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Abstract

We usea formal tool to extract Finite StateMachines
(Fsm) basedrepresentationglists of statesandtransitions)
of sequentialcircuits describedby flip-flops and gates.
Thesecompleteand optimized representationshelps the
designerto undestandthe accurate behaviourof the cir-
cuit. Thisdeepundesstandingis a prerequisitefor anyver
ification or testprocess An exampleis fully presentedo il-
lustrate our method.Thissimplepipelinedprocessocomes
from our experiencein computerarchitectuie and digital
designeducation.([2])

1. Intr oduction

It is now widely acceptedhata cleanspecificationof a
circuit mustbe designedn parallelwith the designof the
circuit itself. This hardware-brainvareco-designis neces-
saryto verify, simulate prove, test,validatethecircuit. Our
obsenationis thatit is oftendifficult to expressall thespec-
ificationsof acircuit evenif we know how to designit.

Our proposal,computerassistedexploration, can help
to obtainsomeproperties.Particularly it canreveal unex-
pected,but correct,behaviours. It alsohelpto understand
comple behaiours. It will bethecasedn apipelinedexam-
ple. An obviousresultis that exploration canreveal some
differenceshetweencircuit and specifications.The earlier
this discovery canbe donein the designprocessthe better
it is.

This work is at the logic level, we dealwith flip-flops
and gates,so the approachis typically for sequentiakir-
cuits. At this level of abstractionthe formal modelis a
Finite StateMachine.We areobviouslyin front of the com-

binatorialexplosionproblem: in this approachif a circuit
hasN flip-flops, the correspondingautomatonhas poten-
tially 2V states As aconsequencaye musttry to maintain
N small. Ourapproactis well suitedfor smallsizecircuits,
or mechanismslts goalis to analysea partof a circuit, not
abig truedevice.

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

By suggestingo have designand specificationin dif-
ferentformalismsandproposingo automaticallytransform
oneof theminto the otherone,we hopeto proposea better
analysisof thehardwaredevices.

The first sectionwill explain the principles of our ap-
proach. The centralsectiongivesdetail and analysisof an
exampleextractedfrom our experiencean digital circuit de-
signandcomputerarchitectureeducation.Thecircuit is in-
spiredby a pipelinedprocessarA furthersectioncompares
our resultsto other approachesn similar situations,and
with themainothervalidationtechniquegmodel-checking,
theoremproving, simulation).

2 The principles

All the modernC.A.D. tools containa FsM synthesis
package givena list of statesandtransitions(calledthe
specificatiof), the tool computesa netlist of gatesandflip-
flops(calledtheimplementatioh

The basicsof our approachare very simple: given a
descriptionof animplementatiorof a Finite StateMachine
(Fsm), thetool computegheexpansiorof theFsm by states
andtransitions. Several automatadeliver the sameoutput
sequencdor a sameinput sequence one of themhasa



minimal numberof states. The tool deliversthis minimal
equivalentFsM. Thedesignemorkswith this minimal rep-
resentation Obviously this doesnot allow to dealwith big
automataWe shallgive somedetailsonthetechniquesised
to describehesourcersm. Thetechniquesisedo compute
this expansionare presentedn [5] andthis presentcontri-
bution is not aboutsuchC. A. D tool but abouta new way
to useit.

2.1 How do we describe?

All the descriptionsare givenin the languageL USTRE
([7] and[8]). LusTRE lookslike Lola, the languageused
by Wirth in hisbook. ([15]) Descriptionmaybeof different

types:

e Circuitsdescribedasa setof nodes thenodescontain
logic gatesand edge-triggered-type flip-flops. The
only datatypeis boolean.

e Genericcircuits of sizeN, dealingwith booleanvec-
torsof sizeN. In thedescriptionregistershave N flip-
flops. N mustbeinstanciatedeforeeffective use,ei-
ther descriptionof a physicaldevice or descriptionof
anautomatonA physicahardwaredevice cannothave
N pins. An automatorcannothave N states.

e Circuits describedas a hierarchicalor compositional
setof nodes. The nodescan be different (cooperat-
ing) automataThelanguagés suchthat,basically all
the automatasharethe sameclock. Due to this fea-
ture,LUSTRE is oftenreferredto asa syndironouslan-

guage([6]).
2.2 An exampleof describing circuits in Lustre

Hereis an exampleof a n bits adderanda n bus multi-
plexor. X:bool'n  definesX beingabusof nwires,eachof
which beinga boolean.The leastsignificantwire is X[0]
andthe mostsignificantoneis X[n-1]

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

r =aand bor aand c or b and c¢;

s = a xor b xor ¢

tel;

node add (const n: int ;

a,b:  bool'n)

returns (sum:booln);

var carry bool*(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 muxl (i,t,e:bool) returns
let
s = i
tel;

(s:bool);

and t or not i and e

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

returns (s:bool'n);

let

s[0..n-1] =
mux1(i'n,

---boolean i is

tel;

t[0..n-1],
repeated

e[0..n-1])
n times

A basicnodeflipflop
device:

definesan edged-triggered

node flipflop
returns

(D:bool;
(Q:bool).

We useit to implementregisters.(Fig 4)

clock,reset:bool)

node partoffigd (const n: int ;

depl:  bool'n
clock,reset,cond: bool)
returns
(newpc:  bool™n);
var pc, spc bool™n;
let
pc = flipflop (newpc, clock™n, reset’n);
spc = flipflop (pc, clock™n, reset’n);
newpc = mux (n, cond and br,
add (n, spc, depl),
plusone (n, pc) );

tel;
2.3. What do we obtain ?

A first useis to compilethe circuit descriptiongiven by

gatesandflip-flops. The compilerdeliversa descriptionof
the givenautomaton.The descriptionis basedon the setof
statesandthe two functions: transitionfunction and out-
put function. If theinput descriptioncontainedsereral au-
tomata,the compilercomputeshe productautomaton We
mustbe carefulandavoid too large machines.
The descriptionof the resultautomatonis givenin anin-
ternaltextual form or in a graphicalform. It could aswell
bewrittenin vHDL or anotherHardware DescriptionLan-
guage Anothertool allows to minimize this automaton.

Differentusescanbe donewith theresultof this extrac-
tion, this paperconcentratesn thethird one.

e A first useis to checkthe circuit obtainedby a com-
mercial CAD synthesigool. Ourtool containsjn acertain
form, thereversefunction. Givenalist of statesandtransi-
tions, oneof the tools we usegivesthe minimal equivalent
FSM.



e A secondvery importanttaskis allowed by this tool,
but we shallnot enterinto thedetailsin theframeof this pa-
per: if wedescribawo FsMm, andif we addacomparatoon
the outputs,we cancheckthe equivalenceof the two Fsm
(Let us notice that the comparatotis virtual in this case).
They areequialentif (andonly if) the comparatordeliv-
ersalways”True”. In this casethe minimal automatorre-
sulting from the compositionof the two automataandthe
comparatohasonly one state. We usedthis approachin
educatior{3].

 In thispapemwe presentinotheuse exploration, based
onthecarefulmanualnalysisf theresultof thisextraction
process.

A seconduseof the descriptionis simulation. An inter-
active versionof the simulatorallows to give inputsto the
automatorandto obsene outputs.Timing diagramscande
drawn. A batchversionallowsto puttheinputsin atext file.
We usethis simulatorin education.

2.4 What is exploration ?

Our techniqueis basedon explorationof the circuit be-
haviour. Explorationmeansthat a designeris not already
completelycertainaboutWhatmustbedone? It istooearly
to give ary kind of implementationformal specificatioror
ary similar description. Explorationis whatyou do on draft
paperwith apencil. You areenteringinto your designand
you needto dig into it. Youtry, in fact,to understandvhat
your circuit 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 getall the in-
formationsfrom aroughdescription.They make a kind of
ComputerAided Draft. But your draft paperdealswith for-
mal proofswhen needed. In the next sectionan example
will bedetailedto make clearthis approach.

3 A complexbehaviour, adaptedfrom sPARC

Our circuit is a pipelinedprocessar To make the paper
as self-consistentis possible,we madedrasticsimplifica-
tionsandlimited ourselhesto a very simpleexample. Our
3 bits microprocessorould seemridiculous comparecto
50000000transistorones! We usethis examplein digital
designeducatioratanintroductorylevel.

Our exampleis areducedversionof a processosPARC
andis organizedaroundthepartcomputingthenext valueof
the ProgramCounter(PC). We studythe so-calleddelayed
branch mechanism.

address label instr

zz instrO
instrl
brcond ss

tt instr3
instr4
brcond zz
brcond tt

SS instr7

~N~No o h~wWwNEO

Figure 1. A short program in assembly lan-
guage. All the instri 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 classef in-
structions: arithmetic instructions, (their only influence
upontheProgramCounteris its incrementation)andcondi-
tional branchesRCOND. In this simplemachine the Pro-
gramCounteris codedon threebits. The shortprogramof
figure 1 contains8 instructions andafteraddres¢, thereis
addres®.

This program could exhibit different behaiours, de-
pendingupon the valuesof the condition at the instants
whereit is tested. We can representhem by significant
sequencesf instructions.

e The sequence of instructions [instrO, in-
strl, brcond ss, instr7] occurs if the
conditionis Yeswhen evaluatedat the instructionat
addres2.

e [instrO, instrl, brcond ss, instr3]
occursif this sameconditionis No.
e [instr3, instr4, brcond zz, instr0]

occursif Yesoccursataddress.

e [instr3, instr4, brcond zz, br-
cond tt ,instr3] if No occurs at address
5andYesataddress$.

3.2 How doesprogressa sparRc Program Counter ?

The systemof sPARC is differentfrom the standarcbne
andis well known ([18], [16]) :

There are Control TransferInstructions(CTI). Differ-
ent CTI exist : Jumpand Link, Conditional Branchand
Call. We shall simplify hereby consideringonly condi-
tional branchinstructions.



code

Instl address label instr
12 Brcondlabel 0 zz  instr0
Inst3 1 instrl
Inst4 2 brcond ss
3 tt instr3
label  Inst5 4 instr4
5 brcond zz
line valueof cond InstSequence 6 breond it
2 true [Inst1 BrcondInst3Inst5,. ] 7 ss  instr7
12 false [Inst1BrcondInst3Inst4,..] line valueof cond ~ ProgCountervalues
2 true [0,1,2,3,7]
Figure 2. Delayed branch mechanism. The 2 false [0,1,2,3,4]
first table is a small sPARC program. The 5then6 falsethenfalse [3,4,5,6,7,0]
second table gives possib le behaviour s as- 5then6 truethenfalse [3,4,5,6,0,1]
suming that Instl, Inst3, Inst4 are not Control 5then6 falsethentrue [3,4,5,6,7,3]
Transf er Instructions, 5then6 truethentrue [3,4,5,6,0,3]

Figure 3. A SPARC program with intricated

. . . . . , branc hes and the possib le behaviour s.
The instructionwritten immediatelyaftera CTI is exe-

cutedfirst, thenthe transferof controloccurs.This mecha-
nismis known asDelayedBranc. Theinstructioninserted
is saidto bein the Delay Slot Thereis a mechanisnof
annulbit. We do notintroduceit in the frameof this paper B
In the small programof figure 2 two sequencesf in-
structionsmay occur (assumingthat Instl, Inst3, Inst4, pc
InstS5arenotCTI) :
- if the Condition)is true whenit is examinedin instruction _*Emory
12 thesequencef instructionds InstlBrcondInst3Inst5
- if the conditionis falsewhenit is examinedin instruction
12 thesequencef instructionss Instl BrcondInst3Inst4 (
This behaiour is madepossibleby the existenceof a v Y Y
(classical)register ProgramCounter(PC) and of another
informationnamedNext ProgramCounter(nPC).Theim-
mediatequestionis obviously : Whatoccuis whentwo CTI
are written consecutively? However the standardpractice Y
of a programmeiis not to write programswith suchfea-
tures[13]. add
The completedocumentatior([16]) explainsthe differ-
entpossiblebehaioursin this case We take herea simpli- lusone
fied version.
We shall presentsucha situationin figure 3 : the pro-
gramcontainstwo consecuite conditionalbranchesThey y mux

appearin lines5 and6. The programis similar to the one <—<
of figure1l. newpc cond

3.3 Our exploration experimentwith this Very Re-

n

pc depl br

Figure 4. Organization of the Program

duced Computer Counter updating in reduced SPARC proces-
. . _ sor. Instead of a condition code register we
Ourexperimentwasthis one: use cond as an external input.

We gotaVvHDL descriptionof a SPARC architecturdrom
theEuropearSpaceAgeng site(Leonversion[17]) andwe



simplifiedit.
For this experimentwe savedonly :

e the ProgramCounter(pc) andits ghostcopy (spc),
e theNext ProgramCountervalue(newpc),

e the combinationalincrementer(plusone) associated
with theseregisters,

e the adderusedto add a displacemento obtain the
branchtargetaddress

e thelnstructionRegistercontainingthe currentinstruc-
tion. It containstwo fields: br is operationcode,depl
is adisplacementf branchinstructions.

The RgyisterTransferLevel descriptionof the systemis
givengraphicallyin figure4.

Our circuit is composedof this restrictedsPARC and
of an 8 wordsmemorycontainingthe aforementionegbro-
gram. This memorycanbe a ROM becausave do not use
ary STORE instructions.

Let us examine the small program used as a test-
bench:(figure 3) The expectecbehaiour dependsiponthe
valuesof theconditionduringexecutionof instruction5 and
6. For instancef the conditiontestedin instructionat ad-
dressb andthe conditiontestedin instructionat addres$
arebothtrue,thesequencef valuesof the ProgramCounter
is3,4,5,6,0,3.

3.4. Booleanlevel description

Let usrecallthatthe automatacomputingfacility of the
Lustrecompiler[7], [19] cancomputetheminimal automa-
ton from oneof its descriptions.For instancea description
givenin logic gatesandflip-flops. To usethis facility, we
restrictedthe datapathto 3 addressits andto 4 databits.
The ROM contains8 4-bits wordsasin figure 3. The Op-
Codehasonly onebit (truefor aBRCOND falsefor a NOP)
andthe displacemenis codedon 3 bits. It wasenoughfor
our experimentaswill beshawn.

To putfocuson therole of the condition,we considered
it to be anexternalinput. Thelogic descriptionis simple:
3 bits adder 3 bits incrementet.. We compiledthe Lustre
descriptiorof thislogic descriptionpbtainedanautomaton,
andminimizedit. We obtainedthe automatordescribedy
figure5.

3.5 How do we understand this automaton ?

Figure5 givesthe statesobtainedrom thecompiler We
namedthemA, B, C, D, E, F H anda, d, dd andh. A
is the initial state. In regardsto the stateswe addedthe
correspondingaluesof the ProgramCounter For instance
in statesD, d anddd, the PCvalueis 3. Let uscommenta

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 standard 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=3to PC=7).



transitionin the automaton
- Arrow D — h (PC= 3 — PC = 7) correspondso the
instructionBrcondataddres® anda conditionTrue.

All the possiblebehaioursgivenin figure 3 correspond
to a pathin this automaton.The sequencef valuesof the
PC3, 4,5, 6,0, 1 (conditiontrue in instructionline 5 and
conditionfalsein instructionat line 6) correspondo the
sequencef sated, E, F, G, a,B.

Explorationgave usconfidencehatour PCcomputation
mechanisnis correctwith respecto thespecificatiorof the
processowith delayedbranch.We couldalsoobsenre that
our simplifiedmodelintroducesa simulationartifact: cond
seemgo betestedoneclock cycle too late.

4 Comparison of exploration with other ap-
proaches

In this sectionwe comparethe principlesof this tech-
nigueto otherapproaches.

e Obhviously our exploration mustnot be confusedwith
the stateexploration usedin certainmodel-checkrs.

e A first characteristiof our approachs its relationto
simulation. Explorationcangive somecompleteinforma-
tionswhile simulationcannot.Let usexplain:

- In a first step, simulation allows the designerto check
consisteng betweernthe implementatiorandthe intention.
This partis known to bedifficult andunsafe Thebehaiour
of the implementationis seenby timing diagramsandthe
reliability dependsiponthe testbenctprepared.The prob-
lem of elaboratinga goodtestbenchs highly difficult. In

exploration, we do not needto give a testbench.And we
have,in acertainway, ALL the possibletestbenchesObvi-

ouslyit canbetoo much... But the behaiour obtainedby
thistechniques complete.

- In a secondstep,simulationcantake into accountsome
informationsextractedfrom layout steps. Nothing canre-
placethesecomputationsnanaginghewiresandgatesde-
lay. Explorationis notusefulatthis level.

e A secondcharacteristids therelationto modelcheck-
ing. We usea formal approachandassociatedools. The
LUSTRE compileris in fact a model checler. It contains
the functionality to build and minimize an automaton.But
in this paperwe presenthow explorationinformationscan
be obtainedfrom thesetools. In the examplespresented
hereafterthe modelchecler verifier is usedwith atrick to
obtainALL the statesof an automaton. This is generally
frightening for peopleinvolved in modelchecking. They
useequivalencerelationson the statesto avoid combinato-
rial explosion. In our examplesthesecompleteFinite State
Machinestructuresare the usefulinformation.

o |t is difficult to compareaxplorationto TheorenmProver
basedtechniques.Explorationcanonly help the designer
to establishthe expectedpropertiesor to discover certain

counterexamples By this experimentwe have notdemon-
stratedthatour SPARC is correctwith regardto agivenspec-
ification. We have donea kind of symbolicexecutionof the
machinelanguageprogramof figure 3 and we have seen
thatwe obtainall the expectedbehaviours. Giving ary kind

of proof would have neededa specificationof the delayed
branchmechanism.Sucha specificationis difficult to es-
tablish. A proof of theimplementatiorof a delayedbranch
mechanismappearsn [10] andis basedon the useof the
theoremprover PV.S. ([14])

We cancertainlynot give generalconclusionsrom this
study: in particularit is unrealisticto try to generalizesuch
astudyto afull processarWe simply madepossibletheac-
curatestudyof a subtlebehaiour andwe getconfidencen
ourimplementatiorof thisbehaviour. Ourtechniqueshould
becomparedo J. Levitt andK. Olukotun’s unpipelining

" Our technique which we call unpipelining remores
pipeline stages from an implementationwhile preserving
the implementatiors behaviouy collapsingit into a single
stage through a seriesof transformations.The compleity
dueto the pipelining is completelyeliminatedand the de-
constructedpipeline can be compaed directly to the ISA
specification[11] ”

We also breakthe compleity of pipelineimplementa-
tions by consideringthe developedform. But we establish
properties,at a logic level, by a tool similar to a model-
checlerwhile thoseauthorsusea theoremdemonstratoto
manipulatformulasrepresentinghe behaiour at Register
TransferLevel.

5. Conclusion

Thiskind of exploration,basedon humanunderstanding
of computergeneratecautomatais very fruitful. We are
awarethatit is alsodifficult.

Our otherexperimentsnot presentederebecausehey
weretoo big, shov that100stateds a maximalcompleity.
It meanghatwe mustsimplify drasticallya mechanisnio
studyit. In a previousstudy([4]) we obtaineda 6500state
automatorandit wasimpossibleto managet by hand.

It remainsof courseemptingto explorethebehaviour of
othertricks in computerarchitecture BranchTargetBuffer
or RegisterRenamingasin theprocessoAX ([1]) aregood
candidatesAt leastwe canfully make oursthoseauthors’
comment " Experiencen teatingcomputerarchitectues
partially motivatedthis work”
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