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Abstract—
This paper presentsthe casestudy proposedto 3

���
year

studentsin our department of computer science.It is a prac-
tical activity in the first ”Computer Ar chitecture” Unit of the
curriculum. This practical activity has several aims : 1) un-
derstanding a subtle mechanismin processorarchitecture, 2)
experimenting the relationsbetweenlogic level and RTL level
descriptionsand 3) practicing formal methodsof verification.
The main original point is theuseof extraction (andminimiza-
tion) of the full description of an automaton fr om the logic
schemabasedon flip-flops and gates. In a certain way, the
reverseof classic”automaton synthesis”.

I . INTRODUCTION

ComputerScienceis an importantcomponentin
GrenobleUniversitydueto environment: Grenoble
region is surroundedby mountainsandsemiconduc-
tor plants. It is sometimesdescribedas a kind of
Silicon Valley. 2003 seriousestimations1 give the
following data: 17700peoplework in computersci-
ence,12300in electronics,2300computerscientists
work for electroniccomponentssectorand900oth-
ersin thefield of electronicCAD.

Our activity is motivated by 2 common sense
ideas:
� Not all thecomputerscientistsareprocessorarchi-
tectsbut every computerscientistmustknow archi-
tectureprinciples.([12])
� Not all the computerscientistsuseformal meth-
odsin their work, but every computerscientistmust
know formalmethodsprinciples.
One of our tasksis to give all the studentsa good
basicknowledgein processorarchitecture.Someof
themwill furtherspecializein thisfield. Many others
will not andwill chooseimagesynthesis,embedded
systems,networksengineeringor oneof many other
fields. We want alsothemto have practicedformal
methods.

In thispaperweshallgivethemainideasfounding
this activity, then,in section3 we shalldescribethe
context of education.The techniquesusedand the
�
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exampleitself aredescribedin furthersections4 and
5.

I I . IDEAS IN PROCESSOR ARCHITECTURE AND

VERIFICATION

The main ideaswe want our studentsto acquire
areorganizedaroundthreetopics: 1) processorar-
chitecture,2) abstractionlevelsin digital circuitsde-
scriptionand3) validationof a digital design.

A. Basicconceptsin processorarchitecture

Let us give a list of basicprinciplesthat our stu-
dentsmustmasterat theendof our Unit :
� Thereis a borderbetweenhardwareandsoftware.
Machinelanguageis thelowestlevel of softwareand
the highestlevel of hardware. At the lowest level,
interpretationof machinelanguageinstructionsdoes
not resultfrom executionof a programbut from cir-
cuitsactivity.
� Execution of one instruction costsseveral time
steps.Oneof thereasonsis thatoneinstructioncould
requireseveralmemoryaccessesto fetchtheinstruc-
tion codeandtheoperands.
� One suchbasicstepconsitsin a statechangein
a ”data-path”automaton.A ”data-path”automaton
is a Finite StateMachine (FSM) but we prefer to
describeits implementationby registersand ALUs
ratherthan its functionby a list of statesand tran-
sitionarrows.
� Controlling the flow of stepsis doneby a con-
troller taking into accountInstructionRegister and
InterruptionRequests.Thecontrollerbehaviour can
be describedby an FSM with actionsassociatedto
states.Microprogrammingwasthe basictechnique
to implementsuchcontrollers.
� Pipeliningis a commontechniqueusedto imple-
mentprocessors.In this caseit is not convenientto
describethecontrollerby a ”centralized”function.
� Pipelining introducesa problem for conditional
controltransferinstructions.



B. Basicconceptsin digital circuitsdescription

Before introductionto processor(andcomputer)
architecture,the studentsalreadyknow the basics
of digital design.They cansynthesizeanddescribe
small circuitsat the logic level. Processorarchitec-
turewill makeobvioustheneedfor RegisterTransfer
Level (RTL) descriptionfor big circuits.
The4 kindsof circuitsof figure1 andassociatedde-
scriptive formalismsareused. Studentsprogressin
understandingthesecategories. Obviously the bor-
derbetweensmallandbig circuitsis partiallyamat-
ter of convention. As a consequencetheborderbe-
tweenlogic level andRT Level is suchthatsome”in-
termediatecomplexity” circuits canbe describedat
bothlevels.Theexamplepresentedin thispaperwas
designedto besucha circuit. Theproof itself relies
on logic description.

C. Basicconceptsin validation

The main techniqueusedto checkcorrectfunc-
tionality in computerscienceis to put the object
(hardware or software) at work (truly or by simu-
lation).

Another techniqueis to list somepropertiesthe
object must verify and to check them. A formal
modelmustexist allowing to describetheseproper-
tiesandthe implementationof theobject. A formal
checker canbeused.This secondtechniqueis now
commonlyusedfor combinationalcircuitswherethe
modelis BinaryDecisionDiagramrepresentationof
booleanfunctions.([1])

A similar approach,basedon Model Checking,
is usedfor Finite StateMachines. In this casethe
problemof combinatorialexplosionof the number
of statescannotbeavoided.

Theoremproversareoftenusedin processorveri-
ficationat a researchlevel. (Seefor exampleconfer-
encessuchasCAV, DATE, DAC, FMCAD, CHARME).
M. Velev hasverywell describedtheintroductionof
sucha techniquein advancededucation([10]).

Our casestudyusesa variantof Model Checking
andsimulation.

I I I . CONTEXT OF EDUCATION

For the reader to understandWHERE our case
studyoccursin thecurriculum,let usbriefly present
it. Our Unit is in a curriculumof computerscience
whereformalmethodsandtechniquesareimportant.
This Unit is the first one in computerarchitecture.
Thecompanionbook(in french)is [2]. Archivesof
examsareavailableat [17].

In this section,we describetheplaceof architec-
tureandformalmethodsin thecurriculumof ourde-
partment.

Beforeintroductionto computerarchitecture,ba-
sicdigital designtechniquesarealreadyknown(Kar-
naughmaps,FSM synthesis).Similarly, basicpro-
grammingin C andin assemblylanguagearealready
known. Assembly languageis basedon Sparc2.
Concurrentlywith ComputerArchitecture,introduc-
tion to compilationand advancedprogrammingin
assemblylanguageoccur : How to programfunc-
tions, environmentand frame pointer management
in stacks? How to readcodeproducedby astandard
C compiler?

This Unit of Computer Architecture is the
first encounterbetween studentsand the Hard-
ware/Software interface. A home-madesimulator
allows to discover the principlesof instructionsex-
ecution. It is basedon a microprogrammedorga-
nization. After that introduction, simulation of a
pipelinedmachineis made.Thestudentsmustintro-
ducethe ”by-pass”mechanismin the RTL descrip-
tion of thegivenprocessor. In theUnit, memoryhi-
erarchyis ”independant”from instructionsinterpre-
tation.We do not dealwith theinteractionsbetween
cachingandexecuting. In this Unit, nothingis said
aboutadvancedtechniques[9].

The practical activity presentedhereafterillus-
trates (a part of) the pipeline organization of a
SPARC.

For many reasons,not describedin this paper,
our departmentstrongly focusseson formal meth-
ods.For instancein digital circuitsdesignintroduc-
tion [3], somecircuitsproofsaredone.Studentssim-
ulatethecircuitsat thelogic level, thenthey arealso
invited to checkequivalenceof two combinational
circuits, then they also verify equivalencebetween
two synchronousimplementationsof Finite States
Machines.Similarly programmingtechniquesedu-
cationaretaughtin relationwith formaldescriptions
andverificationof programs([7]).

IV. ENVIRONMENT AND PROOF TECHNIQUES

This section presentsthe tools and techniques
usedfor thisactivity. Themainoriginality is to usea
kind of ”reverse”synthesisof FiniteStateMachines.

A. Howdo wedescribe?

All the descriptionsare given in the language
LUSTRE ([4] and[5]). In circuits descriptionLUS-
TRE is closeto Lola, thelanguageusedby N. Wirth
in hisbook. ([11])

Descriptionmaybeof differenttypes:
� Circuits describedas a set of nodes: the nodes
containlogic gatesandedge-triggeredD-type flip-
�
For technicalreasons,we arecurrentlymoving from Sparcto

anotherprocessor



Type of circuits implementationobjects descriptionformalisms level
small combinationalcircuits gates(passtransistors) booleanalgebra logic

big combinationalcircuits adders,coders,MUXes arithmeticandcomposition RTL

small sequential(synchronous) gates,flip-flops FSM bubblesandarrows logic
big sequentialcircuits registers,ALUs,busses,.. FSM with actions RTL

Fig. 1. Thedifferentkindsof circuits

node mux1bit (i, t, e: bool) returns (s:bool);
let

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

node add1bit (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: boolˆN) returns (r: boolˆN);
var carry : boolˆ(N+1) ;
let

carry[0] = false ;
(r[0..N-1],carry[1..N]) = add1bit(a[0..N-1], b[0..N-1], carry[0..N-1]);

tel;

Fig. 2. A flavour of Lustredescriptions

flops. The only data type is boolean. (Cf node
mux1bit or add1bit ) hereafter.
� Genericcircuits of size N, dealingwith boolean
vectorsof sizeN. RegistershaveN flip-flops. Adder
can be N bits wide. (Cf node addNbits here-
after). Notice the ”implicit” repetitionof add1bitin
addNbits. N must be instanciatedbeforeeffective
use. This allows us to have a samedescriptionfor
any N-bitscircuits,weonly needto changeonecon-
stant.Thesamefeatureexistsin VHDL.
� Circuits describedas a hierarchicalor composi-
tional setof nodes.Thenodescanbedifferent(co-
operating)automata.The languageis suchthat,ba-
sically, all the automatasharethe sameclock. Due
to this feature,LUSTRE is often referedto asa syn-
chronouslanguage.([6])

This Lustreexamplein figure2 is givenfor illus-
tration.

B. Whatdo weobtain?

Fromthelogic description,it is possibleto simu-
late thecircuit. Thegateor flip-flops delaysarenot
taken into account.Timing diagramscanbedrawn.
This stepis doneby thestudents.

Another use, more orignal can be made : We
compilethe circuit description.Let us examinethe
meaningof this compilation.

Given a circuit descriptionof the FSM logic im-
plementationby gatesandflip-flops,theLustrecom-

piler [4], [16] cancomputetheautomatonasa setof
statesand a full descriptionof the two functions:
transitionfunction andoutput function. Obviously
this is the reversetask comparedto the very com-
mon synthesistools available in all standardCAD
packages.

If the input description contained several au-
tomata,thecompilercomputestheproductautoma-
ton. Thedescriptionof theresultautomatonis given
eitherin an internaltextual form, or in C language,
ready for compilation, or in a graphicalform. It
could aswell be given in VHDL or an other Hard-
wareDescriptionLanguage.Theexecutionof theC
versiongivesthe sameresultsthana simulator. We
usethetextual form with thestudents.

A complementarytool givestheminimalautoma-
tonequivalentto theproposedone.

This essentialfacility is usedin the introduction
to digital designto formally checkequivalencebe-
tween2 circuits. ([3])

V. THE CASE STUDY

Our circuit is a pipelined processor. We got a
VHDL descriptionof a SPARC architecturefrom the
EuropeanSpaceAgency site (Leon version [14]).
To make the example as simple as possible, we
madedrasticsimplificationsandlimited ourselvesto
a simple mechanism: delayedcontrol transferin-
structions.Theexampleis organizedaroundthepart



code possiblebehaviours
Instr1 sequenceif cond is trueat I2

I2 Brcondlabel Instr1,Brcondlabel,Instr3,Instr5,..
Instr3
Instr4
. . .

label Instr5 sequenceif cond is falseat I2
. . . Instr1,Brcondlabel,Instr3,Instr4,...

Fig. 3. Delayedbranchmechanism: asmallSPARC programandthetwo possiblebehavioursgivenby thesequencesof instructions

address label instr sequences(valuesof PC)
0 zz instr0 0 1 2 3 4 (not at 2)
1 instr1 0 1 2 3 7 (yesat 2)
2 brcond ss
3 tt instr3 3 4 5 6 7 . (notat 5) (notat 6)
4 instr4 3 4 5 6 0 1 (yesat5) (not at 6)
5 brcond zz 3 4 5 6 7 3 (notat 5) (yesat 6)
6 brcond tt 3 4 5 6 0 3 (yesat5) (yesat 6)
7 ss instr7

Fig. 4. A complex shortSPARC programandthepossiblebehaviours. If theconditiontestedin line 2 is true,thesequenceof valuesof
theprogramcounteris 0, 1, 2, 3, 7 ; if this conditionis falsethesequenceis 0, 1, 2, 3, 4. Similarly if theconditiontestedin line 5 is
falseandconditiontestedin line 6 is false,thesequenceof instructionsis 3, 4, 5, 6, 7.

computingthe next value of the ProgramCounter
(PC).We studytheso-calleddelayedbranch mech-
anism.

A. How doesprogressa SPARC ProgramCounter?

The systemof SPARC is different from the stan-
dardoneandiswell known([15], [13]). To makethis
paperself-contained,we recall it. Thereare Con-
trol TransferInstructions(CTI). Dif ferentCTI exist :
JumpandLink, ConditionalBranchandCall. The
instructionwritten immediatelyafter a CTI is exe-
cutedfirst, thenthe transferof control occurs.This
mechanismis known as DelayedBranch. The in-
structioninsertedis saidto bein theDelaySlot. We
shall simplify hereby consideringonly conditional
branchinstructions. We do not usethe mechanism
of annulbit in theframeof this paper.

In thesmallprogramof figure3 two sequencesof
instructionsmayoccur(assumingthatInstr1,Instr3,
Instr4,Instr5arenot CTI) :

- if the condition is true whenit is examinedin
instructionI2 thesequenceof instructionsis
[Instr1, Brcond label, Instr3, Instr5]

- if the conditionis false whenit is examinedin
instructionI2 thesequenceof instructionsis
[Instr1, Brcond label, Instr3, Instr4]

This behaviour is madepossibleby the existence
of a(classical)registerProgramCounter(PC)andof
anotherinformation namedNext ProgramCounter
(nPC) in the documentation.The immediateques-

tion is obviously : What occurs when two CTI
are written consecutively? (However the standard
practiceof a programmeris not to write programs
with suchfeatures[8].) The completedocumenta-
tion ([13], [15]) explains the differentpossiblebe-
haviours in this case.We take herea simplifiedver-
sion.

We shall presentsuch a situation in figure 4 :
the programcontainstwo consecutive conditional
branches.They appearin lines5 and6.

Let usexaminethis smallprogram.Theexpected
behaviours dependsupon the valuesof the condi-
tion duringexecutionof instruction5 and6. For in-
stanceif theconditiontestedin instructionataddress
5 andtheconditiontestedin instructionat address6
arebothtrue,thesequenceof valuesof theProgram
Counteris 3, 4, 5, 6, 0, 3. Theotherssequencesare
givenon thefigureitself.

B. Our experimentwith this Very ReducedCom-
puter

For this experiment,weuseonly :
� theProgramCounter(PC)
� theNext ProgramCountervalue(nPC),
� the combinational incrementerassociatedwith
theseregisters,
� theInstructionRegister(RInst)containingthecur-
rent instruction. It hastwo fields : opcodeanddis-
placement.
� theadderusedto adda displacement(depl)to ob-
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Fig. 6. Theautomatonobtainedby theLustrecompiler. Thecorrespondingvaluesof theProgramCounterareindicated.Whena state
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tain thebranchtargetaddress

The Register Transfer Level descriptionof the
systemis givengraphicallyin figure5.

Our circuit is composedof this restrictedSPARC

and of a memory containingthe aforementionned
program. This memorycanbe a ROM becausewe
do not useany STORE instructions.

Our experimentis basedon a descriptionof this
processor+memoryat a logic level. In this example
we restrictedthe datapathto 3 addressbits and to
4 databits. The ROM contains8 4-bits wordsasin
figure 4. The Op-Codehasonly onebit (true for a
BRCOND, falsefor a NOP) and the displacementis
codedon 3 bits. It is enoughfor our experimentas
will beshown.

To put focuson therole of thecondition,we con-
siderit to beanexternalinput. Thelogic description
is simple : 3 bits adder, 3 bits incrementer,... The
only inputof this circuit is cond .

Thestudentsareinvited to compiletheLustrede-
scriptionof this logic description,obtainanautoma-
ton,andminimizeit.

They obtaintheautomatondescribedby figure6.

C. Resultsandcomments

Figure6 givesthe statesobtainedfrom the com-
piler. How do we understandthis automaton? We
namethestatesA, B, C,D, E,F, H anda,d,ddandh.
A is theinitial state.In regardsto thestatesweadded
the correspondingvaluesof the ProgramCounter.
For instancein statesD, d anddd, the PC valueis
3. Let uscommenta transitionin theautomaton:
- Arrow D � h (PC= 3 � PC= 7) correspondto the
instructionBrcondataddress2 andaconditionTrue.
As wehavealreadyseen,in thiscasethesequenceof
valuesof PCcontains2, 3, 7.

All thepossiblebehavioursgiven in figure4 cor-
respondto a path in this automaton.The sequence
of valuesof thePC3, 4, 5, 6, 0, 1 (conditiontruein



instructionline 5 andconditionfalsein instructionat
line 6) correspondto the sequenceof satesD, E, F,
G, a,B.

Detailed exploration of this automatongave us
confidencethat our PC computationmechanismis
correctwith respectto the specificationof the pro-
cessorwith delayedbranch.All thePCsequencesof
figure4 arepresentontheautomaton.Wecouldalso
observe thatour simplifiedmodelhasintroducedan
artefact: condseemsto betestedoneclockcycletoo
late.

The main activity of studentsis this task of un-
derstanding.They have to enterin the SPARC docu-
mentationandthey mustrelatetheresultsof this lab
sketchto the”true world”

VI . CONCLUSION

We have presentedan introductory activity for
three fields : computerarchitecture,digital logic
designof processorsand formal verification. Ob-
viously no generalisationof this techniquecan be
madefor atruesizeprocessor. Wemakethestudents
awareof this point.

This casestudyalsoshows the relationsbetween
RTL andlogic levels. It seemsto usnecessaryto ex-
plore somelogic implementationsof RTlevel tricks
suchaspipeline,branchdelayedinstructions,..

Introduction to readpapersabout formal proofs
of processorswould be a further step,but it needs
complementaryknowledgefor thestudents.Thanks
to M. Velev ([10]) we have a rich list of references
asa startingpoint.
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