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ABSTRACT
A new testprogramgeneration tool, mVpGen,is developed for
verifying pipelinedesignof microprocessors. The only inputs
mVpGenrequiresarepipeline-behavior specifications; it auto-
maticallygeneratestestcasesatfirst from pipeline-behavior spec-
ificationsandthenautomaticallygeneratestestprogramscorre-
sponding to thetestcases.

Testprogramsfor verifying complex pipelinebehavior such
ashazardandbranchor hazardandexception,are generated.
mVpGenhasbeenintegratedinto averificationsystemfor veri-
fying RTL descriptionsof arealmicroprocessor designandcom-
plex bugsthat remainedhiddenin theRTL descriptionsarede-
tected.

1. INTR ODUCTION
Verification time is increasingasa proportionof the design

period,andthereis a growing needto find waysof shortening
it. Thereare two main waysof confirmingthe correctnessof
RTL implementations:simulation-basedverificationandformal
verification. Simulation-basedmethodsarewidely used to ver-
ify microprocessordesign,because formal verificationmethods
cannot handletheentiredesignsof complex microprocessors.

All possibleinstructionsequencesare requiredin order to
confirmthecorrectnessof a givenmicroprocessordesignunder
simulation-basedverification. But it is impossibleto generate
and/orto simulatethemin real time. Onesolutionis to estab-
lish anefficientmethodof generatinginstructionsequenceswith
goodcoverageandsimulatingasmany of themaspossible.

Variousways of generatingtest programsfor verifying mi-
croprocessorshave beendeveloped. The simplesttechnique is
randomsequencegeneration,but it requiresa hugenumberof
instructionsto verify complex microprocessorssufficiently. The
pseudo-randomsequencegenerationtechnique,respectingwhich
randomnessis controllableby probabilit iesgivenby users,has
beenreported[5]. But, it significantly dependsontheexperience
of userswhether implementationsaresufficiently verified.

As indicatedabove, it is not advisable to rely solely on the
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useof (pseudo-)randomsequencegenerationtechniquesin the
verificationphase; therefore,effectiveverificationprogramgen-
erationtechniquesfor somespecificareaof a verificationspace
havebeenproposed.

An efficient testprogramgeneration methodfor simulation-
based pipelineverificationusingtechniquesdeveloped for for-
malverificationis presentedin [1]. Testprogramsaregenerated
from a pipelinemodelusingstateenumeration techniques. The
testgeneration methoddescribed in [1] is an excellentway to
detectsimplebugsrespectingpipelinehazards; however, there
aremany complex bugsrespectingwhich hazardandinterrupt
occur simultaneously [2]. It is alsonecessaryto establishacom-
prehensivemethodologyto cover theentireverificationprocess,
whichincludesthereferencesimulationenvironment.

In order to solve the above problems,we have developed a
new testprogramgeneration tool andverificationmethodology
for verifying pipelinedesignof microprocessorsandappliedthem
for verifying arealmicroprocessordesign.

Theorganizationof thispaper isasfollows. Section2presents
anoverview of thefeaturesof mVpGen.Pipeline-behavior spec-
ifications,which are the input dataof mVpGen,areexplained
in section3. Methodsof automaticallygeneratingtest cases,
pipelinemodels, andverificationprogramsarealsomentioned
in section 3. In section4, the resultsof verification for a real
microprocessor design aredescribed. Conclusionsaregiven in
section 5.

2. OVERVIEW

2.1 Program generationusingBDDs
Thissectiondescribeshow to generateverificationprograms.

Our test programgenerationtool, mVpGen, usesthe Binary
DecisionDiagrams(BDDs)which aregraphrepresentationsof
logic functions. It is known that large logic functionsarerep-
resented compactly by BDDs. Sincea subset S of X can be
representedasakind of logic functions– characteristicfunction
CS, whereCS

�
x � returnstrue if x � S andreturnsfalseif x �� S,

setscanberepresentedby BDDs. Thetestgenerationflow is as
follows: (1) representpipelinebehavior asFSMs,(2) computea
setof reachable states,and(3) generateaninstructionsequence
for eachreachablestate.Theprocessof testgenerationis imple-
mentedin BDDssincebothnext statefunctionsof FSMs,which
arelogic functions,andsetscanbe represented by BDDs. To
avoidstateexplosion,mVpGenusesPartitionedTransitionRela-
tion(PTR),whichis anefficientmethodof calculatingreachable
states,presentedin [4]. The way to representpipelinebehav-
ior modelsin BDDs andthe algorithmto generateverification



programsaredescribedin section3.3and3.4,respectively.

2.2 Features
mVpGenautomaticallygeneratestestprogramsfor verifying

pipelinebehavior; moreover, it hasthefollowing features:

� generatingtestcasesfrom pipeline-behavior specifications

� generatingapipeline-behavior modelfrom pipeline-behavior
specifications

� generatingcomplex testcases, in whichhazardandinter-
rupt/exception,hazardandbranchoccursimultaneously

Thesefeaturesareexplainedin section3.

3. METHOD FOR TESTPROGRAM GEN-
ERATION AND VERIFICA TI ON

A procedurefor verifyingpipelinebehavior for resolvingpipeline
hazardsis asfollows : (1) generateinstructionsequenceswhich
cause apipelinehazard for theverification,and(2) simulateus-
ing the generatedinstructionsequencesandinvestigate thebe-
havior for resolvinghazardby bypassingor stall. mVpGengen-
eratestestprogramsaccordingto theflow describedbelow:

Step1 codingapipeline-behavior specificationdescription

Step2 testcasegeneration

Step3 pipelinemodelgeneration

Step4 templategeneration

Step5 templatederivation

Step6 testprogramgeneration

Step7 verificationby comparison

Theprocedureof testprogramgenerationis composedof Step
3 to Step6, whereBDD techniques areusedat Step3 andStep
4. At Step5, templatesfor verifyingcomplex pipelinebehavior
arederivedform templatesgeneratedatStep4.

3.1 Codingapipeline-behavior specification
description (Step1)

Instructionsare categorizedaccording to pipeline behavior.
Pipeline-behavior specification descriptions , whichareformal
descriptionsrepresentingpipelinebehavior of microprocessors,
arecomposedof pipeline definitions for instructioncategories
and explicit stall definiti ons. For eachinstruction category,
pipelinestages,specificationof datahazard,specificationof by-
passing, andresourceusagesaredefined asa pipeline defini-
tion. Stallspecificationswhichcannot berepresentedin pipeline
definitionsarewrittenasexplicit stall definitions.

Figure 1 shows an exampleof pipeline-behavior specifica-
tion description for a simplevliw architectureprocessor, where
pipelinebehavior of theinstructioncategories,alu, ldcp, calu,
andcmac, aredefined.Here,GPRs,CPRs,andACCscorrespond
togeneral-purposeregistersof thecoreprocessor, general-purpose
registersof thecoprocessor, andaccumulators of thecoproces-
sor, respectively.

All instructionswhich belongto category alu go through
stagesfrom Fcore to W, asshown in (1).

���	��

����������

�������������
(1)

Data hazards arisewhenan instructiondependson the re-
sultsof a previousinstruction[8]. “Dcore check(GPR)” in
alu pipelinedefinition showsthatreadafterwrite hazard(RAW)
ischeckedatDcore stage.“E bypass(GPR)” in alu pipeline
definiti on meansthat the resultof instructionwhich is written
backto GPR is bypassedatE stageor later.

If somecombinationof instructionscannot beaccommodated
becauseof resourceconflicts,themachineissaidtohaveastruc-
tural hazard [8]. “X0(MAC)” and“X1(MAC)” in thepipeline
definiti on of cmac show that resourceMAC is usedat bothX0
andX1 stage. If two instructionswhich both belongto cmac
categoryareissuedsuccessively, thenthesecondinstructionstalls
atT stageto resolvestructuralhazard causedbyMAC (Figure2).

“stall : M -> T” representsthatpipeline-stallatM stage
causesstall atT stage.

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

Figure2: Pipelinebehavior of cmac
�

cmac

Pipeline-behavior specification descriptionsareused to gen-
eratetestcasesandpipelinebehavior models.

3.2 Testcasegeneration(Step2)
Thissection describeshow togeneratetestcasesfrom apipeline-

behavior specification.
Thefollowing testcasesareautomaticallygeneratedfrom pipeline-

behavior specifications: (1) datahazard,(2) structuralhazard,
and(3) combinationof dataor structuralhazards. At first, weex-
plainhow to generatetestcasesrespecting datahazard from the
pipeline-behavior specification description shown in Figure 1.
Testcasesof datahazard arepipelinestatesin whichtwoormore
instructionsaccess thesameregister.

At the stagewhereGPR hazardis checked for each instruc-
tion category, instructioncategorieswhich write to GPRs and
instructioncategorieswhich readGPRs arerequiredin orderto
generateGPR hazardtestcases.

Thefollowing informationisdrawn from thepipeline-behavior
specificationshown in Figure1:

� datahazard of GPR is checkedatDcore stage

� alu andldcp readdatafrom GPR

� alu assignsdatato GPR

Testcases of GPR hazardgeneratedfrom theaboveinformation
areshownin Figure3. Testcase“((Dcore,alu), (E,alu),
GPR)” shown in Figure3 representsapipelinestatesuchthatan
instructionof category alu at stageDcore andan instruction
of category alu at E causesGPR hazard. Testcases for CPR
hazard shown in Figure4 arealsogeneratedin thesameway.

{((Dcore,alu),(E,alu),GPR), ((Dcore,alu),(M,alu),GPR),
 ((Dcore,alu),(W,alu),GPR), ((Dcore,ldcp),(E,alu),GPR),
 ((Dcore,ldcp),(M,alu),GPR),((Dcore,ldcp),(W,alu),GPR)}

Figure3: Test casesof GPR hazard



// core pipes
pileline : alu  = {Fcore(),Dcore() check(GPR),E() bypass(GPR),M(),W()            };
pipeline : ldcp = {Fcore(),Dcore() check(GPR),E(),            M(),W() bypass(CPR)};
// copro pipes
pipeline : calu = {Fcop(),Dcop(),T() check(CPR),X0() bypass(CPR),S()};
pipeline : cmac = {Fcop(),Dcop(),T() check(CPR),X0(MAC),         X1(MAC) bypass(ACC)};
// explicit stall
stall : M -> T;
stall : T -> E;
stall : Dcore -> Dcop;

Figure1: Pipeline-behavior specification

{((T,calu),(M,ldcp),CPR),  ((T,calu),(W,ldcp),CPR),
 ((T,calu),(X0,calu),CPR), ((T,calu),(X0,cmac),CPR),
 ((T,calu),(X1,cmac),CPR), ((T,calu),(S,calu),CPR),
 ((T,calu),(S,cmac),CPR),  ((T,calu),(S,cmac),CPR)}

Figure4: Testcasesof CPR hazard

Next, we show how to generate test cases respecting struc-
tural hazard.Testcasesof structuralhazard arerepresented as
pipelinestatesin whichtwoormoreinstructionsaccessthesame
resources. Thesetestcasesareobtainedfrom the following in-
formation: pipelinestagetransitionandresources used at each
stage,which are all described in pipeline-behavior specifica-
tions. Testcases shown in Figure5 areautomaticallygenerated
from thepipeline-behavior specification in Figure1.

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

Figure5: Testcasesof structural hazard

3.3 Pipelinemodel generation(Step3)
Thissectiondescribeshow togeneratepipelinebehavior mod-

els automaticallyfrom pipeline-behavior specification descrip-
tionsexplainedin section3.1.

The modelsare representedas finite statemachines(FSMs)
whoseinputsareinstructionsfed into fetchstages at eachcycle
andstatesare combinations of instructionsin pipelinestages.
Supposes is a fetch stage,the next stateof s is representedas
expression (2). Otherwise,thenext stateof s is represented as
expression (3), whereps i � Prev

�
s� .

NextInst � s��� Stall � s� & Inst � s� � Stall � s� & Inst � IN � (2)

Next Inst � s���
Stall � s � & Inst � s�!

Stall � s� & ∑psi
� Stall � psi � & Next � psi " Inst � psi �#�%$ S� & Inst � psi �!

Stall � s� & ∏psi
� Stall � psi � � Next � psi " Inst � psi ���'&� S� & Bubble (3)

Next
�
s ( i � is afunctionwhichreturnsthenext stageof i, where

i is thecurrentinstructionat stages. FunctionPrev
�
s� returnsa

setof stageswhosenext stagesetcontainss. Thesefunctions
areeasilyderivedfrom pipeline-behavior specifications.

Stall
�
s � , a logic functionwhich returnstrueif theinstruction

at stages stallsat currentcycle,canberepresentedby thelogic
sumof four functionsshown in expression(4). Themeaningof
eachfunctionis describedin Table1.

Stall � s�)� StructuralHazardStall � s�*� DataHazardStall � s�
� ImplicitStall � s� � ExplicitStall � s� (4)

Let i beaninstructionat stages andR bethesetof resources
usedby i atstageNext

�
s ( i � . Logic functionStructuralHazardStall

�
s �

returnstrueif thereexistsnoinstructioni+ whichis issuedbefore
i andresourcesetusedby i + at stageNext

�
s + ( i+ � , wheres+ is the

currentstageof i+ , doesnot intersectR. Otherfunctionsin Ta-
ble1 canbegeneratedfrom pipeline-behavior specifications.

3.4 Templategeneration(Step4)
Sequencesof instructioncategorieswith registerconstraints,

calledtemplates, aregeneratedin thetemplategenerationphase.
The procedure of templategenerationis implementedby the
stateenumerationtechniquebasedontransitionrelations[7] de-
scribedbelow. Let F beanFSMwhichrepresentsapipelinebe-
havior model,i bethenumberof input variablesof F, m bethe
number of statevariablesof F, andn , m - i. Thenext function
of F is representedby m logic functions f ,/. f1 ('010'02( fm 3 , where
fi : Bn � B. Let x , �

x1 (10'0104( xn � beasetof inputvariablesof f ,
andy , �

y1 ('010'02( ym � beasetof outputvariablesof f . Then,the
characteristic functionof transitionrelationof f is represented
as:

F
�
x ( y �5, Π1 6 i 6 m

�
yi 7 fi

�
x �1�40

Theimageof A 8 Bn by f is calculatedasfollows:

f
�
A � � y �5, Sx

�
F
�
x ( y ��9 A � x �1�40

whereSx designatesthesmoothingoperationby x [7]. All reach-
able statesfrom an initial stateare obtainedby applying the
aboveimagecalculationiteratively [1].

Figure6 shows theway to generatesequencesof instruction
categories. S0, Si, SandT correspond to initial state,thesetof
reachablestateswithin i-th cycle,thesetof reachable states,and
thesetof testcases, respectively. A dotrepresentsastateandan
arrow representsastatetransitioncaused by someinstruction.

A templatecorrespondingto a testcaseexists if thetestcase
is amemberof thereachablestatesetcalculatedfrom theinitial
state. The templatecanbegeneratedby tracingthe pathfrom
theinitial stateto thetestcase.

Figure7 shows anexampleof a template.“ldcp assign
(cpr0:CPR, gpr0:GPR)” shows thatldcp writes values
to bothCPR namedcpr0 andGPR namedgpr0. “cmac re-
fer (cpr0:CPR)” meansthatcmac readsGPR namedcpr0.
Thetemplateof Figure7 is usedto verify thecasein which two
datahazardsoccur simultaneously.

3.5 Templatederivation (Step5)
Several templatesare automaticallyderived from one tem-

plategeneratedin section3.4in orderto generatetestprograms



logic function synopsis

StructuralHazardStall � s � returntrueif theinstructionatstages is stalledby structuralhazard
DataHazardStall � s� returntrueif theinstructionatstages is stalledby datahazard

ImplicitHazardStall � s� returnStall
�
Next

�
s ( i �1� , wherei is theinstructionatstages

ExplicitHazardStall � s� returntrue if thereexistsanexplicit stall definitionfor stages “stall : t -> s” andStall
�
t �

is true

Table1: Stall functions

S1

S2

S3

S4

S5
T

S0

st0

st1

st2

st3

S

Figure6: Setof reachablestates

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

Figure7: An exampleof a template

for verifying the following complex testcases: (1) hazardand
branch,(2) hazardandinterrupt/exception,and(3)hazard,branch
andinterrupt/exception.

3.5.1 Hazard and branch
Templatesfor testcasesof hazard andbrancharederivedfrom

templatesgeneratedin section3.4,insertingabranchinstruction
justbeforeor amongthesequenceof instructions.Thetemplates
in Figure8 arederivedfrom thetemplateshown in Figure7.

3.5.2 Hazard and interrupt/exception
Templatesfor testcasesrespecting hazardandinterrupt/exception

are automaticallyderived from templatesgeneratedin section
3.4and3.5.1. A templateis derivedfrom anoriginal template
in order to generate interrupt/exceptionwheneachinstruction
which constructstheoriginal templateis executed.Interruptor
exceptionsignalsaregeneratedbycontrollingacircuit added for
verificationby meanof memory-mappedI/O. Theoutlineof the
derivedtemplateis shown in Figure9.

// branch derivation 1
branch                         + cnop                ;
ldcp assign(cpr0:CPR,gpr0:GPR) + cnop                ;
nop                            + cmac refer(cpr0:CPR);
alu refer(gpr0:GPR)            + calu                ;

// branch derivation 2
ldcp assign(cpr0:CPR,gpr0:GPR) + cnop                ;
branch                         + cmac refer(cpr0:CPR);
alu refer(gpr0:GPR)            + calu                ;

Figure8: After branch derivation

         instNum = 3; // the number of instructions
                      // of original template
         base = TBEGIN;
         offset = 0;
LBEGIN : generate an interrupt/exception signal at base + offset;
TBIGIN : ldcp assign(cpr0:CPR,gpr0:GPR) + cnop                ;
         nop                            + cmac refer(cpr0:CPR);
         alu refer(gpr0:GPR)            + calu                ;
         ++offset;
         if (offset < instNum) goto LBEGIN;

Figure9: Interrup t/exceptionderivation

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

In theprogramgenerationphase,address,data,branchcondi-
tion andinstructionin templatesareinstantiatedandpreprocess-
ing andpostprocessingareadded.

RTL implementationsof the microprocessor areverified by
comparing the resultsof RTL simulationandpipelinesimula-
tion by feedingthesametestprogramsinto RTL simulatorand
pipelinelevel simulator.

4. VERIFICA TION RESULTS
Weappliedthisverificationsystemfor verifying theRTL im-

plementationsof ourmedia-processor, MeP. MePis anewly de-
velopedmicroprocessorwhich is designed particularlyfor mul-
timediaapplications[6]. It has32-bit RISCarchitecturefunda-
mentally, but is flexible sothatuserscancustomizearchitecture
andmakeit fit their own applications.Verificationflow is de-
pictedbelow:

Step1 basicverification

Step2 singleinstructionverification

Step3 exception verification

Step4 complex verification

Step5 randomverification

At first, basicbehavior,namelyinitial valuesof registers,fetch
behavior, basicinstructions,etc.,wasverifiedusinghand-coded
testprograms.



Next, eachinstructionwasverified usingArchitectureVeri-
ficationPrograms(AVPs), whichareautomaticallygeneratedby
thein-housetool,aVpGen.Basicbehavior of interrupt/exception
wasverifiedin parallel.

Verificationof complex casesbeganafteralmostall thebugs
detectedby AVPshadbeen fixed. Testprogramsgeneratedby
mVpGenandhand-codedtestprogramswereusedin theverifi-
cationphaseof complex behavior. mVpGenautomaticallygen-
eratestest programsfor pipelinebehavior. Test programsfor
multiple interrupt/exceptionsandcornercasesof cache behav-
ior arecoded by hand.

4.1 Verification method
A pipeline-level simulatorimplementedin C++ is usedasa

referencemodel. RTL implementationsof the microprocessor
areverifiedbycomparingresultsof RTL simulationandpipeline
simulationby feedingthesametestprogramsinto RTL simula-
tor andpipeline-level simulator. Thefollowing valuesarecom-
pared:

� registervalues

� cycle times

� valuesof programcounter atexecutionstage

4.2 Results
Thedetailsof detectedbugsareshown in Table2. Forty-three

bugsrelatedto pipelinebehavior canbedetectedby thetestpro-
gramgeneratedby mVpGen;17 complex pipeline-relatedbugs
amongthemcanbe detectedby testprogramsgeneratedfrom
derived templates.Among the bugsdetectedby randompro-
grams,onebug is relatedto pipelinebehavior. About 98% of
pipeline-relatedbugscanbeendetectedby mVpGen.

category #bugs testprograms

basic 27 hand-coding
singleinstruction 70 aVpGen

interrupt/exception 39 hand-coding
blocksoutsidecore 25 hand-coding

simplepipeline 26 mVpGen
complex pipeline 17 mVpGen

others 6 random

Table2: Detailsof bugs

Wedescribethebugsdetected by thetestprogramsgenerated
from mVpGen.

4.2.1 Bugs respecting simple pipeline behavior
Theresolvingof datahazardis basicpipelinebehavior. There

arethreewaysto resolvedatahazard: stall, bypassing,andboth
stall andbypassing.Bugsrelatedto resolvingdatahazardsuch
aswrongbypassing, deadlock, andillegal stall aredetectedby
the testprogramsgeneratedfrom templatesobtainedin section
3.4.

4.2.2 Bugs respecting complex pipeline behavior
(1)

A branchinstructioncalledREPEAT is definedin ISA of MeP.
Branchpenaltyof normalbranchinstructionsof MePis two cy-
cles.REPEAT caniterateinstructionsequencescalledREPEAT
block with nopenalty;therefore,implementationof REPEAT is
differentfrom thoseof the otherbranchinstructions.mVpGen

derivestemplatesfor REPEAT asfollows. Figure10showstem-
platesderivedfrom thetemplatein Figure7.

// repeat derivation 1
       repeat
       ldcp assign(cpr0:CPR,gpr0:GPR) + cnop                ;
       nop                            + cmac refer(cpr0:CPR);
REND : alu refer(gpr0:GPR)            + calu                ;

// repeat derivation 2
       repeat
       nop                            + cmac refer(cpr0:CPR);
       alu refer(gpr0:GPR)            + calu                ;
       ldcp assign(cpr0:CPR,gpr0:GPR) + cnop                ;

// repeat derivation 3
       repeat
       alu refer(gpr0:GPR)            + calu                ;
       ldcp assign(cpr0:CPR,gpr0:GPR) + cnop                ;
       nop                            + cmac refer(cpr0:CPR);

Figure10: After REPEAT derivation

Thefollowing bugsweredetectedby testprogramsinstanti-
atedfor thetemplatesmentionedabove.

� If thesecond instructionfrom thelastof aREPEAT block
stallsat D stage,thentheprocessorbecomesdeadlocked.

� If thelastinstructionof aREPEAT blockstallsatD stage,
thentheprocessorbecomesdeadlocked.

4.2.3 Bugs respecting complex pipeline behavior
(2)

Therearetwo behavior modes,coreoperationmodeandvliw
operationmodein MeP. Onecoreinstructionandonecoproces-
sorinstructionareexecutedin parallelin vliw instructionmode.
Instructionsthat transferdatafrom memoryto someCPR, co-
processorload instructions, andinstructionsthat transferdata
from someCPR to memory, coprocessorstoreinstructions, are
definedascoreinstructions.Also, arithmeticinstructionsusing
CPRs aredefinedascoprocessorinstructions. Therefore,it is
possible for datahazardto occurbetween acoreinstructionand
acoprocessorinstruction.

Bugsarereportedrespecting whichaninterruptoccurswhen
the instructionstallsto resolve the datahazard that occurs be-
tweena coreinstructionanda coprocessorinstruction.It is dif-
ficult for a humanto dealwith the test case described above.
Our tool cangeneratetestprogramsfor theabove testcasesby
automaticallyderiving instructionsequenceswhichgeneratein-
terrupt/exceptionwhenstallsareresolved.

4.2.4 Bugs which are hard to be detected
The bug describedbelow is hardto be detectedby testpro-

gramsgeneratedfrom mVpGen. Coprocessorstoreinstruction
SWCP which follows coprocessorload instructionLWCP does
notstall thoughdatahazardoccursbetweenthetwo instructions.
Whetherthe above bug occursor not dependson the displace-
mentvalueof SWCP. Figure11showsinstructioncodesof some
instructions.Bit patternsnnnn andmmmm in Figure11 arethe
binaryexpressionsof theregisternumber of (C)Rn and(C)Rm,
respectively. Bit patterndddd dddd dddd dddd in Figure11
is thebinaryexpression of thedisplacement valueof SWCP. Sup-
poseLWCP andsomeinstructionInst whoseinstructioncode
is code[31:0] areissuedsuccessively. The implementation
of RTL designis asfollows: if the registernumberof LWCP is
equal to thatof Inst andexpression 5 is true,thenInst stalls.
Accordingto theabove implementation,SWCP whose displace-
mentvalueis 16’h0000 stalls,but SWCP whosedisplacement
valueis 16’h0002 doesnotstall.
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BEDGF " ;=<=>@?4AHD : I F%J ! �LK M N4O B &&

;=<=>@?4A%B�F �P� B M Q B (5)

CMOV  CRn, Rm         1111_nnnn_mmmm_0111 1111_0000_0000_0000
CMOV  Rm, CRn         1111_nnnn_mmmm_0111 1111_0000_0000_0001
CMOVC CCRn, Rm        1111_nnnn_mmmm_0111 1111_0000_0000_0010
CMOVC Rm, CCRn        1111_nnnn_mmmm_0111 1111_0000_0000_0011
SWCP  CRn, disp16(Rm) 1111_nnnn_mmmm_1100 dddd_dddd_dddd_dddd

Figure11: Instruction codes

Weintendto improve mVpGento generatetestprogramsthat
candetectthebugsdescribedabove.

5. CONCLUSIONS
A testprogramgenerationtool, mVpGen,hasbeendeveloped

for verifying pipeline behavior of microprocessors. The only
inputsmVpGenrequiresarepipeline-behavior specifications;it
automaticallygeneratestestcasesatfirst from pipeline-behavior
specifications and then automaticallygeneratestest programs
corresponding to the testcases. As well astest-programgen-
eration,verificationenvironment includingreferencesimulation
modelsisalsoconstructedautomaticallyfrom thepipeline-behavior
specification. Unlikeconventionaltest-programgenerationtools,
mVpGencanhandlecomplex testcases, in which datahazard,
branch,andinterrupt occur simultaneously. mVpGenandthe
verificationenvironmentdescribedin thispaper havebeenadopted
for ourmedia-processordesign. Asaresult,about98%of pipeline-
relatedbugscanbe detectedby mVpGen,which greatly con-
tributesto improvementof RTL verificationefficiency.
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