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ABSTRACT

A new testprogramgeneationtool, mVpGen,is developel for
verifying pipeline designof microprocesors. The only inputs
mVpGenrequiresare pipeline-belvior spedfications; it auto-
maticallygeneratetestcasestfirstfrom pipeline-behaor spee
ificationsandthenautomaticallygeneatestestprogramscorre-
spondhg to thetestcase.

Testprogramsfor verifying comple pipelinebehaior sud
ashazardand branchor hazardand exception, are gererated.
mVpGenhasbeenintegratedinto a verificationsygemfor veri-
fying RTL description®f arealmicroprocessr desgn andcom-
plex bugsthatremainechiddenin the RTL desciptionsarede-
tected.

1. INTRODUCTION

Verificationtime is increasingasa proportionof the desgn
period,andthereis a growing needto find waysof shortening
it. Therearetwo mainwaysof confirmingthe correctnessf
RTL implementationssimulation-baseduerificationandformal
verification. Simulation-basethethodsarewidely usel to ver
ify microprocesordesignbecaus formal verificationmethods
canrot handletheentiredesignf complex microprocesors.

All possibleinstruction sequacesare requiredin order to
confirmthe correctnessf a givenmicroprocesor designunder
simulation-basederification. But it is impossibleto gererate
and/orto simulatethemin realtime. Onesolutionis to estab-
lish anefficientmethodof generatingnstructionsequaceswith
goodcoverageandsimulatingasmary of themaspos#le.

Variousways of generatingest programsfor verifying mi-
croprocesorshave beendeveloped The simplesttechrique is
randomsemiencegenerationput it requiresa hugenumberof
instructiongo verify complex microprocesss sufiiciently. The
psewo-randonsequenegeneratioiechniquerespectingvhich
randomnssis cortrollableby probalilit ies given by usershas
beerreported5]. But, it significarlly depexsontheexperiene
of userswhethe implementationsiresuficiertly verified.

As indicatedabore, it is not advisale to rely solely on the
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useof (pseudo-)randorsequace generatiortechnquesin the
verificationphasetherefore effective verificationprogramgen-
erationtechnigesfor somespecificareaof a verificationspae
have beenproposd.

An efficient testprogramgeneation methodfor simulation-
bad pipeline verificationusingtechniqes developel for for-
mal verificationis presetedin [1]. Testprogramsaregeneated
from a pipelinemodelusingstateenumeationtechniges. The
testgeneation methoddescibed in [1] is an excellentway to
detectsimple bugsrespectingpipeline hazads; howvever, there
aremary complex bugsrespectingvhich hazardandinterrupt
occu simultaneouy [2]. It is alsonecesaryto establisracom-
prehesive methodologyto cover theentireverificationprocess
whichincludesthereferencesimulationernvironment.

In orderto solve the abore problems,we have developed a
new testprogramgeneation tool andverificationmethoddogy
for verifying pipelinedesigrnof microprocessrsandappliedthem
for verifying arealmicroprocesordesign.

Theorganizatiorof thispape is asfollows. Section2 presents
anoverview of thefeatureof mVpGen.Pipeline-behaor spee
ifications, which are the input dataof mVpGen,are explained
in section3. Methodsof automaticallygeneratingest caes,
pipeline models andverification programsare alsomentioned
in se¢ion 3. In section4, the resultsof verificationfor a real
microprocesor desgn aredescibed. Conclusionsaregivenin
sedion 5.

2. OVERVIEW

2.1 Program generationusing BDDs

This sectiondescribesiow to generateverificationprograms.
Our test programgenerationtool, mVpGen, usesthe Binary
DecisionDiagrams(BDDs)which are graphrepresentationef
logic functions. It is known that large logic functionsarerep-
resentd compaty by BDDs. Sincea subsé S of X canbe
represetedasakind of logic functions— characteristidunction
Cs, whereCg(x) returnstrueif x € Sandreturnsfalseif x¢ S
setscanberepreseted by BDDs. Thetestgererationflow is as
follows: (1) represenpipelinebehaior asFSMs,(2) compue a
setof reachale statesand(3) generateaninstructionseqence
for eachreachéle state.Theproces®f testgeneationis imple-
mentedn BDDs sincebothnext statefunctionsof FSMs,which
arelogic functions,andsetscanbe represeted by BDDs. To
avoid stateexplosion,mVpGenuses PartitionedTransitionRela-
tion(PTR),whichis anefficientmethodof calculatingreachale
statespresentedn [4]. Theway to represenpipeline beha-
ior modelsin BDDs andthe algorithmto generateverification



programsaredescribedn section3.3and3.4,respectiely.

2.2 Features

mVpGenautomaticallygeneratesestprogramsor verifying
pipelinebehaior; morewer, it hasthefollowing features:

e generatingestcassfrom pipeline-behaor speifications

e generatingpipeline-beheior modelfrom pipeline-beheior
specifiations

e generatingomple testcasesin which hazardandinter-
rupt/exception,hazardandbranchoccursimultaneosly

Thesdeaturesareexplainedin section3.

3. METHOD FORTESTPROGRAM GEN-
ERATION AND VERIFICATION

A procedurdor verifyingpipelinebehaior for resolvingpipeline
hazadsis asfollows : (1) geneateinstructionsegencesvhich
caug apipelinehazad for the verification,and(2) simulateus-
ing the geneatedinstructionsequacesandinvestigae the be-
havior for resolvinghazardby bypassingor stall. mVpGengen-
erategestprogramsaccordingo theflow descibedbelow:

Stepl codingapipeline-behaor specifiationdescription
Step2 testcasegeneation

Step3 pipelinemodelgereration

Step4 templategeneration

Step5 templatederivation

Step6 testprogramgeneration

Step7 verificationby compaison

Theprocedue of testprogramgeneratioris compogdof Step
3 to Step6, whereBDD techniqus areusedat Step3 and Step
4. At Step5, templatedor verifying comple pipelinebehaior
arederivedform templategeneratect Step4.

3.1 Codingapipeline-behavior specification
description (Step1)

Instructionsare cateyorized acording to pipeline behaior.
Pipeline-behavior speification desciptions, whichareformal
desciptionsrepresentingipelinebehaior of microprocessrs,
arecomposd of pipeline definitions for instructioncategories
and explicit stall definitions. For eachinstruction cateyory,
pipelinestagesspedfication of datahazard specifiation of by-
pasing, andresourceusa@s are defired asa pipeline defini-
tion. Stallspecificionswhichcanrmt berepresatedin pipeline
definitionsarewrittenasexplicit stall definitions.

Figure 1 shawvs an example of pipeline-behaior spedica-
tion de<sription for a simplevliw architecturgprocesor, where
pipelinebehaior of theinstructioncategyoriesal u, | dep, cal u,
andcmac, aredefired. Here,GPRs, CPRs, andACCs correspod
to general-purpasregistersof thecoreproceser, geneal-purpose
registersof the coprocesor, andaccumuléors of the coproce-
sor, respetively.

All instructionswhich belongto categyory al u go through
stagedrom Fcor e to W asshovnin (1).

Fcore — Dcore = E—>M— W Q)

Data hazards arisewhenan instructiondepe@ds on the re-
sultsof a previousinstruction[8]. “Dcor e check(GPR) " in
al u pipelinedefirition shavsthatreadafterwrite hazard(RAN)
isched&edatDcor e stage”E bypass(GPR) " inal u pipeline
defirition meansthat the resultof instructionwhich is written
backto GPR is bypassedat E stageor later.

If somecombinatiorof instructionscanmt beacommodated
becaiseof resourceonflicts themachinds saidto have astruc-
tural hazard[8]. “X0( MAC) " and“X1( MAC) " in thepipeline
defirition of cmac shaw thatresourceVAC is usedat both X0
andX1 stage. If two instructionswhich both belongto crac
catgyoryareissuel sucessvely, thenthesecadinstructionstalls
atT stageto resole structuralhazad caugdby MAC (Figure?2).

“stall M - > T" represatsthatpipeline-stallat Mstage
caugsstallat T stage.

cmac | Fcop| Dcop| T | X0 | X1 |
cnmac | Fcop|Dcop| Ts | T | X1 |

Figure 2: Pipeline behavior of cmac— cmac

Pipeline-behéor spedfication desciptionsare usel to gen-
eratetestcass andpipelinebehaior models.

3.2 Testcasegeneration(Step2)

Thissedion degribeshow to generateéestcassfrom apipeline-
behaior spedfication.

Thefollowing testcagsareautomaticallygeneatedfrom pipeline-
behaior spedfications: (1) datahazard,(2) structuralhazad,
and(3) combinatiorof dataor structurahazardsAt first, we ex-
plainhow to geneatetestcasesespeting datahazad from the
pipeline-beklvior speification desciption shavn in Figure 1.
Testca®sof datahazad arepipelinestatesn whichtwo or more
instructionsacces the sameregister

At the stagewhereGPR hazardis cheded for eat instruc-
tion cateyory, instruction cateyorieswhich write to GPRs and
instructioncateyaries which readGPRs arerequiredin orderto
geneateGPR hazardestcases

Thefollowing informationis dravn from thepipeline-behvior
speificationshovn in Figurel:

¢ datahazad of GPRis che&edatDcor e stage
e al u andl dcp readdatafrom GPR
¢ al u asgynsdatato GPR

Testcase of GPR haard geneatedfrom the aboreinformation

areshavnin Figure3. Testcag“((Dcor e, al u), (E, alu),
GPR) ” shavnin Figure3representapipelinestatesuchthatan

instructionof categyary al u atstageDcor e andaninstruction
of category al u at E caugsCGPR hazad. Testcase for CPR

hazad shavn in Figure4 arealsogeneratedh the sameway.

{((Dcore,alu), (E alu),GR), ((Dcore,alu),(Malu),GR),
((Dcore,alu),(Walu),GR), ((Dcore,ldcp), (E alu),GR),
((

Dcore, | dcp), (Malu),GPR), ((Dcore, | dcp), (Walu), GPR) }

Figure 3: Teg cass of GPR hazad



/1l core pipes

pileline : alu = {Fcore(),Dcore() check(GPR), E() bypass(GPR), M), W
Idcp = {Fcore(), Dcore() check(GPR), E(), M), W

calu = {Fcop(), Dcop(), T() check(CPR), X0() bypass(CPR), S()

pi peline :

/1 copro pipes

pi peline :

pipeline : cmac = {Fcop(), Dcop(), T() check(CPR), XO( MAC),
Il explicit stall

stall : M->T,

stall : T->E

stall : Dcore -> Dcop;

; bypass(CPR) }
Iy

X1(MAC) bypass(ACC)};

Figure 1: Pipeline-behavior specifiation

{((T,calu),(Mldcp),CPR), ((T,calu),(Wldcp), CPR),
((T,calu), (X0, calu),CPR), ((T,calu),(X0,cnac), CPR),
((T,calu), (X1, cmac), CPR), ((T,calu), (S, calu),CPR,
(( (( ) (

T,cal u), (S, cnac), CPR), S, cnac), CPR) }

Figure4: Testcaseof CPR hazard

Next, we shav how to geneate test cass respeting struc-
tural hazard. Testcagsof structuralhazard arerepreseted as
pipelinestatesn whichtwo or moreinstructionsaccesthesame
resourcs. Thesetestcasesareobtainedfrom the following in-
formation: pipelinestagetransitionandresource usel at ead
stage,which are all descibed in pipeline-behgior spedfica-
tions. Testcass shavn in Figure5 areautomaticallygeneated
from the pipeline-beheior spedficationin Figurel.

{((T,cmac), (X0, cnac) ) } |

Figure5: Testcase of structural hazad

3.3 Pipelinemodel generation(Step3)

Thissectiordescibeshow to geneatepipelinebehaior mod-
els automaticallyfrom pipeline-beheior spedfication descip-
tionsexplainedin section3.1.

The modelsare representeas finite statemaching(FSMs)
whoseinputsareinstructiongfed into fetch stags at eachcycle

and statesare combinaions of instructionsin pipeline stages.

Suppses s afetch stagethe next stateof s is represatedas
expreson (2). Otherwise the next stateof sis represeted as
expreston (3), whereps; € Prev(s).

NextInst(s)= Qall(s) & Ingt(s) | Sall(s) & Inst(IN) 2)

NextIngt(s)=
Sall(s) & Ingt(s)
| Sall(s) & 3, (Sall(ps) & Next(ps,Inst(ps))=9) & Inst(ps)
| Sall(s) & Mps (all(ps) | Next(ps,Inst(ps))#S) & Bubbe (3)

Next(s,i) is afunctionwhichreturnsthenext stageof i, where
i is the currentinstructionat stages. FunctionPrev(s) returnsa
setof stagesavhosenext stagesetcontainss. Thesefunctions
areeasilyderivedfrom pipeline-behgior specificéions.

Sall(s), alogic functionwhichreturnstrueif theinstruction
atstages stallsat currentcycle, canberepreseted by thelogic
sumof four functionsshavn in expression4). Themeaningof
eachfunctionis descibedin Tablel.

Sall(s) = SructuralHazardSall(s) | DataHazardSall(s)
| ImplicitSall(s) | ExplicitQall(s) (4)

Leti beaninstructionat stages andR bethe setof resource
uselbyi atstageNext(s,i). Logic functionSructural HazardSall (s)
returngrueif thereexistsnoinstructioni’ whichis issuecefore
i andresourcesetusedby i’ at stageNext(s',i’), wheres' is the
currentstageof i’, doesnot intersectR. Otherfunctionsin Ta-
ble 1 canbegereratedrom pipeline-behaior specifiations.

3.4 Templategeneration(Step4)

Sequacesof instructioncateyorieswith registercongraints,
calledtemplates aregenerateih thetemplategeneratiophag.
The procedire of templategenerationis implementedby the
stateenumerationechniquébasedntransitionrelations[7] de-
scribedbelow. Let F beanFSMwhichrepresenta pipelinebe-
havior model,i bethe numberof input variablesof F, m bethe
numbe of statevariablesof F, andn= m+i. Thenext function
of F is represatedby mlogic functionsf = [f1,... , fy], where
fi: B"— B. Letx= (xg,...,% ) beasetof inputvariablesof f,
andy = (y1,... ,Ym) beasetof outputvariablesof f. Then,the
charateristic function of transitionrelationof f is represated
as:

F(x.y) =Ma<i<m(yi = fi(X)).

Theimageof A C B" by f is calculatecasfollows:

fA)Y) = Sk(F(x.y)-A(X))-

whereS, designgesthesmoothingoperatiorby x[7]. All reach-
able statesfrom an initial stateare obtainedby applying the
aboreimagecalculationiteratively [1].

Figure 6 shavs the way to geneate segqiencef instruction
catgories. S, S, SandT correspod to initial state,the setof
reachéle stateswithin i-th cycle,the setof reachale statesand
thesetof testcasesrespetively. A dotrepresenta stateandan
arrown represents statetransitioncausd by someinstruction.

A templatecorrespadingto atestcaseexistsif thetestcag
is amemberf thereachabletatesetcalculaed from theinitial
state. Thetemplatecanbe generatedy tracingthe pathfrom
theinitial stateto thetestca®.

Figure7 shavs anexampleof atemplate.“l dcp assi gn
(cpr0: CPR, gpr0: GPR) " shawsthatl dcp writes values
to bothCPR namedcpr 0 andGPR namedgpr 0. “crmac re-
fer (cpr0: CPR)” meanghatcnac readsGPR namedcprO.
Thetemplateof Figure7 is usedto verify the casen which two
datahazard®ccu simultaneous.

3.5 Templatederivation (Step5)

Several templatesare automaticallyderived from one tem-
plategeneratedh section3.4in orderto geneatetestprograms



[ logicfunction |

synopss

SructuralHazardSall(s)

returntrueif theinstructionat stagesis stalledby structuralhazard

DataHazardall(s)

returntrueif theinstructionat stages s stalledby datahazad

ImplicitHazardSall(s)

returnSall (Next(s,i)), wherei is theinstructionat stages

ExplicitHazardSall (s)

istrue

returntrueif thereexistsanexplicit stall definitionfor stages“st al |

t -> s” andSall(t)

Table 1: Stall functions

Figure6: Setof reatable states

Idcp assign(cpr0: CPR, gpr 0: GPR) + cnop
+ cmac refer(cproO: CPR)

op
alu refer(gpr0: GPR) + calu

Figure7: An exampleof atemplate

for verifying the following comple testcass: (1) hazardand
branch(2) hazardandinterrupt/exception,and(3) hazardpranch
andinterrupt/exception.

3.5.1 Hazard and branch

Templatedor testcassof hazad andbrancharederivedfrom
templategeneratedh section3.4,insertingabranchinstruction
justbeforeor amongheseaqienceof instructions.Thetemplates
in Figure8 arederivedfrom thetemplateshavn in Figure?7.

3.5.2 Hazard and interrupt/exception

Templatedor testcassrespeting hazad andinterrupt/exception

are automaticallyderived from templatesgeneatedin section
3.4and3.5.1. A templateis derivedfrom an original template
in orderto geneate interrupt/exceptionwhen eachinstruction
which constructghe original templateis executed.Interruptor
exceptionsignalsaregeneatedby controllingacircuit addel for
verificationby meanof memory-mappedfO. Theoutline of the
derivedtemplateis shavnin Figure9.

/1 branch derivation 1

branch + cnop

I dcp assign(cpr0: CPR, gpr0: GPR) + cnop H
nop + cmac refer(cpr0: CPR);
alu refer(gpr0: GPR) + calu H

/1 branch derivation 2

I dcp assign(cpr0: CPR, gpr0: GPR) + cnop H
branch cmac refer(cpr0: CPR);
alu refer(gpr0: GPR + calu H

+

Figure8: After branch derivation

instNum= 3; // the nunber of instructions
Il of original tenplate
base = TBEGQ N;
offset = 0;
generate an interrupt/exception signal at base + offset;
I dcp assign(cpr0: CPR gpr0: GPR) + cnhop
nop + cnac refer(cproO: CPR)
alu refer(gpr0: GPR) + calu
++of f set;
if (offset < instNunm) goto LBEG N,

LBEG N :
TBIGN :

Figure 9: Interrup t/exceptionderivation

3.6 Testprogram instantiation and verifica-
tion by comparison (Step6 and Step7)

In theprogramgeneratiorphag, addres, data,branchcondi-
tion andinstructionin templatesreinstantiate&ndpreprocss-
ing andpostprocssingareadded.

RTL implementation®f the microprocessr are verified by
compaing the resultsof RTL simulationand pipeline simula-
tion by feedingthe sametestprogramsnto RTL simulatorand
pipelinelevel simulator

4. VERIFICATION RESULTS

We appliedthis verificationsystenfor verifying the RTL im-
plementationsf our media-procesor, MeP. MePis anewly de-
velopedmicroprocesorwhichis designd particularlyfor mul-
timediaapplicationg6]. It has32-bit RISCarchitecturdunda-
mentally but is flexible sothatuserscancustomizearchitecture
andmakeit fit their own applications. Verificationflow is de-
pictedbelow:

Stepl basicverification

Step2 singleinstructionverification
Step3 exceion verification

Step4 comple verification

Step5 randomverification

At first, basichehaior,namelyinitial valuesof registers fetch
behaior, basicinstructions etc.,wasverified usinghard-coded
testprograms.



Next, eachinstructionwas verified using ArchitectureVeri-
ficationPrograms(XP9, which areautomaticallygeneatedby
thein-houseool, aVpGen.Basichehaior of interrupt/exception
wasverifiedin parallel.

Verificationof comple cagsbeganafter almostall the bugs
detectedby AVPs hadbeen fixed. Testprogramsgeneatedby
mVpGenandhandcodedtestprogramsvereusedin theverifi-
cationphaseof comple behaior. mVpGenautomaticallygen-
eratestest programsfor pipeline behaior. Testprogramsfor
multiple interrupt/exceptionsand cornercasesf cacte beha-
ior arecodel by hand.

4.1 Verification method

A pipeline-level simulatorimplementedn C++ is usedasa
referencemodel. RTL implementation®f the microprocesor
areverifiedby comparingesultsof RTL simulationandpipeline
simulationby feedingthe sametestprogramsnto RTL simula-
tor andpipeline-level simulator The following valuesarecom-
pared:

e registervalues
e cycletimes
e valuesof programcourter at executionstage

4.2 Results

Thedetailsof detectedugsareshavnin Table2. Forty-three
bugsrelatedto pipelinebehaior canbedetectedy thetestpro-
gramgeneatedby mVpGen;17 comple pipeline-relatedugs
amongthem canbe detectedy test programsgeneratedrom
derived templates. Among the bugs detectedby randompro-
grams,onebug is relatedto pipelinebehaior. About 98% of
pipeline-relatedugscanbeendetectedy mVpGen

| cateory | #bugs | testprograms |

basic 27 hand-cding
singleinstruction 70 aVpGen

interrupt/exception | 39 hand-cding

blocksoutsidecore | 25 hand-cding
simplepipeline 26 mVpGen
compl« pipeline 17 mVpGen
others 6 random

Table 2: Details of bugs

We describehebugsdetectd by thetestprogramgeneated
from mVpGen.

4.2.1 Bugs respecting simple pipeline behavior

Theresolvingof datahazards basicpipelinebehaior. There
arethreewaysto resole datahaard: stall, bypassing,andboth
stall andbypassing. Bugsrelatedto resolvingdatahazardsudh
aswrong bypasing, deallock, andillegal stall are detectedby
the testprogramsgeneatedfrom templatesobtainedin section
3.4.

422 ?l;gs respecting complex pipeline behavior
1

A branchinstructioncalledREPEAT is defiredin ISA of MeR
Branchpenaltyof normalbranchinstructionsof MePis two cy-
cles.REPEAT caniterateinstructionseqiencesalledREPEAT
block with no penalty;thereforejmplementatiorof REPEAT is
differentfrom thoseof the otherbranchinstructions.mVpGen

derivestemplategor REPEAT asfollows. Figurel0shovstem-
platesderivedfrom thetemplatein Figure?7.

Il repeat derivation 1
repeat
| dcp assign(cpr0: CPR, gpr0: GPR) + cnop H
cmac refer(cpr0: CPR);
calu H

+ +

nop
REND : alu refer(gpr0: GPR)

Il repeat derivation 2
r epeat
nop + cmac refer(cpr0: CPR);
al u refer(gpr0: GPR) calu H
| dcp assign(cpr0: CPR, gpr0: GPR) + cnop

+

Il repeat derivation 3
r epeat

al u refer(gpr0: GPR) + calu )
| dcp assign(cpr0: CPR, gpr0: GPR) + cnop ;
nop + cmac refer(cpr0: CPR);

Figure 10: After REPEAT derivation

Thefollowing bugsweredetectedy testprogramsnstanti-
atedfor thetemplatesnentionedabove.

¢ If thesecod instructionfrom thelastof aREPEAT block
stallsat D stagethenthe procesorbecomesieallocked

¢ If thelastinstructionof aREPEA blockstallsatD stage
thenthe procesorbecome deadlockd.

4.2.3 ?l;gs respecting complex pipeline behavior
2

Therearetwo behaior modesgoreoperatiormodeandvliw
operatiormodein MeP. Onecoreinstructionandonecoproes-
sorinstructionareexecutedn parallelin vliw instructionmode.
Instructionsthat transferdatafrom memoryto someCPR, co-
processorload instructions, andinstructionghattransferdata
from someCPR to memory coprocessorstoreinstructions, are
defired ascoreinstructions.Also, arithmeticinstructionsusing
CPRs are definedas copro@ssorinstructions. Therefore,it is
poséble for datahazarco occurbetwe@ acoreinstructionand
acopro@ssolinstruction.

Bugsarereportedrespeting which aninterruptoccurswhen
theinstructionstallsto resole the datahazad that occus be-
tweena coreinstructionanda copro@ssorinstruction. It is dif-
ficult for a humanto dealwith the testca® descibed above.
Our tool cangeneatetestprogramsgor the above testcagsby
automaticallyderiving instructionseqencesvhich generatén-
terrupt/exceptionwhenstallsareresohed.

4.2.4 Bugswhich are hard to be detected

The bug degribedbelaw is hardto be detectedby testpro-
gramsgeneratedrom mVpGen. Coprocssorstoreinstruction
SWCP which follows coprocesorload instruction LWCP does
notstall thoughdatahazardoccurshetweerthetwo instructions.
Whetherthe abore bug occursor not depadson the displace
mentvalueof SWCP. Figurellshowsinstructioncodesof some
instructions.Bit patternsnnnn andmmmin Figure11 arethe
binaryexpressiosof theregisternumbe of ( C) Rn and( C) Rm
respetively. Bit patterndddd_dddd_dddd_dddd in Figurell
isthebinaryexpres®n of thedisplacemet valueof SWCP. Sup-
poseLWCP andsomeinstructionl nst whoseinstructioncode
is code[ 31: 0] areissuedsucessiely. Theimplementation
of RTL designis asfollows: if theregisternumberof LWCP is
equadtothatof | nst andexpres®on 5istrue,thenl nst stalls.
Accordingto the abore implementationSWCP who displace
mentvalueis 16’ h0000 stalls,but SWCP whosedisplacenent
valueis 16’ h0002 doesnotstall.



{code[16:13],code[3:0]}!=8hf1 && code[1]==1"b1 (5)

CMOV  CRn, Rm 1111_nnnn_mmmm 0111 1111_0000_0000_0000
CMV Rm CRn 1111_nnnn_mmm 0111 1111_0000_0000_0001
CMOVC CCRn, Rm 1111_nnnn_mmmm 0111 1111_0000_0000_0010
CMOVC Rm  CCRn 1111_nnnn_nmmm 0111 1111_0000_0000_0011

SWCP  CRn, displ6(Rn) 1111 _nnnn_nmmm 1100 dddd_dddd_dddd_dddd

Figure11: Instruction codes

We intendto improve mVpGento geneatetestprogramshat
candetectthe bugsdescibedabove.

5.

CONCLUSIONS

A testprogramgeneationtool, mVpGen hasbeendevelopel
for verifying pipeline behaior of microprocesors. The only
inputsmVpGenrequiresarepipeline-belvior speifications;it
automaticallygeneatestestcasestfirst from pipeline-beheaior
spedfications and then automaticallygeneratedest programs
correspoding to the testcass. As well astest-prograngen-
eration,verificationervironment includingreferencesimulation
modelds alsoconstructec@utomaticallyfrom thepipeline-behvior
spedfication. Unlike corvertionaltest-prograngeneratiorools,
mVpGencanhandlecomple testcass, in which datahazard,
branch,andinterrupt occu simultaneously mVpGenandthe
verificationenvironmentdescibedin thispape havebeeradoped
for ourmedia-procssordesgn. As aresult,about98%of pipeline-
relatedbugs can be detectecby mVpGen,which greatly con-
tributesto improvementof RTL verificationefficieng.
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