected- to both communication

buses.




v-I1 Features - .

The CPU" of this architure has complete redundancy of
executing components. The system features graceful degredation
in the computing units or strings. As more parts fail, the
. execution times for the macro-instructions ingreases. In Jthe
worst p?ssible case one loader and one EPU can maintain
oper ation. In this éase the architecture resembles a typical
computer architecture with the loader acting as a cache memory.

. Since the memory thas no immediate hackup, it is the weak

: 1ink. However under ideal operating conditions it is seldom
used, and if the strings are operating with self contained
algorithms, it is never Efed'

In a system co jquration with severdl loaders, complete
strinqs including loader can be replaced by free loaders, if
availabl; with no increases in executing time or by a loader

alternating between two program streams which means an increase

in execution times. This varying of execution speed depending on

/

operating condition means that responses reocuiring exact time
delays \must be strobed against a real time clock. This is
because predetégmined repetitions of a program loop does not

-

guarantee an exact time delay.
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In normal operating condition, the distributed nature
means once a string is loaded, there are fewer informatién
transfers, both instruction and data. Therefore there are fewer

s
.steps in executing the instruction ani thus less chénce of missed
bits. Fach loader being identical as well as each FPU being

jdentical means less desian problems from 'one of a kind’

components, as well as lower assemblv and debugging costs,

The modular design of the svstem allows for expansion
2 .
from mini~compgtér sizé to large. computer system. Allowing
instruction set 1listings to be stored in{ main memory means
flexibilitv in jdesignigg and clecking routtines, or macro-
instrictions, Befpfe they are finalized in the Operating
Tunct ions Library. ‘The desiqn alsoé allows EPUs to be added or
removed from the Syétem‘ during operation, without disturbing
proagram flow, thds ailowinq for 'on the spot' maintainence
“without shutting down the svysten. Tn addition to this, the
system can also tolerate several tvpes of failures in its
interqommuniéations network without loss of integrety. Thus the
svstem using simple components and structures can reaiize
diffiéult control problems and maintain a very high de%redlof

e e il ~
reliability.




v-II1 Future Topics

-

Many possible features of this type of structurc were
not discussed in.this thesis, such as backups for .the maiﬁ
memory, direct string qommunicationé bypassing main memory, andd
multiple data Qord length instruction. This latter concept 1is
possible since it would only mean slaving EPUs together. That
.is, a ﬁata word length operation of three times normal data word
lengyth would reduire two EPUs to be slaved to the executing EPU.
Main memory's integqrity can be improved by using rédundant
memories in a majority vote scheme. Direct string communications

can be achieved at the expense of slorwing down the bus by

multiplexing or widening the memorv/loader bus.

+

There are several areas for expanding the concept as
well as optimizing hardware desiqn and ‘basic instruction set for
improvement in ‘speed and ease of proqramminq.‘ One can also set
up guidelines for trade-offs in circuit complexity and optimum
instructioh type. This can be done by setting up a simulation of
the svstem, and ohtaining - some programmina experience using
different insfruction sets beforg_g}nalizing the hardware design.
This allows the designer to appreciat problems of the programmer

and attempt to ease some of them.
/
Perhaps the most exciting area for development is the

concept of the macro-instructions. Oper?tinq Functions Libraries
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-
I
gould' be designed to a%low for straight fo:wérd Opération of
higher level languages. For -example, a system which has directly
executable fortan in;tructions. Thus reducing software overhead

to simple assemblers rather than comnlex complilers, in order to

"use higher 1level languages.’
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Storage Register

s

al az
‘Load
ooo
Ar . A2
$\z'cc : .
Ggte complexity = n X4 +(n+2) error line

Wire complexity
n = width of register

AnX4X2 +{nXx2+2+l1) .
()= error datect%qircuit A 20%




C.
i

N -G G
epe " o b4 ) V i . ‘ cws
» S L : '
_inverters, if positive logic

levels are required

A-( 0,05 ) + B+ (b byi-b)) + C- (e i)

o

Gate complexity = i X n + i - i = width of gates
. ' = (1) - n = .no. of, gales
Wire complexity = i{2n+ 1) —
/‘J A:2
/"".
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. | o
Bus Driver / Receiver

’?1‘ .
-4

L1

Y.

o] _

_ communications

' bus '
- L2

L+ _}__.L -

l2 -

(_Ff

enable

direction

{:x}___.

Gate complexity

1

nX2 +1+(n+2)
NX2X3+1+(2Xn+2+1) -

()= erro”facﬂon circuit i"

\ Wire complexity
n = width

M



Alphabetic_Listing of Mnemonics

Instruction types:

3PN
ADD -éﬁitim)(\\

AND -
DIV
JMP
LOAD
MOVE
MULT
OPR
OR
PFPLACE
sKIP
SRO
STORL
sun

NOR

logical 'aéi:

divide I

conditional jump

load value from main memory
transfer data word in string
multiply

register operation

logical inclusive ‘or!
replace NData Words in memory
conditional skip

self register operation
store Data erd in memory
subtract |

logicalgexclusive 'or'

two

two

« two

two

one

two

two
two
two
one
one
one
one
Ltvio

two

arguments
arguments
argument s
arqumeﬁts
arqument
arcuments
arquments
arquments
arguments
arqument
arqument
arqgurent
argument
arqurents

arquments




Mod ifiers for JMP and SKIP instructions:

ANEG jump on negative Data Word set P.C. to phase A

ANZR jump on non-zero Data Word set P.C. to rhase &

AOFL jump on overflow bit =1 set P.C: té phase 7

APOS junp on positive Data Word set P.C. to phase A

AUNC jump unconditional set P.C. to phase A

AZER jump-on zero Data Word set P.C. to pﬁase A

AZO™ jump on ovgrfloh bit = 0 set P.C. to phase A

AZRO jumﬁ on zero DW and‘ovfl set P.C. to phase A ’
BIEG jump on negative Data Word set P.C. to phase B

BN 2R jump on non—zZcro Data Word set P.C. to phase B

ROFL jump on overflow bit = 1 set P.C. to phase B
BPOS jump on positive Data Word set P.%. to phase B

RUAIC jump unconditional set P.C. to phase B

RBRIZTER jump on zero Data Word sct P.C. to phase B

RZOW jump on overflow bit = 0 set P.C. to.phasc 3]

RBZRO jump on zero DW and ovfl set P.C. to rhase B b \.



-

" Modifiers for SRO and OPR instructions:

ALS arithmetic left shift

ARS ‘ arithﬁetic right shif£ ’
CLR .clear Data Word
COov clear overflow bit
NCR dgcrement Data word and skip on result = 0
EXIT cxit from routine
INC increment Data Word and skip on result = 0
LLS - logical left sh-ift'j _ ' -
LRS logical riaht shift
NOP no operation |
OCR ﬁnc‘s complement Data Word
ROT . rota}e Data Word .
RST reset, clear nata Word anl overflow hit ‘
RUIO rotate with overflow -
SOF set ovérFlow hi£ to 1
TCR two's complement the Data Word ‘
’ ]
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