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Abstract

We usea formal tool to extract Finite StateMachines
(FSM) basedrepresentations(listsof statesandtransitions)
of sequentialcircuits describedby flip-flops and gates.
Thesecompleteand optimized representationshelps the
designerto understandthe accurate behaviourof the cir-
cuit. Thisdeepunderstandingis a prerequisitefor anyver-
ificationor testprocess.Anexampleis fully presentedto il-
lustrateour method.Thissimplepipelinedprocessorcomes
from our experiencein computerarchitecture and digital
designeducation.([2])

1. Intr oduction

It is now widely acceptedthata cleanspecificationof a
circuit mustbe designedin parallelwith the designof the
circuit itself. This hardware-brainwareco-designis neces-
saryto verify, simulate,prove,test,validatethecircuit. Our
observationis thatit is oftendifficult to expressall thespec-
ificationsof acircuit evenif weknow how to designit.

Our proposal,computerassistedexploration, can help
to obtainsomeproperties.Particularly it canreveal unex-
pected,but correct,behaviours. It alsohelp to understand
complex behaviours.It will bethecasein apipelinedexam-
ple. An obviousresult is that exploration canrevealsome
differencesbetweencircuit andspecifications.The earlier
this discovery canbedonein thedesignprocess,thebetter
it is.

This work is at the logic level, we dealwith flip-flops
and gates,so the approachis typically for sequentialcir-
cuits. At this level of abstraction,the formal model is a
FiniteStateMachine.Weareobviously in front of thecom-

binatorialexplosionproblem: in this approach,if a circuit
hasN flip-flops, the correspondingautomatonhaspoten-
tially 2

�
states.As aconsequence,wemusttry to maintain

N small.Ourapproachis well suitedfor smallsizecircuits,
or mechanisms.Its goal is to analysea partof a circuit, not
abig truedevice.

Anotherkey point of our approachmustbe pointedat :
underlyingprinciples,andthe tool we use,suggestto ma-
nipulatethe circuit with differentformal frames(typically
anFSM or flip-flops+ gates).

By suggestingto have designand specificationin dif-
ferentformalismsandproposingto automaticallytransform
oneof theminto theotherone,we hopeto proposea better
analysisof thehardwaredevices.

The first sectionwill explain the principlesof our ap-
proach.Thecentralsectiongivesdetail andanalysisof an
exampleextractedfrom ourexperiencein digital circuit de-
signandcomputerarchitectureeducation.Thecircuit is in-
spiredby apipelinedprocessor. A furthersectioncompares
our resultsto other approachesin similar situations,and
with themainothervalidationtechniques(model-checking,
theoremproving, simulation).

2 The principles

All the modernC.A.D. tools contain a FSM synthesis
package: given a list of statesand transitions(called the
specification), the tool computesa netlistof gatesandflip-
flops(calledthe implementation).

The basicsof our approachare very simple : given a
descriptionof an implementationof a Finite StateMachine
(FSM), thetool computestheexpansionof theFSM by states
andtransitions. Several automatadeliver the sameoutput
sequencefor a sameinput sequence; one of them hasa



minimal numberof states.The tool deliversthis minimal
equivalentFSM. Thedesignerworkswith thisminimal rep-
resentation.Obviously this doesnot allow to dealwith big
automata.Weshallgivesomedetailsonthetechniquesused
to describethesourceFSM. Thetechniquesusedto compute
this expansionarepresentedin [5] andthis presentcontri-
bution is not aboutsuchC. A. D tool but abouta new way
to useit.

2.1. How do we describe?

All the descriptionsaregiven in the languageLUSTRE

([7] and[8]). LUSTRE looks like Lola, the languageused
by Wirth in hisbook.([15]) Descriptionmaybeof different
types:

� Circuitsdescribedasasetof nodes: thenodescontain
logic gatesandedge-triggeredD-type flip-flops. The
only datatypeis boolean.

� Genericcircuits of sizeN, dealingwith booleanvec-
torsof sizeN. In thedescriptionregistershave N flip-
flops. N mustbe instanciatedbeforeeffective use,ei-
therdescriptionof a physicaldevice or descriptionof
anautomaton.A physicalhardwaredevicecannothave
N pins.An automatoncannothaveN states.

� Circuits describedas a hierarchicalor compositional
set of nodes. The nodescan be different (cooperat-
ing) automata.Thelanguageis suchthat,basically, all
the automatasharethe sameclock. Due to this fea-
ture,LUSTRE is oftenreferredto asasynchronouslan-
guage([6]).

2.2. An exampleof describing circuits in Lustr e

Hereis an exampleof a n bits adderanda n busmulti-
plexor. X:boolˆn definesXbeingabusof n wires,eachof
which beinga boolean.The leastsignificantwire is X[0]
andthemostsignificantoneis X[n-1] .

node add1 (a,b,c:bool) returns (r,s:bool);
let

r = a and b or a and c or b and c;
s = a xor b xor c;

tel;

node add (const n: int ;
a,b: boolˆn)

returns (sum:boolˆn);
var carry : boolˆ(n+1);
let

carry[0] = false;
(carry[1..n], sum[0..n-1]) =
add1(a[0..n-1],b[0..n-1],carry[0..n-1]);

tel;

node mux1 (i,t,e:bool) returns (s:bool);
let

s = i and t or not i and e;
tel;

node mux (const n:int ;
i:bool;
t,e:boolˆn)

returns (s:boolˆn);
let

s[0..n-1] =
mux1(iˆn, t[0..n-1], e[0..n-1]) ;

---boolean i is repeated n times
tel;

A basicnodeflipflop definesan edged-triggeredD
device :

node flipflop (D:bool; clock,reset:bool)
returns (Q:bool).

We useit to implementregisters.(Fig 4)

node partoffig4 (const n: int ;
depl: boolˆn ;
clock,reset,cond: bool)
returns
(newpc: boolˆn);

var pc, spc : boolˆn;
let

pc = flipflop (newpc, clockˆn, resetˆn);
spc = flipflop (pc, clockˆn, resetˆn);
newpc = mux (n, cond and br,

add (n, spc, depl),
plusone (n, pc) );

tel;

2.3. What do weobtain ?

A first useis to compilethecircuit descriptiongivenby
gatesandflip-flops. Thecompilerdeliversa descriptionof
thegivenautomaton.Thedescriptionis basedon thesetof
statesandthe two functions: transitionfunction andout-
put function. If the input descriptioncontainedseveralau-
tomata,thecompilercomputestheproductautomaton.We
mustbecarefulandavoid too largemachines.
The descriptionof the result automatonis given in an in-
ternaltextual form or in a graphicalform. It couldaswell
bewritten in VHDL or anotherHardwareDescriptionLan-
guage.Anothertool allows to minimizethisautomaton.

Differentusescanbedonewith theresultof this extrac-
tion, thispaperconcentrateson thethird one.

� A first useis to checkthe circuit obtainedby a com-
mercialCAD synthesistool. Our tool contains,in a certain
form, thereversefunction. Givena list of statesandtransi-
tions,oneof thetoolswe usegivestheminimal equivalent
FSM.



� A secondvery importanttaskis allowed by this tool,
but weshallnotenterinto thedetailsin theframeof thispa-
per: if wedescribetwo FSM, andif weaddacomparatoron
the outputs,we cancheckthe equivalenceof the two FSM

(Let us notice that the comparatoris virtual in this case).
They areequivalent if (andonly if) the comparatordeliv-
ersalways”True”. In this casetheminimal automatonre-
sulting from the compositionof the two automataandthe
comparatorhasonly onestate. We usedthis approachin
education[3].

� In thispaperwepresentanotheruse,exploration, based
onthecarefulmanualanalysisof theresultof thisextraction
process.

A seconduseof thedescriptionis simulation.An inter-
active versionof the simulatorallows to give inputsto the
automatonandto observeoutputs.Timing diagramscande
drawn. A batchversionallowsto put theinputsin atext file.
We usethis simulatorin education.

2.4. What is exploration ?

Our techniqueis basedon explorationof thecircuit be-
haviour. Explorationmeansthat a designeris not already
completelycertainaboutWhatmustbedone? It is tooearly
to give any kind of implementation,formal specificationor
any similardescription.Explorationis whatyoudoondraft
paper, with a pencil. You areenteringinto your designand
you needto dig into it. You try, in fact,to understandwhat
yourcircuit will be(or wouldbe?). Explorationis certainly
not for a full circuit but for a part of circuit, for a mecha-
nism,for a hardwaretrick.

The tools usedin this phasehelp you to get all the in-
formationsfrom a roughdescription.They make a kind of
ComputerAidedDraft. But yourdraftpaperdealswith for-
mal proofswhenneeded. In the next sectionan example
will bedetailedto makeclearthis approach.

3 A complexbehaviour, adaptedfr om SPARC

Our circuit is a pipelinedprocessor. To make the paper
asself-consistentaspossible,we madedrasticsimplifica-
tionsandlimited ourselvesto a very simpleexample. Our
3 bits microprocessorcould seemridiculous comparedto
50000000transistorsones! Weusethisexamplein digital
designeducationatanintroductorylevel.

Our exampleis a reducedversionof a processorSPARC

andisorganizedaroundthepartcomputingthenext valueof
theProgramCounter(PC).We studytheso-calleddelayed
branch mechanism.

address label instr
0 zz instr0
1 instr1
2 brcond ss
3 tt instr3
4 instr4
5 brcond zz
6 brcond tt
7 ss instr7

Figure 1. A shor t program in assemb ly lan-
guage. All the instr i are arithmetic. Label
zz is at address zero, tt at three and ss at
seven.

3.1. How doesprogressthe Program Counter of a
nonSPARC processor?

Let us considera machinewith only two classesof in-
structions: arithmetic instructions,(their only influence
upontheProgramCounteris its incrementation),andcondi-
tional branchesBRCOND. In this simplemachine,thePro-
gramCounteris codedon threebits. Theshortprogramof
figure1 contains8 instructions,andafteraddress7, thereis
address0.

This program could exhibit different behaviours, de-
pendingupon the valuesof the condition at the instants
where it is tested. We can representthem by significant
sequencesof instructions:

� The sequence of instructions [instr0, in-
str1, brcond ss, instr7] occurs if the
condition is Yeswhenevaluatedat the instructionat
address2.

� [instr0, instr1, brcond ss, instr3]
occursif this sameconditionis No.

� [instr3, instr4, brcond zz, instr0]
occursif Yesoccursat address5.

� [instr3, instr4, brcond zz, br-
cond tt ,instr3] if No occurs at address
5 andYesat address6.

3.2. How doesprogressa SPARC Program Counter ?

Thesystemof SPARC is differentfrom thestandardone
andis well known ([18], [16]) :

There are Control TransferInstructions(CTI). Dif fer-
ent CTI exist : Jumpand Link, ConditionalBranchand
Call. We shall simplify hereby consideringonly condi-
tionalbranchinstructions.



code
Inst1

I2 Brcondlabel
Inst3
Inst4
. . .

label Inst5
. . .

line valueof cond InstSequence
I2 true [Inst1BrcondInst3Inst5,..]
I2 false [Inst1BrcondInst3Inst4,..]

Figure 2. Delayed branc h mechanism. The
fir st table is a small SPARC program. The
second table gives possib le behaviour s as-
suming that Inst1, Inst3, Inst4 are not Contr ol
Transf er Instructions,

The instructionwritten immediatelyafter a CTI is exe-
cutedfirst, thenthetransferof controloccurs.This mecha-
nismis known asDelayedBranch. Theinstructioninserted
is said to be in the Delay Slot. Thereis a mechanismof
annulbit. We do not introduceit in theframeof thispaper.

In the small programof figure 2 two sequencesof in-
structionsmay occur (assumingthat Inst1, Inst3, Inst4,
Inst5arenotCTI) :
- if theconditionis truewhenit is examinedin instruction
I2 thesequenceof instructionsis Inst1BrcondInst3Inst5
- if theconditionis falsewhenit is examinedin instruction
I2 thesequenceof instructionsis Inst1BrcondInst3Inst4

This behaviour is madepossibleby the existenceof a
(classical)register ProgramCounter(PC) and of another
informationnamedNext ProgramCounter(nPC).The im-
mediatequestionis obviously : Whatoccurswhentwo CTI
are written consecutively? However the standardpractice
of a programmeris not to write programswith suchfea-
tures[13].

The completedocumentation([16]) explainsthe differ-
entpossiblebehavioursin this case.We take herea simpli-
fiedversion.

We shall presentsucha situationin figure 3 : the pro-
gramcontainstwo consecutive conditionalbranches.They
appearin lines 5 and6. The programis similar to theone
of figure1.

3.3. Our exploration experimentwith this Very Re-
ducedComputer

Our experimentwasthis one:

Wegota VHDL descriptionof a SPARC architecturefrom
theEuropeanSpaceAgency site(Leonversion[17]) andwe

address label instr
0 zz instr0
1 instr1
2 brcond ss
3 tt instr3
4 instr4
5 brcond zz
6 brcond tt
7 ss instr7

line valueof cond ProgCountervalues
2 true [0, 1, 2, 3, 7]
2 false [0, 1, 2, 3, 4]
5 then6 falsethenfalse [3, 4, 5, 6, 7, 0]
5 then6 truethenfalse [3, 4, 5, 6, 0, 1]
5 then6 falsethentrue [3, 4, 5, 6, 7, 3]
5 then6 truethentrue [3, 4, 5, 6, 0, 3]

Figure 3. A SPARC program with intricated
branc hes and the possib le behaviour s.

depl br

mux

add

memory

pc

spc

newpc

plusone

cond

Figure 4. Organization of the Program
Counter updating in reduced SPARC proces-
sor. Instead of a condition code register we
use cond as an external input.



simplifiedit.
For this experiment,wesavedonly :

� theProgramCounter(pc)andits ghostcopy (spc),

� theNext ProgramCountervalue(newpc),

� the combinationalincrementer(plusone)associated
with theseregisters,

� the adderusedto add a displacementto obtain the
branchtargetaddress

� theInstructionRegistercontainingthecurrentinstruc-
tion. It containstwo fields: br is operationcode,depl
is adisplacementof branchinstructions.

TheRegisterTransferLevel descriptionof thesystemis
givengraphicallyin figure4.

Our circuit is composedof this restrictedSPARC and
of an8 wordsmemorycontainingtheaforementionedpro-
gram. This memorycanbe a ROM becausewe do not use
any STORE instructions.

Let us examine the small program used as a test-
bench:(figure3) Theexpectedbehaviour dependsuponthe
valuesof theconditionduringexecutionof instruction5 and
6. For instanceif the conditiontestedin instructionat ad-
dress5 andthe conditiontestedin instructionat address6
arebothtrue,thesequenceof valuesof theProgramCounter
is 3, 4, 5, 6, 0, 3.

3.4. Booleanlevel description

Let usrecall that theautomatacomputingfacility of the
Lustrecompiler[7], [19] cancomputetheminimalautoma-
ton from oneof its descriptions.For instancea description
given in logic gatesandflip-flops. To usethis facility, we
restrictedthedatapathto 3 addressbits andto 4 databits.
The ROM contains8 4-bits wordsas in figure 3. The Op-
Codehasonly onebit (truefor a BRCOND falsefor a NOP)
andthedisplacementis codedon 3 bits. It wasenoughfor
ourexperimentaswill beshown.

To put focuson therole of thecondition,we considered
it to beanexternalinput. The logic descriptionis simple:
3 bits adder, 3 bits incrementer,... We compiledtheLustre
descriptionof thislogic description,obtainedanautomaton,
andminimizedit. We obtainedtheautomatondescribedby
figure5.

3.5. How do we understand this automaton?

Figure5 givesthestatesobtainedfrom thecompiler. We
namedthem A, B, C, D, E, F, H and a, d, dd and h. A
is the initial state. In regardsto the stateswe addedthe
correspondingvaluesof theProgramCounter. For instance
in statesD, d anddd, thePCvalueis 3. Let uscommenta

A

B

C

D

E

F

G

H

a

d dd

0

h7

6

5

4

3

2

1

Figure 5. All the possib le states of program
from figure 2 The left column gives the Pro-
gram Counter values. The picture has three
kinds of arrows : black thin arrows corre-
spond to standar d PC incrementation, (ex-
ample : from PC=1 to PC=2), black bold ar-
rows correspond to rejected contr ol transf ers
when the condition is false (example : from
PC=3 to PC=4), grey arrows correspond to
contr ol transf ers when the condition is true
(example : from PC=3 to PC=7).



transitionin theautomaton:
- Arrow D � h (PC = 3 � PC = 7) correspondsto the
instructionBrcondataddress2 anda conditionTrue.

All thepossiblebehavioursgivenin figure3 correspond
to a pathin this automaton.Thesequenceof valuesof the
PC 3, 4, 5, 6, 0, 1 (conditiontrue in instructionline 5 and
condition falsein instructionat line 6) correspondto the
sequenceof satesD, E, F, G, a,B.

ExplorationgaveusconfidencethatourPCcomputation
mechanismis correctwith respectto thespecificationof the
processorwith delayedbranch.We couldalsoobserve that
oursimplifiedmodelintroducesasimulationartifact: cond
seemsto betestedoneclockcycle too late.

4 Comparison of exploration with other ap-
proaches

In this sectionwe comparethe principlesof this tech-
niqueto otherapproaches.

� Obviously our exploration mustnot beconfusedwith
thestateexplorationusedin certainmodel-checkers.

� A first characteristicof our approachis its relationto
simulation. Explorationcangive somecompleteinforma-
tionswhile simulationcannot.Let usexplain :
- In a first step, simulationallows the designerto check
consistency betweenthe implementationandthe intention.
Thispartis known to bedifficult andunsafe.Thebehaviour
of the implementationis seenby timing diagramsandthe
reliability dependsuponthetestbenchprepared.Theprob-
lem of elaboratinga goodtestbenchis highly difficult. In
exploration,we do not needto give a testbench.And we
have, in a certainway, ALL thepossibletestbenches.Obvi-
ously it canbe too much... But the behaviour obtainedby
this techniqueis complete.
- In a secondstep,simulationcantake into accountsome
informationsextractedfrom layout steps.Nothing canre-
placethesecomputationsmanagingthewiresandgatesde-
lay. Explorationis not usefulat this level.

� A secondcharacteristicis therelationto modelcheck-
ing. We usea formal approach,andassociatedtools. The
LUSTRE compiler is in fact a model checker. It contains
thefunctionality to build andminimizeanautomaton.But
in this paperwe presenthow explorationinformationscan
be obtainedfrom thesetools. In the examplespresented
hereafter, themodelchecker verifier is usedwith a trick to
obtain ALL the statesof an automaton. This is generally
frightening for peopleinvolved in modelchecking. They
useequivalencerelationson thestatesto avoid combinato-
rial explosion. In our examplesthesecompleteFinite State
Machinestructuresare theusefulinformation.

� It is difficult to compareexplorationto TheoremProver
basedtechniques.Explorationcanonly help the designer
to establishthe expectedpropertiesor to discover certain

counter-examples.By thisexperiment,wehavenotdemon-
stratedthatourSPARC is correctwith regardto agivenspec-
ification. We havedonea kind of symbolicexecutionof the
machinelanguageprogramof figure 3 and we have seen
thatweobtainall theexpectedbehaviours.Giving any kind
of proof would have neededa specificationof the delayed
branchmechanism.Sucha specificationis difficult to es-
tablish.A proof of theimplementationof a delayedbranch
mechanismappearsin [10] and is basedon the useof the
theoremproverP.V.S.([14])

We cancertainlynot give generalconclusionsfrom this
study: in particularit is unrealisticto try to generalizesuch
astudyto afull processor. Wesimplymadepossibletheac-
curatestudyof a subtlebehaviour andwe getconfidencein
ourimplementationof thisbehaviour. Ourtechniqueshould
becomparedto J.Levitt andK. Olukotun’sunpipelining.

” Our technique, which we call unpipelining, removes
pipeline stages from an implementationwhile preserving
the implementation’s behaviour, collapsingit into a single
stage througha seriesof transformations.Thecomplexity
dueto the pipelining is completelyeliminatedand the de-
constructedpipeline can be compared directly to the ISA
specification.[11] ”

We also breakthe complexity of pipeline implementa-
tionsby consideringthedevelopedform. But we establish
properties,at a logic level, by a tool similar to a model-
checker while thoseauthorsusea theoremdemonstratorto
manipulateformulasrepresentingthebehaviour at Register
TransferLevel.

5. Conclusion

Thiskind of exploration,basedonhumanunderstanding
of computergeneratedautomatais very fruitful. We are
awarethatit is alsodifficult.

Our otherexperiments,not presentedherebecausethey
weretoobig, show that100statesis amaximalcomplexity.
It meansthatwe mustsimplify drasticallya mechanismto
studyit. In a previousstudy([4]) we obtaineda 6500state
automatonandit wasimpossibleto manageit by hand.

It remainsof coursetemptingto explorethebehaviour of
othertricks in computerarchitecture.BranchTargetBuffer
or RegisterRenamingasin theprocessorAX ([1]) aregood
candidates.At leastwe canfully make oursthoseauthors’
comment: ” Experiencein teachingcomputerarchitectures
partially motivatedthis work.”
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