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CIRCU T TECHNCLOGY I N A LARGE COVPUTER SYSTEM

D.J.Kinninment*, MSc.,Ph.D.,MI|.E E and Professor D.B.G Edwards*
MSc.,Ph.D.,MI.E E
Sumary:

In the design of a large high speed conputer the size of the system

|l eads to long cable delays for data transmtted between different

parts of the nachine. This problemand the interconnection of a high

speed E.C.L. circuit famly in a |large conputer are discussed.

Priority circuits in a |arge asynchronous system al so present problens

not usually encountered in snaller machines. Coment is nade on future |ines of
devel opnent for technol ogy in high speed conputers.

1. I nt roducti on

In the tinme between the design of the ATLAS conputer and the start of

the MJ5 project (ref.1), considerable advances in circuit and nenory technol ogy have bee
made. The basic ATLAS gate was a discrete

conponent circuit with a propagation delay of approxi mtely 16nSec

and a power dissipation of 250mMW These circuits were assenbl ed on

plug in printed circuit cards so that the overall packing density was approxi mately 300
gates per ft3 . The main store used a number of

stacks of 2nBec ferrite core storage. The corresponding features of
the M5 systemare E.C.L. circuits containing 2 - 3 gates per chip
with a propagation delay of approximtely 2nSec per gate, and four
stacks of plated wire store with a cycle tinme of 260nSec. Al inter-
connections in MJ are driven as matched transnmission lines, this
requires relatively high currents in the gate outputs and the average
power dissipation is 200mN per gate.

In the period of 10 years between the ATLAS and the MJ5 systens, the
speed of the circuits has therefore increased b a factor of about 8:1,
but the power dissipation per gate has not been significantly

reduced. At the sanme tinme reductions on physical size due to the

i ntroduction of integrated circuit techniques have increased the packing density to over
2000 gates per ft3in certain areas of MJ5. This

i mprovenent in volune where the logic circuits are concentrated i s not
mai ntai ned in the overall system when the requirenents of cooling and
power supply distribution are taken into account, and this effect is
nore significant in MJ5 because of the high power dissipation per

unit vol une.

An increase in speed of 8:1 in both the logic circuits and the nain
store inplies a corresponding inprovenent in the system speed, but
a conparison of the access tinmes to the store for the two systens

given 1.8nBec in ATLAS and 58SnSec in MJ5, or a factor of just over
3: 1.

These tinmes include the delay tine through the current page registers required for addre
translation in a paged system (ref.2) and for

t he organisation of four store stacks whose cycle tinmes are overl apped

to give a high rate of instructions and operands to the processor

* Department of Conputer Science,
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The relatively long access tine in MJ5 is mainly due to the tine taken
for signals to travel between wi dely separated parts of the system
and also to a |l esser extent the priority decision circuits required

in an asynchronous system \hile the volume occupied by the circuits
has been considerably reduced, the average interconnection |ength

is related to the |inear dinmensions rather than the volume and an

i mprovenent of only about 2:1 in cable delay tinme has been achieved

in practice.

1.1 The MJ5 System

A bl ock diagram of the MJ5 central processor is shown in Fig.l. This
is made up of a nunber of units each concerned with a part of the
activity involved in executing an order. Instructions are obtained

fromthe local store via the store access control (S. A C.) which
contains the current page registers required to translate the
virtual addresses used by the processor into the real addresses in
the store. Instruction accesses are nade in 128 bit groups, stored
in an instruction buffer.and passed in 16 bit groups to the primary
operand unit (PROP) (ref.3). This unit interprets the instruction
and accesses the operand specified directly. This operand may be
used by the primary operand unit itself or by the index arithmetic
unit (B-ARITH), or indirectly by the secondary operand unit (SEOP)
as a data descriptor to access elements in data structures such as
arrays, which are processed in the accumul ator (ACC).

The paths taken by the address and data in a typical store access
For an element in a data structure are identified in the diagram and
Are as follows:

1. Cabl e delay from operand buffer to S. A C. 35nSec
2. Priority logic at input of S.A C 65nSec
3. Address translation in CP.R s 120nSec
4. Store overlapping priority logic 65nSec
5. Cable delay to store interface |logic 25nSec
6. Address buffering in store interface 15nSec
7. Cabl e delay to store stack 25nSec
8. Store access 125nSec
9. Cable delay to interface |logic 25nSec
10. Data buffering in store interface | OnSec
11. Cable to S. A C. 25nSec
12. S.A C 15nSec
13. Cabl e to operand buffer 35nSec
585nSec

Cabl e delays and priority circuits thus represent over half the
total access tine.

In order to overcone this problem and also to help achieve the design
aimof a performance inprovenent at |east a factor of 20 over ATLAS,
three separate buffer stores have been provided in the systemto
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reduce the access tinme for the different types of data used. One

buffer is provided for instructions one for PROP naned variables (ref.4),
and one for array elenments, naned variables and literals used in the
accumul ator. Studies of the patterns of accesses made by sel ected prograns
show that the najority of these accesses are for naned

variables within a routine, and that only a small nunber of these variables
are in use at a given tine (ref.5). The buffers can

therefore be relatively small and it is estimated that a nane store

with a capacity of only 32 variables will be sufficient to hold the val ues
required by over 99@ of naned prinary operand accesses (ref.6). The rate of
execution of instructions is also inproved by neans of a pipeline type of
construction (ref.3) in which several partially conpleted orders are in
progress concurrently.

The use of pipeline techniques allows an average rate of one instruction
executed every 120nSee and a peak rate of one every 40nSec. Mbdst operands
and instructions can be obtained fromthe small buffer stores situated
close to the point of use so that the access tinme to each

type of data is relatively short and the nunber of requests to the

| ocal store is reduced to an average of one 64 bit access every 210nSec for
i nstructions and one 64 bit access every 800nSee for operands.

2. Circuit Fanmily and Interconnections

The range of integrated circuit devices used in MJ5 is shown in Fig.2 which
al so indicates the nunber of each type used. The pipeline

type of construction is reflected here by the relatively |arge nunber

of dual flip flop devices, mainly used as storage registers in the various
stages of the pipeline. Between pipeline stages gating of data, and
decoding etc. is mainly perforned by multi input and/or gates of

the type shown in colunmm 5. The npbst conpl ex devices used are the

16 bit random access nenory, and 8 bit associative nmenory chips used

in the associatively addressed buffer stores (ref.4), and translation
circuits fromECL levels to levels conpatible with the associative devices
account for nost of the flat packs. discrete transistors and di odes.

The majority of the integrated circuits in the system are nounted

on plug in printed circuit nbdules 1.6" x 2.1" with 20 pins (ref.7).

Up to 200 of these nodul es can be interconnected by neans of a single

12 layer printed circuit platter as shown in Fig.3. The packing

density of circuits on these nodul es however is relatively poor and
comonly used conpl ex function nmacros such as adders (ref.8) and a

32 bit associative store have been designed on 1.6" x 4.4" and

3.0" x 4.4" boards. These are also shown in Fig.3. The platters in

the MJ5 system neasure approxi mately 13" x 16" and up to 33 platters

can be contained within a logic bay. Wthin a bay 24 platters are nounted
on noveabl e doors to all ow easy access for mai ntenance and

a further 9 are mounted on a fixed central plane. This arrangenent gives
relatively short runs for interconnections whose source and destination are
situated on the sane platter but interconnections crossing platter
boundari es nust travel an average of 12", and those passing froma fixed
pl ane to a door, or fromone side of a door to

the other travel an average of 8 feet along coaxial cables. A histo-gram
of the distribution of interconnection lengths in the MJ55 system neasured
fromthe output pin of the source circuit to the input pin of the
destination circuit is shown in Fig.4.
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Since a maxi mumof 3 integrated circuits can be nmounted on a 20 pin
nmodule or 7 circuits on a 40 pin nodule relatively few interconnections
are between circuits on the sane nodule, and a typical connection
travel s a distance of about 1" to reach the platter, 2" on the platter
and a further 1" fromthe platter to its destination on a second

nodul e.

Wthin the MJ5 system approxi nately 80% of all interconnections are
between integrated circuits on the same platter. 13%travel between
adj acent platters, 5% go through cables to other platters in the sane
bay and 2% travel from bay to bay, distances of up to 50ft.

ECL circuits with typical edge speeds of 2nSec are used,

driving interconnections which are typically 4" in length but vary up to
50ft, and average 6" between gates on the sane platter. The relatively
long delay time of these interconnections dictates the use of a

mat ched transmi ssion |ine approach to mininmise the possibility of
reflections. A series nmatching techni que has been used in MJ5 in which

the ECL gates can drive two matched 75W | ines fromeach output, and
each line is capable of driving up to two inputs at the receiving end.
Associated with every output is a group of three resistors, the output
| oad resistor and two series matching resistors. These are fabricated
on a ceramic chip in thick filmtechnol ogy and over 45,000 groups are
required in the system Because of the capacitance represented by
each input and the series resistance of the |ine matching resistor

the rise tine at the input gate is degraded. and an effective extra
del ay of 0.6nSec per load introduced. An average gate thus introduces
a delay of 2nSec due to propagation through the ECL circuit itself,

I nsec transmnission tinme along the 6" interconnection path and a
further I nsec delay fromthe input |oading. Typical delay per gate

in a systemis therefore approximately 4nSec. and coaxial cables up

to 5Ot long are driven without difficulty by the circuits.

3. Asynchronous timng

Each of the units shown in Fig.1 has its own internal timning, functions
and data being passed fromone unit to another when the sending unit
has the data avail able and when the receiving unit is not busy. This
type of operation in which data transfers take place asynchronously
generally allows the systemto operate at a greater speed than a

conpl etely synchronous system where transfers can only take place at
fixed times. but can lead to difficulties in the circuits controlling
the transfers.

This problem occurs in a nunber of places in the system but can be
illustrated by the paths fromthe three buffer stores through the store
access control to the local store. Here three different units may
request a store cycle at any tine. and a decision nust be taken by

the store access control as to when the request can be accepted, so
that the unit issuing the request can free its output address and

data buffers for other activities.

In this particular exanple the requests are first staticised in flip
flops. On the basis of what type of requests are outstanding, and
the state of the pipeline, a conbinational circuit indicates which
of these requests need to be serviced. This process takes a tinme of
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15nSec fromthe initial receipt of a request, and 5nSec |later the strobe
for three decision flip flops is set. When the unit next becomes free
the strobe is removed and the state of the decision flip flops indicates
whi ch reaquests require action at that tinme.

Because a second request may occur a short time after the first request,
it is possible for the inputs to the decision flip flops to change
state just before the strobe is renmoved, |eaving the outputs n dway
between a '0" and a '1'" level. Under these conditions the tinme taken
for the flip flop output to reach a constant |evel may be | ong conpared
with its normal propagation delay as shown in Fig.5, and it is possible
for subsequent circuits designed to select the highest priority request
for servicing, to give an output inconsistent with either 'O or '1'

i nputs during this period.

Clearly sufficient time nmust be allowed here for the decision flip flops
to settle to a constant level or failure of the control circuits my
occur. The settling time of the circuit used here is a function of

its gain-band width product, and the displacenment of the output fromthe
md-level at the time the strobe is renmoved. In the case of an out put
starting fromthe exact md level, it is possible for an infinitely

long settling time to be required, but the probability of such an
occurrence is extremely | ow

A graph of the mean time between failures of a typical control system
against time allowed for settling is shown in Fig.6. This indicates
that an ECL flip flop with a propagation delay of 2.2nSec requires
over 3OnSec settling time for the failure rate to be reduced to an
acceptable level and it can be shown that the nean time between
failures is given by

MT.B.F. @TiT,. e'"
t

where T1 = nean tine between strobes

T, = mean tine between requests

2p = gain-band width product of flip flop
t

t = settling tinme all owed

Since the nunmber of decision flip flops required here is relatively
smal | consi derabl e advantage can be gained in the system by using

a special circuit with a higher gain bandw dth product than the

standard device, and a flip flop with 1.8nSec propagation delay requires
only 20nSec settling tine here.

The total priority circuit tine fromthe receipt of a request to its
acceptance into the input buffer of the S A C. using the faster flip
flop is 65nSec and together with the cable delays still adds signif-
icantly to the comunication tine between the processor and the store.

4, Fut ure Devel opnent s

Fam lies of logic circuits are now avail able with propagati on del ays

as low as I nSec/gate, but a corresponding inprovenent in system perfor-
mance will not necessarily be obtained by the use of these circuits al one.
O her techniques nust also be introduced to inprove the packing density

of circuits and reduce the interconnection delay between gates. In
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addition to the interconnection delay problem system speed is often
critically dependent on a relatively few areas such as fast priority
circuits, and accurate clock pulse drivers. |In order to obtain the
maxi mum performance in the systemthese control circuits should be
faster than the standard circuits used in data paths.

The packing density of gates in a systemcan be inproved by increasing
t he nunber of gates per integrated circuit package. Wilst the nunber
of gates per package can be increased substantially by the use of medi um
and | arge scale integration techniques, the nunber of connections
required to other packages is also a function of the nunmber of gates in
t he package, and has been quoted (ref.9) as
0.75
p=3.5n

for a high performance system where p is the nunber of pins and n

t he nunber of gates. This expression correlates well wth experience

in the M) system and indicates that a systempartitioned into 30 gate
bl ocks coul d be accommbdated in a nunber of 40 pin dual in |line packages.
A package of this size, nounted on a nulti layer printed circuit board
woul d require at |least 2 square inches of board space. This area is
conparable to the area of an MJ5 nodul e and represents an inprovenent of
about 10:1 in gates/unit volume over the MJ technol ogy. An inprovenent
of this magnitude cannot be nmintai ned throughout the system since
conplex circuits will not be available for each individual systemrequire-
ment and a |l arge proportion of sinple gates are needed in order to
optim se the design.

The reduction in interconnection path [ ength obtained by the use of this
scale of integration will therefore be approximately 2:1, and a signif-
icant part of the systemdelays will still be provided by the inter-
connecti ons.

In order to reduce the interconnection delays to a |level conpatible

with 1nSec gates, the packing density nust be further increased, but

the use of dual in |line packages to accommpdate the sem conductor chips
presents a severe limtation on the number of interconnection pins
avai | abl e. Packages contai ning 300 gates would typically require

250 pins, and the area occupied would not be significantly |ess than

10 individually packaged 30 gate arrays. |nmprovenents in the packagi ng
| eading to a greater nunber of interconnection pins per unit area are
required before full use of the potential of |arge scale integration

can be nade.

The use of nore conpl ex sem conductor devices in a high performance
systemrequires a relatively |arge nunber of different circuit types,
but the small nunber of each type used and the | ong production cycle
i nvol ved for minor design changes make this approach economcally
unattractive.

Thick filmhybrid circuit nodul es interconnecting a standard range
of unpackaged sem conductor chips are another approach which all ows
hi gh packing density and a relatively short production cycle for

nodi fication. This technique also allows the use of sem conductor
devices in volune production, and the possibility of tailoring each
circuit block to the systemrequirenents with acceptabl e production
costs. Developnents in this area may provi de the best technol ogy
for future large fast conputer systens.
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