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ABSTRACT

Building an expert system to assist inm hardware logic design is ome of the
activities undertaken in the Fifth Generaticn Computer Systems (FGC3) Project,
This paper describes the current status of such an expert system. The system
supporis the entire design process generating CMOS circuits from a specification

in OCCAM.

1. INTRODUCTION

The Fifth Generation Computer Systems(FGCS) Project has undertaken research
on  knowledge-based systems in some aspplication arezs, Ameng these is hardware
logie design.

Logic design involves a2 variety of aspects ranging from purely algorithmic
processing to tasks that are heavily dependent on expert knowledge. This system
explores those sspecis by incorporating designers' expertise, for instance, A
prototype  has Dbeen  implemented in Preleg. In the course of implementaticn, we
evaiuated Proleg for its effectiveness 2s an implementation language for a new
genaration of CAD system.

Given a concurrent algorithm described in CQCCAM, the system designs & CMOS
circuit to zid the designer in the logie design process. OCCRM is & programming
larnguage charscterized by its treatment of concurrency. It enables the uses to
specify econeurrent 2lpgorithmz with great ease, The result of functiicmal design,
the first half of the logic design process, {5 a finite-state machire desc=ip-

ticn in DDL, & hardware descripticn language. This is the first level at whnich



the correspordence Lo DErdware CconmoeDLS EMETERS. Cimcuit design, fellewed b
£un5  design, the seccnd helf of th logic design process, transforms the

finite-state machine descriptien inte =& CHOS eircuit.

Suppose a designer invented a new goncurrent alge-ithm o- a parallel pro-
cessing architecture. At first, he would describe his ideas in OQCCAM, Them he
could execute the OCCAM as a compiled program an & conventinonal hest computler,
and =imulate his ideas. He slso could maks a prototype using meny transputers.
The prototype allews him to de resl time experimentatieon, ¢ the performance of
the prototype is not sufficlent, the whele or important parts could be converted
into VLSI by our CAD system. The resulting system is physieally heterogeneaus,

but semanmtically homogereous since the semanilcs are CCCAM based.

in experiment transforming an Ada program urit te silicon was reported by a
team at the University of Utan{Organick et al, 19841, although the transforma-
tion had not yet been fully asutcmated. gur experiment shows that & krowledge-

bzsed appreach is inevitable to transform & programming language to silicen.
2. DVERVTIEW

The svstem covers the entire design processes {rom specifications,
despriped in OCCAM (Taylor and Wilsem 18832}, to complete CHMOS circults. OCCAM is
2 programming langusge characterized by its treatment of congurrency. it en-
ahles the user to easily specify concurrent slgorithms. Heowsver, specifications
are nob necessarily hardware-oriented. Ir other werds, the user 1s nol required

to desoribe specifications based on harduwsre conrcepks,

Botween the initia! stage of OCCAM design specifications and tLhe firal
stage, in wnich CMOS circuiis are produced, =& finite-stazte mzchire description

in DDL{Dietmeyer 1271) is gemersted. In this imtermediate design stEge th

L]

correspondence  with hardwsre concepls first eme-ges. The system's f{imal outout

iz CMDS basie cells, furctioral cells, and the connecilons betwaen them.

The system cemsists of ten suosystems. Figure 1 shows how the subsysLeEms

are related to one gnother, All the subsy=stems aphaar i thne figure with the ex-
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cepticn of the edits® subsystem. The top Two sSubsysisms are resconsiole for
functicnal design. The funetionzl desigm subsystem determines the applicatien of
hardware concepts in implementing the concurrent algoritims, ard pruduﬁes the
finite-stste machine deseription in DDL. The state machine optimization subsys-
tem inspects the [inite-state machine description and makes modifiecations to re-

fine it.

The finite-state machine deseriptiorn in DOL is functiornal, mot  structural,
In order to design circuits, we need information about hardware structure; this
means that functional descriptions must be transformed inte structural descerip-
tions, Here, the translator subsystem plays its psrt. It generates Ltwe kinds of
design information: that ceoncerning data paths and that congerning contrel colir-

cuits,

The comtrel ecircuit design subsystem implements automata having the ap-
propriate states wusing flip-flops. It designs a contrel circuit around these
flip-flops secording to informaticon on state tramsition supplied by the transla-

-

tor subsystem. The dats path design ;ubsystem allocates data paths around fune-

tiﬂbal components, such as reéisters. memories, adders, and decoders,

Both the datz path design subsystem and the control circuil design subsys-
tem genératelllagical expressions, which are then implemented as combinational
circuits usirg CHMOS functional cells. It is not slways possible te implement a
given combinational eircuit using a single functioral e¢ell, because large cells
fail to meet the high performence requirements, The circuit decempesition sub-
system takes @ logiral expression gnd breaks it down into subexpressions in such
a way that each subexpressian can be implemented by a single cell satis{ying the
performance reguirements, These subexpressions are passed to  the funetional

cell design subsystem, which ereates & fumctional cell for eszch subsip-ession.

On the cther hand, functicral components, such a&as registers, memories,
adders, deccders, and I/0 pins, are designed by the basic cell assignment sub-
system. The subsysiem sezrches the basiec cell lihra-y for the appropriste cell.

If one is found, it is assigned to the hardware ceomponent, possibly with siight



modification. Otherwise, tne subsystem eithe~ &ssembles a cell wusing basic

pells ir the library 2s comporents, or 1L atiempls Lo desigr one from scraton.

The system provides 3 facility that cptimizes the emtire CHOS eircuit alter
the basic cells and the functional eells have besn cempleted, It alise provides
a user interface facility, which iz used throughout the design process under

control of the editer subsystem,

In the design process the system explores a variety of design aspects. In
+ne course ef this expleratiern, the techniques applied range from algorithmic
approaches to knowledge-based approaches. We describe severzl of thess tech-
riques ir the following sections taking the patiern matcher proposed by M. J.
Foster and H. T. Kung (Foster and Kung 1979) as an example to show hew the sys-

tem works.
3. DESCRIPTION IN OQCCAM

The first thing the user should do is te describe an algorithm in OCCAM.

For example, the algorithm of the pattern matcher 1= deseribed in OCCAM, a8
shown in Figure 2. This pattern matoher chacks whether a given patilern, which
iz g fixed lemgth of characters, is embedded in =2 given text string, which is an
endle=s Etring of pharzoters zs shown in Figure 3. The pattern matcher produces
s stresm of bits, esch of which ccrresponds to one of the characters in the text
siring.

Let's dencte the input string stream as 505152 wes o bthe [finites pattern
stream &S PuPPy ees Py and the output Tesult stream as r r.r, ... . Charac-
ters in the twe input strezms may be compared for equality, witin the wild card

character x considered to matoh sny character in input st-eams., The culput bit

... 5. matrhes the pattern, and

r.ois & t if the substring 5., 5, . .
, 1s to be seb to 1 if the subsiring s, 5, . . i

0 otherwise., For exazmple, in Figure 3, the pattern AKX matches the substrings
Sp5152r S35y5g and susisﬁiﬁﬁi. AAC, amnd ACC).

P

The QCCAM program consists of declarstion parts, (AY{51(C), and gsseriplicn

o

of parallel processes (D).
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Peclaration parts are as follows, (A) declares yectors of oharrmels, [
channel wvector 1is g set of chanrels, Channelils are used Lo communicate between
concurrent processes. For example, patternlf] means that there are six channels
named pattern and they are numbered frem O to 5, as shown in Figure 4,

(B} declares a single ccmparater process., PROC gives the rmame comp teo this
process, and identifies five fermzl parzmetersz, the internzl chamnels, pin, 5iﬁ,
pout, Sscut and dout, a5 shown in Figure 5. When the named process 1s substitut-
ed in the subsequent process, the formal parameters are replaced by the actual
parameters. Process comp consists of two sequential processes, One is the ini-
tialization of wvarisbles p and s, which stand for  pattern and string,
raspectively,(B=1). The other is an endless repetitive process, WHILE TRUE.
This repetitive process contsins three  sequentisl processes. Thne first and
second processes are output end input processes, (B=2). The last process com-
pares p and s, and cutputs the truth value, TRUE or FALSE, (BE-3).

(C} declares a single accumulator process, The process named aze contains
seven formal parameters as shown in Figure 5. The verisbles d, x, 1, r, and t
stand for the current compariscn result of the comparater, den't care bit, end
of ;pattEPﬁ1 finzl result of m;tehing, and tempeorery result of mastehing, respac-
tively. Process gece censists of two seguentizl processes, One is the initiali-
zaticon of wvariables, ({=1). The cther is a repetitive process, similar to pro=
cess comp. This repetitive process irncludes three seguentisl processes, The
first and second processes are cutput and input processes, (C-2)}., The last is a
eonditional process, (C-3}. If the walue of 1 is TRUE, that is st the end of
pattern, an asccumulator useﬁ-the value t (concurrent temporary result) . as the
final result, and then resets t to TAUE. Otherwise, it maintains a temporary
result t, which is set by the logical expression £ 1= £ A\ (x N dl. A W
stands for boolean AND, and OR, respectively, It means that if the current tem-
parary result © i3 TRUZ, and x or the current comparisen result d is TRUE, then

the new temporary result will be =ebt to TRUE,

(D} means 2%5 array of concurrent process, &s shown in Figure 4. The cells
at the &top are Lihe comparators; the pesttern flows from left to right gnd the

gtring floews from right to left, The bottom ecsllis, eccumulaters, reaceive Lhe



rezults of the comparisen from asbeve. They maintal-

L

T

i s . ey e
izl results, 8= snlii

e

completed results frem right to left. Twe bits gssceliated with the pattern flow
through the asccumulators [rem left to right., Ore is the eng ¢f paLLe"ﬂ1?¥- ne
cther is the wild cgrd character, X.

4, FUNCTIONAL DESIGH

Furctional design can be thought of as the phase of design that determines
which hardware corcspts to apply in implementing the concurrent algerithms and
describes how the hardware components should behave. The three primary things
the functicnal design subsysiem, one of the mest kiowledge-irtensive psris, 15
supposed to do are as Tollows:

1) Implement variscles described im OCCAM using hardware elements
(registe-s, ete.).
2) Dasign hardware control mechanisms for “constructs" of OCCAM
("SEQ" for =equential processes, "PAR" for perailel processes, gte.).
3) Impiement communicaticr between processes described in OCCAM
("?" for inputting a value {rom a _channel, "!" for cutputting & velue to 2
channel),
Tre end reszult of the functbicral design s=unsystem is a finite-state machine
description, which is further refined by the state machine optimization subsys-
tem,

Figure & shows how the interaction goes betwsen the use- and the system for
the previcus examole., First, the system armslyzes the siructure of the QCCAH
spepificatiorn, loaking at OCCAM's censtructs. Then, it determines how Lo fmple-
ment OCCAM variables, At this point, guestions are asked about the number of
hits each variable snculd have, Since there i3 an assigrnment cperation that sels=
variable 1 toc MFALSE", the system tries to sllot one bit for 1L and gels the
user's econsent, The system czmmol figure cut how many bits variable s should
have, S0 it =sks the user, The user wants the varizble to have 8 bits, s¢ he
enters §. The system doss not have any direct evigsnee about varisbles p, but
suspects thet vsrisble p  should have 3as many bils as s. In fact, there is zn

operstien in the OCCAM specifisaticn thst compares = and p. The numher ¢f bpits



for & warliable is determined to be just cone if all its sources turn cut te be
truth values ("TRUE"™, "FALSE", or a logical expression}.

Hext, operation sequences are compressed in orde= to fully utilize the in-
herent parallelism of hardware, Scme seguential processes can pe transiormed
into hardware operations executed in par~allel, which gives betiler performance of
the generzted hardware.

Here, the rule, a Prolog clause, shown inm Figure T, i3 used. It reads that
twe woperations in & sequence gre compatible, or can be executed at the same
time, if : both are s:qre-type oparaticns, such as gn assigmnment process, Lhe
variables into which the sources are toc be stored are different, the varlable
in the first operation is not referred to in the socurce of the second operation.
Using this rule, the QCCAM seguential process in (C-3) in Flgure 2 is compressed
intoe the following twe DODL register transfer cperations, which are executed in
parallel: r <= t, t <= 1.

The system then implements OCCAM's inter=process communication, It asks
whether it can take advantage of overall synchronism by using & single eleock. If
the user sses no problem in usi?g a single clock, he replies in the affir-mative.
The Esyatmm slss asks 1l the user wants high-spesd communicabion rather than
gsteady communication sueh as hand shaking. If the user wants this, the system
tries to ilimplément. communication with the transmission and reception timing of
communication coordinated.

With inter—process communicsticn implemented, the hardware contrel mechan-
fisms, including sutomats and their states, are completely determinmed. After im-
plementing OCCAM primitive ape;atinns as DDL hardware cperaticns, and generating

partial DDL dese-iptions, the system puts these partizl descriptions together to

complete the firmal DDL description, &5 shown in Figure B,

5. CIRCUIT DESIGHN

The transiator subsystem t-ansforms the DDOL finite-state machine descrip-
tions inte design informaticen for the circuit design process. It gathers and
edits conditicns for terminal caonrnection, register transfer and state transiticn

operaticns, Then it organizes this date in g frame-like siructure, classiiisd



gnd legieal expressions,
£1% logicz) expressions are given unigue names and the cecu-rences of each
logical expressian a-e counted, te prevent thelr arbitrary duplication by combi-

national circuits.

For example, the DDL code shewn in Figure 8 includes three register
tranefer operaticns of register "r" in zutomston "acc", These cperaticns Sug-

gest respectively the following information:

1) 1% acc_init ¥ .- 0,
2) |* ace idle & sendl ¥} Fod- rin,
3) 1% acc statel & 1 *} r{=t,

where, the states whose identifier is medified by "acc " beleng to the automaton
Mapeh, ™MW L Mostands for an if-clause.

Aocording to this information, the inpub eircuit of register Met 5 pro-
duced, as shown in Figure 9 .

The lozic diagram of the pattern matcher is obtained, as shown in Figure
18. The top helf represents the diagram for the accumulater and the bottom hezlf

represents Ehe diagram for the comparater.

The circuit decomposition subsystem bresks dewn a legical expressicn  Into
suboxpressions i such a Way that each subexpressicn can be implemented Dy &

single cell satisfying the performances requirements,

f. CMCE DESIGH

L CMOS funetioral cell is produced based on the logicsl expressicon which
represents the combirmatiornal eircuit, & furetignal cell is & strategy for a
larze-scale sccumulation of VLEI. This section discusses the implementiatlor wf

& random leogic funciieon on an avray of CHOS transisters. A heuristic algeritim

that minimizes the s=-ay size ig presentec,

.
Ty

0r

The basie layout of a fumctiornal cell is illustrated i igu-e 11, st i=g

i



frem the AND/OR (sum of products) loglcal expressicn. ANDJOR gates in the logic

diszgram correspond t¢ the series/parallel cenneciions im the circuit disgram. It

[l

iz elea* that for every AND/OR expression of a Boolean function, one earn cblain
& serieps/parallel implementation in CMOS technoleogy, in which the p-MOS side and
n=MCS side &re each other's dual.

Phaysically adjacent gates can be connected by & diffusion area. The layout
can be further improved by judicious pairing of scurces and drains, Separztion
is required when there i3 mo connection between physically adjacent transistors.
However, the best results are cbitzined using the slternstive circuit shown in
Figure 12(b}. This circuit is legieally equivalent to the one shoewn in Figure
11{b). Since both the cell height and the basic grid size are functions of the
technology employed, an optimal layout is obtained by minimizirg the number of
separations. Finally, the layout of the functional cell can be cptimized as
showr in Figure 12(d). This array is smaller than the basic lavout by almost
50%.

In order to reduce the array size, it is necessary to find a pair of Euler
patﬁs {an Euler path is an edge chain that contains all the edges of the graph
model) havirg the same sequence of labels on the duzl graph model, becauss p-
tvpe anrd n-tvpe gstes corresponding to the seme input signal have the same hor-
izontal pesition in the CMOS array. Since the graph-theoretical algerithm to
chbtain the best sclutier is exhaustive, the following heuristic algorithm has
been proposed (Uehzrz and vanCleemﬁﬁ: 1981}

Step 1) To every gate with an even number of inputs add a "pseude" input.

Step 2) Add this new inmput to the gate in such & way that the planar
representation of the lopic diagram shews a minimal irterlsce of "pseu-
do" and real inputs. The vertical eorder of inputs an the planar leogle
dizgram produces an optimzl gate segquence leyoub. “Fseudo" inputs, ex-

cept for thoss at the too or beotiom, cor-espend to separaticn areas.

The separaticn sreas cen be minimized using & legic diagram, which clearly
shows the st-uctura of the ssriss/parellilel graph.

An algeorithm for constructing 2 minimal interlace is implemented in Prolog.



B8 mublii=med i Figure 13, Re examol: af spolying the minmdimzl imterlace gigomions
ts the logiczl expressicr [or,[and,ler,1,2],[0r,3,411.5] is shown in Figure 14,
Figure 1i({b) is a cenceptual mocdel of the legic dizgram shown in Figure 14{al.
The black and wnite trizmgles correspond te rezl znd “psewdo" inputs, respec-
tively,

Triangles 1, 2 and pi in subtree T1 are res-ranged by the algorithm. The
result is represented by a single tiriangle with a white top and black
battem("white-black™), because the colsr of the top triangle, pi, is wnite gnd
the coler of the bottom triangle, 2, is black. T2 is similarly represented by 2
new triamgle, A new model is then obtained as illustrated in Figure 14(d}. The
grrangement of subtres T3 is shown in Figure i8{e). (Hote that T3 1ls represent-
ed by a white triasngle because the top triamgle, p3, is white and so is the bol-
tom of triangle TZ.) The final rezrrangement of the iree is represented in Fig-
ure 14(f)}, In the end, we obtain & logic disgram with an input sequence charac-
terized by minimal interlacing, as shown in Figure 13{g} [[1.2.“,3].[5}3._Th15
zequence shows the =saparation betwsen the two sublists, This sequerce of
transistors gives the optimal lsyoutr of the CMOS functional cell.

Let's produce CMOS funeticnal cells from the decompused combinational eir-
cuits around register "r", as shown in Figure 9. Because, (1}(ii) and (114}
parts are typlical combiraticnal eireuits, they will be prepared in the library
of cﬂnvezticnal design subtomation systems although they sre generated frem
scratch by the previcus algerithm, as shewn in Figure 15, As the (iv]) pa~t 1is
ret a regular eircuit, its CMOS cell is not contained in the conventional 1li-
orery. The implementetion of £h15 circuit is shown im Figure 16. (2) is the im-
piementation of the circuit using cells in the conventional library. (D) 1s the
eptimal layout using the previcus algorithm. The combinaticmal eircuit around
register "r" is implemented by routing between these four CMOS functionzl cells.

We havs presentaed a svstematle mebhed of implementing randem leogic  fune-
tiorns using functicnal cells. Components such as rogisters, mamorles, decooers,
gzders, ang 1/0 pins are assembled from a libvrery of basic cells. Sinve thess
cells are of the =zme heignt, and have the ssme power csmnecileons and standerd-

8d cornnection points, they can be readily incorpereicd ints existing sulsmalad



izvout svetems, The pattern matehing chip will be implememted a2s =howr 17 Fogus

7.

7. CONCLUSION

We have developed a CAD system which covers the entire gdesign provess from
specifications to complete CMOS cells, The implementing language Prolog appears
to have the ability both to succinetly express algorithms and to effectively

represent knowledge, for the logic design system.
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<system® m
:

crime> clk.
cgntrance> pin{8), sin(8), =xin, lin, rin, din.
<axit> pout(8). souc(8), dourc, =xocur, lour, rout.
<terminal> sendl.
<aucomatcns comp: clk:
<register> p(8), s(8).
<~stales>
inic: p == 0, s <=0, == idle.
idle: pout = p, Soul = =5,
p <= pin, s < sin, -2 statel.
staral: seadl = 1, dout = { p := s ), =» idle.
<gnd=>.
<end> comp.
<automaton> acc: clhk:
<regiscter> 4, x, 1, r, t.
<staCes>
init: x <= 0, 1l <=0, T <« 0, t <1, -» idle.
idle: sendl: xout = x, laue =1, Tout = T,
x ¢ xin, 1 <= Iim, T == rin,
d <= din, =-» statel.
sctatel: |* 1 %] r <= t, t <=1

“pnd>,
<gnd> ace.
<gnd> pm.

|
; t<= (t& (=] d))., => idle.

Figure 8, Finel DOL descristion
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4 . -
mensmass Sample list
white selecti-
Selecs every white triangle and pur it
in the list
one black & white_select:-
Salect only one black & white triangle and
puc it in the lisr with the whice part
on LoD.
black_sgelect:-
Select every black triangle and put it in
the list.
rest_black & white _select:-
Add the remaining triangles to the lisc in
such a way that their top parts alternats
(hlzck, whire, black, white, etc.}.

2

N7
—)

7
Y

TV VYV

st color from (I W-LIST, (28 W3-LIST,
né & LOG-EXP2.

Fizure 13. Minimal inreriace altorithm
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Implementation of the eircuit (iv)

[a)NAND gates

(t)Furctional eell
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power, !_f_!_rnc_‘rmnul cell
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