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Abstract— A deep understanding of circuit behaviour is a pre-
requisitefor any validation procesgsimulation, formal verification,
test generation). We proposeto use a tool which gives complete
and optimized representationsof sequential circuits allowing the
designerto understand the accuratebehaviour of the circuit. A de-
tailed exampleis intr oducedto help reader’s understanding. For
obviousreasonswe choosea small sizecircuit. The examplecomes
from our experience ([2]) in computer architecture and digital de-
signeducation.
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INTRODUCTION

Beforeto designsequentiakynchronousgircuits, the
designerdiave oftento dealwith their representationas
Finite StateMachines(Fsm). A Finite StateMachine(or
Finite Automaton)canbe describedn several different
ways:

« TheFsm is describeddy alist of inputs(X), stateqQ)
andoutputs(2) completedby the descriptionof thetran-
sition(d : ¥ x @ — @) andoutput()) functions.We
shallnamethis descriptiorthe specificatiorof the Fsm.
Generallythetransitionfunctiond is describedy akind
of table,giving the new stateasa function of theinputs
andthe previousstate.Representationsasecon bubbles
andarrows arealsoused. It is well known [10] thatthis
descriptionis not unique: two FSMs canbe equivalent.
We alsoknow thata minimal form exists.

« The Fsm is describedby a list of gatesandflip-flops
with their interconnectionsWe shall namethis detailed
descriptionof the implementationat the logic level the
logic implementatiorof the Fsm.

Herewe consideronly synchronousmplementationas-
sumingthe existenceof a cLock andof a RESET signal.
Thedescriptionis notunique: the designer(or the CAD
tool) canchoosedifferentbinary codesfor the informa-
tions (inputs, states outputs)andthis will give different
implementations.

« We mustnotethata Fsm circuit can be describedas
a combinationof several sub-circuits. In the frame of
this paperwe restrictourselhesto sub-circuitssharingthe
samecLOcK signal.Differentcombinationsxist : serial
combination(inputsof automator® aretheoutputsof au-
tomatonl), parallelcombinationgpossiblysomeof the
inputsof automator® area partof outputsof automaton
1 andsomeinputsof automatori areoutputsof automa-
ton2). Thisideais alreadypresentedh the conclusiornof
1956 Moore’s paper([12]) : Certaininputsof each ma-
chine are connectedo the outputsof others, and other
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inputsandoutputsof theindividual madinesare usedas
theinputsandoutputsof the compositamadine (p 153)
« In mary situationsthe circuit is describedas a set of
registers,multiplexors, arithmeticoperatorsand busses.
Thistype of descriptionpftenconsideredsbeingatthe
Register TransferLevel (RTL) allows to dealwith com-
plex automatawith a simpledescription.Thecommands
of Muxes,ALUs aretheinputs,reports,suchasflagsare
the outputs.Datainputsandoutputsplay anotherrole. A
simplecircuit with two 8 bits registersanArithmetic and
Logic Unit, aninputfrom theexternalworld andabunch
of commandsanhave 65536stateg2(3+%)) andatransi-
tion functionwhereeachstatecanhave ary of the65536
successorsA descriptionat the "table” level would be
impractical. SuchRTL descriptionscanbe basedon ei-
therboolearor integertype.

An exampleof descriptionby bubbles-and-arns or in
RTL styleis givenin figure 1.

The work presentechere consistsin composingau-
tomataandexploring the resultof the composition.This,
aswill be shawvn, allows the designerto deeplyunder
standthesynchronisatiomspectsn thecircuit. FsM min-
imizationthenallows to dealwith abstractiorin prepar
ing the formal verificationof the circuit.

The basicsof our approachare very simple : given a
circuit descriptionof a FsM logic implementationor a
booleanbasedrTL descriptionatool first computeghe
specificationexpansionof the Fsm andthendeliversthe
minimal FsM equivalentto the givenone.

Obviously this is the reversetask comparedo the very
commonsynthesistools available in all standardCAD
packagesSowe shallhaveto explaintheinterestof such
atask. Thisis donein afirst section. A secondsection
shaws the languageand environmentusedfor our work.
A lastsectioncontainsa detailedexample.

THE GOALS AND PRINCIPLES

Let usrecall briefly whatis compositionof automata
and what kind of exploration we want to do with this
composition.

What is compositiorof automata?

At anabstractevel, thingsarequite simple.Let
o A= (Qa, T4, Qa, 80, Aa, ¢°) @anautomaton,
Q. isthesetof statesY, thesetof inputs,Q, the setof
outputs d, thetransitionfunction, A, the outputfunction
andq? theinitial state,
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Fig. 1. Structureof the datapathand statediagramof the automaton
for a 2 hits size. The numberingof the statescorrespondso the
valuesin the Accumulator In the automaton;Progressl” means
"progress”and add the value 1. OutputZ is true for 3 combina-
tions: stateO andno Progressstate3 and Progressl and state2
andProgres2.

o B=(Qs, Z6, M, b, Xb, g) anautomaton,
The composition C=(Q, ¥, 0,45, ,¢°) is defined as
such:

o QzQa be
o *=(q)
« Yisgiven;

wedefinef : ¥ x Q — X,
o wedefineg: ¥ x Q, — %
« Qisgiven; wedefineh : Q, x Q — Q.
Compositionof two Moore automatais different from
compositionof aMooreautomatoranda Mealy automa-
ton:
A Moore, B : Moore

5((1%,1%), e) = (6(107&7 f(e7 )‘b@b)))7

(sb(pbag(ea ’\a@a))))

AM®a,pp)) = h(Aa(Pa), Ao (ps))
A: Moore, B : Mealy

(5((pa,pb),e) = (6a(pa;f(eaAb(pb7g(ea)‘a(pa)))))7

6b(pbag(e= )‘a(pa))))

)‘((paapb);e) = h()\a(pa);)\b((pb)ag(ea)\a(pa)))
Let usnoticethatMealy-Mealycompositioncouldbeun-
safe,introducingcombinationaloops. Shiple& al. pro-
posea methodto solve the problem[13].

What is exploration ?

Ourtechniqueas basedn explorationof thecircuit be-
haviour. Explorationmeanghata designetis notalready
completelycertainaboutWhatmustbe done? It is too

early to give ary kind of implementationformal spec-
ification or ary similar description. Explorationis what
youdoondraftpaperwith apencil. Youareenteringinto
your designandyou needto dig into it. Youtry, in fact,
to understandvhatyour circuit will be (or would be ?).
Explorationis certainlynotfor afull circuit but for apart
of circuit, for a mechanismfor a hardwaretrick. As an
examplewe could beinterestedn thegoodsynchroniza-
tion betweera controlpartandadata-pattpart. Compos-
ing Moore-Moore,or Moore-Mealytypesdoesnot give
equivalentresultsfrom thetemporalpoint of view.

We shallthenexploretheresultof the compositionof the
two automata.

Thetools usedin this phasehelpyouto getall theinfor-
mationsfrom a roughdescription. They make a kind of
ComputerAided Draft. But your draft paperdealswith
formal calculationsor proofswhenneeded.In a further
section,an examplewill be presentedo make clearthis
approach.

Comparison of explorationwith other approaches

Letuscompareheprinciplesof thistechniqudo other
approaches.
e A first characteristiof our approachs its relationto
simulation.
- In afirst step,simulationallows the designerto check
consisteng betweenthe implementationand the inten-
tion. This partis known to be difficult andunsafe. The
behaiour of the implementationis seenby timing dia-
gramsandtheinformationsobtainedaredependentipon
the testbenchprepared. The problem of elaboratinga
goodtestbenchis highly difficult. Explorationcangive
somecompleteinformationswhile simulationcannot.In
exploration,we do notneedto give atestbenchWe have,
in acertainway, ALL thepossiblegestbenchehviously
it canbe too much. But the behaiour obtainedby this
techniquds complete.
- In asecondstep,simulationcantake into accountssome
informationsextractedfrom layout steps. Our approach
cannotreplacethesecomputationsmanagingthe wires
andgatesdelay Explorationis not usefulatthislevel.
e A secondcharacteristigs the relationto modelcheck-
ing. We usea formal approach,and associatedools.
TheLUSTRE compileris in factamodelchecler. It con-
tainsthefunctionalitiesto build andminimizeanautoma-
ton. Generally the peopleinvolved in model checking
useequialencerelationson the statego avoid combina-
torial explosion([5]). For exampleHerbrandAutomata
have beenintroduced([6]) to model the samekind of
compositionof automata.The authorsusethemto ver-
ify somepartsof complex micro-processorsOneof the
authorsof theseHerbrandAutomata,A. Pnueli,explains
the differencebetweenexploration and modelcheding
(of software)in the foreword of [5] : While simulation
and testing explore someof the possiblebehavios and
scenariosof thesystem]..], formal verificationconducts
an exhaustiveexploration of all possiblebehavios. Ob-
viously testingof hardwarehasothergoals.
In our approachthese complete Finite State Machine
structuresare the usefulinformation.



node muxlbit (i, t, e: bool)
let

s =@ and t) or (not i and e);
tel;

returns  (s:bool);

node addlbit (a,b, ret.in :bool)
returns  (som, ret out: bool);
let
som = a xor b xor ret_in
ret out = a and b or a and ret_in or
b and ret_in;
tel;

node addNbits (const N: int; a, b: bool'N)
returns (' bool'N);
var carry bool"(N+1)
let
carry[0] = false ;
(r[0..(N-1)], carry[1..N]) =
addlbit  (
a[0..(N-1)],
b[0..(N-1)],

carry[0..(N-1)]);
tel;

node B_mealy_gene (const N: int; p,u: bool)
returns  (z:  bool);
var

b,r : bool'lN ; -- adder inputs outputs
newacc , acc : bool’'N; -- inp_out accu
cumuland bool"(N+1); -- "and" test zero
let

b[0] =u; -- plus 1

b[l]] = not u; -- plus 2
-- extension to N bits

b[2..(N-1)] = false”(N-2);

r = addNbits (N , acc, b);

newacc = muxlbit(p"N, r, acc)

cumuland [N] = true;

cumuland[0..(N-1)] = not newacc[0..(N-1)]

and
cumuland[1..N]
z = cumuland [O];

accl[0..(N-1)] = edgeDflip
(newaccl0..(N-1)]);
tel;
const width = 3;
node B_mealy 3 i (p,u: bool) returns (z: bool);
let
z = B_mealy_gene (width, p,u);

tel;

Fig. 2. Lustredescriptionof adata-path

A work basedn"Parallelcompositiorof Fsm” ([17]) al-
lows to solve somekind of equationsn automata.Com-
mon authorsinvestigatea kind of "decompositionof au-
tomata”([7]).

THE LANGUAGE AND TOOLS

In this section,we give somedetailson thetechniques
usedto describethe sourcersms and aboutthe results
givenby thetoolswe use.

How do we describe?

All thedescriptionsaregivenin thelanguage. USTRE
([8] and[9]). LUSTRE is closeto Lola, thelanguageaused
by N. Wirth in hisbook. ([16])

Descriptionmay be of differenttypes:
« Circuits describedas a setof nodes: the nodescon-

tain logic gatesand edge-triggeredD-type flip-flops.

The only datatype is boolean. (Cf nodemux1bit or

addlbit figure?2)

Let usnoticethatthesedescriptioncantake into account
differentcodesof the states.

« Circuits describedas a hierarchicalor compositional
setof nodes. The nodescan be different (cooperating)
automataThelanguages suchthat,basically all theau-

tomatasharethesameclock. Dueto thisfeature L USTRE

is oftenreferedto asa syndironouslanguage.

« Genericcircuits of size N, dealingwith booleanvec-

tors of size N. Registershave N flip-flops. Adder can

be N bits wide. (Cf nodeaddNbits hereafter). No-

ticethe”implicit” repetitionof add1bit in addNbits

N must be instanciatedbefore effective use. (Cf node
B_mealy _3_i ) This allows us to have a samedescrip-
tion for any N-bits circuits, we only needto changeone
constantThe samefeatureexistsin VHDL.

The examplein figure 2 is given for illustration, it cor-
respondgo the circuit drawvn in figure 1. It will be ex-
plainedin afurthersection.

What do we obtain ?

We shallcompilethe circuit description.The compiler
delivers a descriptionof the automatongiven in input.
The descriptionis basedon the setof statesandthe two
functions: transitionfunctionandoutputfunction. If the
input descriptioncontainedseveral automata,the com-
piler computeghe productautomaton. The description
of theresultautomatoris giveneitherin aninternaltex-
tual form, or in C languagereadyfor compilation,or in
agraphicalform. It couldaswell begivenin vVHDL or an
otherHardwareDescriptionLanguage The executionof
the C versiongivesthe sameresultsthana simulator
Anothertool allows to minimizethis automatonlt gives
theminimal automatorequialentto the proposecne.
What uses can be done with the result of this
composition-gpansion-mitmization ?

o A first useis to checkthe circuit obtainedby a classic
synthesigool : all the commoncommercialCAD tools
containa packagemplementinga Finite StateMachine
by flip-flops andgatesfrom a descriptionof the automa-
ton by statesandtransitions.Our tool contains,in a cer
tain form, thereversetool.

¢ A secondveryimportantuseis allowedby thistool, but
we shallnot enterinto the detailsin the frameof this pa-
per: if we describetwo logic implementatiorof a same
FsM, basedn differentcodesof the statesandif we add
a comparatoron the outputs,we can checkthe equiva-
lenceof thetwo FsM (Let us noticethatthe comparator
is virtual in this case). They are equivalentif the com-
paratordeliversalways True”. Thisis computedby the
compiler We usethis approachin educatior3].

¢ In thispapemwe dealwith athird use exploration,based
onthecarefulmanualanalysisof the resultof the expan-
sion process. For instancewe shall study the synchro-
nizationaspect®f a compositionandthe significationof
aformal minimization.
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Fig. 3. Thestatediagramof thecontroller Theinputsarethetwo wires
aandZ. TheoutputT is trueonly in state3, theoutputPis trueonly
in statel.

THE EXAMPLE

We presentin this sectionan examplecomposedf a
controlleranda data-pattpart.
To make thepaperasself-consistenaspossibleywe made
drastic simplifications and limited oursehesto a very
simpleexample.

Control Part - Data-Path Part composition

Our exampleis a circuit composedodf two parts: a
data-pathand a controller This decompositioris well
known and allows descriptionat differentlevels. This
kind of specificationcanbe doneby a variety of Algo-
rithmic StateMachines.Thesedescriptiondor synthesis
areavailablein vHDL or Verilog. Combinationablocks
of the data-pathandtiming in the controllerarechosen.
The descriptionof the circuit canbe doneastwo Finite
StateMachines.For controllersa tableapproachs gen-
erally admitted(or bubblesandarrons). The outputsare
thecommandsowardsthedata-pathData-pathearede-
scribedat the RTL level. The designersgreferto speak
abouta 10 bits accumulatorand an adderthenaboutan
automatorwith thousandof states. We shall conform
to this techniqueto describethe data-pathput we shall
explore the structureof the equivalent specificationau-
tomaton.

The circuit data-path

The data-pathis a simple adder+ accumulatorstruc-
ture. (Cf. figure1) It hastwo commands
The first commandprogress or P allows the addition.
Whenunactive,theaccumulatoremainsunchanged.
Theseconccommandvalue or U selectsavalueto add:
we madeour choicebetweenaddingl or 2. Any other
couplesof valuescould have beenchoseraswell.
The circuit deliversa booleanoutputZ true iff the new
valueof theaccumulatois Zero. (Theautomatorwill be
of Mealy type)
The circuit is describedas a genericN bits wide thing.
Thetext presentegbreviouslyis for N = 3. A restriction

Advance A

Value U
L Progress P
Controller >| Data path J
Part

¢ Zero Z
T

Fig. 4. Compositionof thecontrollerandthe data-path.

to N = 2 givesthe automatorin figure 1. For N = 3 we
would obviously have 8 statesinsteadof 4. Thereis a
combinatorialexplosionin the numberof states.We are
awareof thisfact.

The circuit controller

Our control partis a simple4-statemachine.lt is de-
scribedby figure 3. The input a comesfrom external
world. In statesl and 3, a allows advanceof the con-
troller. In statesl and3, if a is zero, the controllerre-
mainsin the samestate. The outputT is a simpletest.
The otheroutputP will bethe Progressiorcommando-
wardstheaccumulatarTheinputZ is boolean(it will be
the outputof thedata-path).

Composition

We linked thesetwo parts accordingto the scheme
givenin figure 4 andasled the Lustre compilerto com-
putethe automatorequialentto the productautomaton
so obtained. The compiler first gives the full automa-
ton, thenit is possibleto minimizeit. Let us examine
(figure 5) and commentthe two versionsof productau-
tomata: minimizedor not minimized.

In both descriptionwe are invited to considermacro-
statesnamedPC=0,..., PC=3. They correspondo one
stateof the controller PC=0meanghatthe controlleris
in state0. For one stateof the controller therecanbe
differentvaluespossiblesn the data-path.They appear
onthediagram.A "state” of the data-paths the current
valuein theaccumulatarlt appearsasAcc=1or Acc=2.
Figure 7 gives the completeproduct of thesetwo au-
tomataasa setof couples. The compositionfirst shavs
that synchronisatiorbetweenthe two partsis correct.
Specifically the valueof z testedby the controlleris the
valuecomputedn the data-pathat the previousclock cy-
cle.

Another information is obtained: only 15 amongthe
16 possiblestatescan be obtained. Careful analysisof
automatonsuggestghatit is impossibleto have a state
where Control part could be in statePC=2while data-
pathwould bein astatewith Acc=0.
Anotherpropertycanalsobe expressed "Oncethe ac-
cumulatoris differentof 0 in the controllerstate(PC=2),
it will becomedefinitively impossibleto changethe ac-
cumulator

Inter pretation of minimization

An understandingf the meaningof minimizationis
givenfor thisexample.
- in the non-optimizedversion, the valuesof the accu-
mulatoris alwaysmeaningfull,whatever the stateof the
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Fig. 5. Two versionsof the composition: on the top the original ver
sion, on the bottomthe minimizedversion. PC is the stateof the
Control Part, Acc is the stateof the data-pattpart. OutputT is true
only in statePC=3.

Fig.6. Minimized compositionof thecontrolleranda4 bitswide data-
path. All the arrowns from all the statesof the ring towards state
wherePC=2arenot dravn. The differenttypesof arravs in the
ring correspondo theplus 1 andplus 2 arithmeticoperations.

-a-u -au a-u au
0,0 01 01 01 01
"14” | 17 "1 "1” "1”
1,0 12 11 22 21
"1” "5” 4" "3" "2"
2,1 31 31 31 31
"2" "6” "6” "6” "6”
2,2 32 32 32 3.2
3" T T " "
11 13 12 23 2.2
"4” "9” "5” 8" "3"
1,2 10 13 30 23
"5” "1” "9"  "10" "8
31 31 31 01 01
"6” "6” 6" "11" "117
3,2 32 32 02 02
" "7 T r12n 12
2,3 33 33 33 33
8" "13” "13” 137 13
13 11 10 21 3,0
"9” 4" "1” "2" 10"
3,0 30 30 00 00
"10” | "10” 10" 14" "14”
0,1 21 21 21 21
"11" | 2” "2" "2" "2"
0,2 22 22 22 22
"127 | "3 "3” "3" "3"
3,3 33 33 03 03
"13” | "13” "13” 15" "157
0,3 23 23 23 23
"15" | "8” "8" "g” "g8”
2,0 30 30 30 30
"10” ”"10” "10” "10”

Fig. 7. Completecompositionof the automata.In couples,the first
components the stateof ControlPart,the secondneis the stateof
the Data-Rath Part, (the value storedin the accumulator).For each
statethe number asin figure 5, is given betweenquotes.The four
next statesfor thefour combinationf boolearvaluesa andu are
given. State(2,0) hasno numbey it doesnot exist.

controller Thereademwill however noticethatthe value
cannotchangewhile theautomatorhasenteredn oneof
thestatesll, 12, 15, 2, 3, 8, 6, 7, 13. (top right of fig-
ure5) Thisis normal,progressiomf Accumulatoris only
possiblein statePC=10f thecontroller And whenPC=2,
Accumulatordoesnot changeandZ cannotbhe modified.
It is soimpossibleto go backto statePC=1.

- in the minimized version, this valueis usefull only in
statePC=1. This informationis usefullbecausehe con-
troller forcesProgressin the accumulatar The accumu-
latorwill progresof 1 or 2, dependingpnaconditionun-
known from the controller Theresultof the progression
is necessaryo establishthe next stateof the controller,
accordingo thevalueof Z (Accumulator= 0).

The samekind of structurecan easily be obtainedfor
morethan 2 bits wide data-path. We generatedhe au-
tomata,minimizedor not, for 2, 3, and4 bits andwe eas-
ily checledtheregularity in the structure .Obviously this
circuit is strongly sensibleto arithmeticfacts. Figure 6
shavs the combinationof a4 bits wide data-pattandthe



controller TechniqguesuchasMcMillan’s uninterpreted
functions[11] couldnotbeapplied.” A commorreason
for the "non-essential” growth of the statespaceis the
presenceof a significantdata path componentn a cir-
cuit. [ ] Thus,it is oftenpossibleto abstract the large
setof values2™ in an n-bit data pathto a small setfor
the purposesof analysis. (Notethat this is not directly
feasiblefor arithmeticcircuits)” [15]

CONCLUSION

The kind of exploration presentedin this paperis
basedon humanunderstandingpf computergenerated
automata.This approachis a complemenbf simulation
or formal validation. It is very fruitfull becausesxplo-
ration gives,in a certainway, all the behaiors of a cir-
cuit, while simulationgivesonly the oneschosenby the
benchmals designer Let usremainawarethatthis ap-
proachis alsovery difficult.

Our other experiments not presentecherebecauseahey
weretoo big, shav that100statess a maximalcomplex-
ity. It meansthat we mustsimplify drasticallya mech-
anismto studyit. For instance the size of the automa-
ton obtainin figure 6, with only 21 statesis discourag-
ing. The non-optimizedversionhad 64 states. We did
notdraw it in this paper For anotherstudy ([4]) we ob-
taineda 6500 statesautomatorandit wasimpossibleto
managet by hand.

Themaingoalof thistechniquds to studya mechanism,
in this presenpapersynchronizatiometweercontroland
data-pathparts.Our exampleshowvs alsosomearithmetic
regularities. But our techniqueis not aware of this fact.
Othertechniquesave to be usedto take this kind of as-
pectsinto account([1], [5],...).
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