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Abstract

Systenievel modelingwith executablelanguagessud as
C/C++ has beencrucial in the developmentof large elec-
tronic systemdéromgeneil processos to applicationspecific
designs.To male sure that the executablemodelsbehaveas
they should,the designes oftenhaveto “eye-ball” the simu-
lation tracesand at best,applysimple“assert” statementsr
write simpletrace cheders in somescriptinglanguages. The
problemis the lack of a conciseand formal methodto spec-
ify and ched desied properties,whetherthey be functional
or performancen nature. In this paper we apply assertion
chedking methodolgyto the systentdesignof networkproces-
sors. FunctionalandperformancessertionsbasednLinear
Tempoal Logic and Logic of Constrints, are written during
the designprocess. Trace cheders and simulationmonitors
are automaticallygenemtedto validateparticular simulation
runs or to analyzetheir performancecharacteristics. Sev-
eral catgyories of assertionsare cheded throughoutthe de-
sign process,sud as equivalencefunctionality transaction,
and performance We demonstate that the assertion-based
methodolgy is very usefulfor both systemevel verification
anddesignexploration.

1 Intr oduction

Theincreasingcomplexity of electronicsystemsodayde-
mandsmoresophisticatedlesignandtestmethodologiesDe-
signingonly atthe RegisterTransfer_evel (RTL) is nolonger
sufficient. Most electronicsystemsfrom generapurposepro-
cessorgo applicationspecificdesignsstartout with a descrip-
tion at the higher systemlevel. Systemlevel modelingwith
executabldanguagesuchasC/C++or othermodelingframe-
workshave beencrucialin thedevelopmenf largeelectronic
systemsTheexecutabilitysenesatleastthreeveryimportant
purposes.First, it allows the designerdo communicatewith
otherdesignerswith concretetracesand scenarios.Second,
it allows early verificationof the designfunctionalitiesso the
designersancheckwhetherwhatthey wrote is indeedwhat
they want. Lastly, high level performanceparameterganbe
gatheredo enablesystemlevel designexplorationsothatbet-
ter systemlevel trade-of decisionccanbe made.
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Unfortunately it is not always easyto gatherinformation
from the behavior of the executablemodel. The designers
often have to “eye-ball” simulationtracesand at best, write
simple checlersin somescriptinglanguageg(suchasPerl) to
scanthroughthe tracesand analyzefor specificcharacteris-
tics. Embeddedsoftwareassertiorstatementfiave beenused
by software designerdor decadesbut they areonly suitable
for simple errorflaggingand are not amenabldor analyzing
morecomplex behavior andcatchingmorecomplex bugsthat
canexist at the systemlevel. Automaticandsemi-automatic
formal verificationtools [8, 9] canprove the propertiesof a
design,but their needfor extensive manualproof-writing or
high computationacompleity, respectiely, make themun-
suitableto beintegratedinto designflow for exploration. The
centralproblemlies in the lack of a conciseand formal way
to specifythe desiredfunctionaland performanceproperties,
andan efficientway to checkthe properties.

RTL assertionanguagesuchas Sugar2.0[7] and Open-
Vera[2] have beengainingin popularity Functionalasser
tions,basedmostlyon LinearTemporalLogic (LTL) [10], can
be written andsimulationmonitorscanbe automaticallygen-
eratedto efficiently verify a particularrun of the executable
model. Every LTL formula canbe representedby an equiv-
alent finite state automaton,hencelLTL cannotbe usedto
expresshigher, transactiorievel, functional propertieswhich
may not be representabldy finite-stateautomata6]. Fur-
thermore neitherLTL, nor its associate@ssertionanguages
(Sugar2.0and Open\éra) have corvenientways to express
quantitatve performanceproperties,which is crucial in per
forming systemlevel designexploration,aswell asanalyzing
the performancesapabilityof a systemlevel model.

To applythe assertiormethodologyto the systemlevel re-
quiresthe ability to specifyfunctionalandperformanceprop-
ertiesat the RTL, at the transactiorlevel, and at the system
level. We proposeto utilize LTL-basedassertionanguages
(e.g. Sugar2.0)andLogic Of Constraint§LOC) [4], alogic
thatis more suitedfor quantitatve performanceandtransac-
tion level assertionsin the functionalandperformanceverifi-
cationof systemlevel designs.

This paperpresentswo main contributions. The first is
to demonstratehat the assertion-basederification method-
ology is useful for catchingerrorsin the designof a net-
work processoiat the systemlevel. To shaw this, we inte-



grateour assertionverification methodologyinto the design
flow for high performancenetwork processorsBasedon In-
tel IXP1200[1] network processomodel,in-housedesigners
have beenputting togethera new architecturewhich is capa-
ble of higherthroughput,lower lateng, andlower cost. The
processomodelis parameterizedso that a whole rangeof
differentarchitecturecan be explored. Using our assertion
verificationmethodologydesignersvere ableto write asser
tionsandautomaticallygeneratdracecheclersor simulation
monitorsthroughoutthe designprocesso checkfunctional-
ity andperformancecharacteristicsBugswere subsequently
foundandcorrected.

The secondmain contribution is to extend the useof as-
sertionsto designexploration and performanceanalysis. To
this purposewe useassertionso expresgperformance-related
statementshatshouldalwayshold, andthosethatshouldhold
as often as possible. For the latter, we generateassertion
checlersthat canreportnot only if the statementolds, but
alsohow oftenit holds. We gathertheseperformancenum-
bers,andusethemto make betterdesigndecisions.

In the next section,we discussthe essentiahspectof our
network processoarchitecturanodelNePSimwhichis based
on Intel IXP1200. We introduceour assertionverification
methodologyin Section3. Section4 presents detail design
study We discussthe kinds of assertionsve apply, the bugs
thatwe wereableto find, andhow the performanceassertions
andgoalscanbe usedin designexploration. We concludein
Section5 andgive somefuture directions.

2 Network ProcessorModels

The Intel IXP1200[1] is chosenas the referencemodel
dueto its overwhelmingpopularity in the network process-
ing applications.Givennormal-sizelP paclets,it canachiese
up to 2.2 Gbpsrouting bandwidth. Being sold commercially
the processomodelhasbeenmadeavailableto the public in
orderto helpthe designersuild systemshasedon IXP1200.
The basicarchitectureof the processois shovn in Figure 1.
IXP1200consistof a StrongARMcore,6 multi-threadedro-
cessingunits, which are called microenginesandcontrollers
of peripheralunits. The StrongARM coreinitializes the pro-
gramstoreof the microenginesandloadsnecessarglatainto
memory before enablingthe microengines. Eachof the six
microenginesunsup to four threadsconcurrently Thus,ato-
tal of upto 24 threadscanbe programmedo receve, process
andtransmitlP paclets. The controllersof SRAM, SDRAM
andIX Busunitssene the processomsinterfacesto off-chip
SRAM, typically usedto storeforwardingtable, SDRAM, typ-
ically usedto storelP paclets,and network devicesthrough
thelX Bus.

Thethreadsn amicroenginesharecommonALU, pipelin-
ing, andschedulingunits. Inside a microengine gachthread
hasanindependensetof registersincluding generalpurpose
registers,local control registers,SRAM transferregistersand
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Figure 1. 1XP1200 architecture .

SDRAM transferregisters. The microengines instructionset
architecturecontains33 catgyoriesof instructions. Because
eachinstructionmay have a numberof differentoperations,
thetotalnumberof op-codesmplementeds aroundl20. Each
microenginehasa 5-stagepipeline (PO throughP4): Instruc-
tion Fetch,InstructionDecoding,Operandretch,Instruction
ExecutionandWrite-Back.

In eachmicroenginememoryreferenceswhich arecalled
commands.are issuedto a two-entry commandFIFO. The
commandsare then sentto the commandbus and scheduled
by the commandbus arbiter Basedon the priority of com-
mandsthecommandusarbiterselectoneor morereference
commandsamongthe six command-IFOsandmove themto
the correspondingnemorycontroller The SRAM controller
handlesall SRAM referencecommandsssuedfrom the mi-
croenginesEachSRAM referenc&eommands enqueuedde-
queuedcommittedandfinally done.SDRAM referencecom-
mandsarehandledsimilarly by the SDRAM controllet

OurNePSimnetwork processoarchitectures basenthe
basicIXP1200architecture.Whenthe architecturalparame-
ters(e.g. numberof microenginespnumberof threadsn each
microengine humberandlengthof FIFO queuessize of the
cachesschedulingpolicies)aresetto be thatof the IXP1200,
the behaiors of thetwo processomodelsare expectedto be
very similar. When we vary the parametersthe functional
“correctness’is expectedto be maintainedwhile the perfor
manceattributesareexpectedto changetradingoff onemet-
ric againstanother Ultimately, we canarrive at a designthat
is mostsuitableto the applicationsat hand.

3 Assertion-BasedVerification Methodology

We use LTL-basedassertionlanguageSugar2.0[7] and
LOC [4] to formally specify the functional and performance
propertiesof the network processomodel. LTL and LOC
have differentdomainsof expressvenessaandindeedcomple-
menteachotherquite well [6]. Accordingto our experience,
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Figure 2. Assertion-Based Simulation Verifica-
tion Methodology .

most functional properties,such as mutual exclusion, non-
stanationandsafety canbeeasilyexpressedvith LTL. Onthe
otherhand,LOC is moresuitablefor expressingquantitatve
performancepropertiessuchasrateandlateng, andtransac-
tion level functional propertiessuchas|/O dataconsistenyg.

Figure2 illustratesour methodologyfor assertion-basesim-
ulationverificationwith automaticracecheclergeneration.

Linear TemporalLogic [10] is definedover executionsof
a system,i.e. linear sequencesf statetransitions We use
Sugar2.(J7] asthe specificationlanguagefor LTL formulas.
In our verificationmethodologyfor systemlevel models,the
statetransitionsare modeledas event occurrences. This is
consistentwith transactiomabstractionsinceonly the events
orderingare considerednot their tick by tick, cycle level be-
havior. We leveragethe existingtool, FoCs[3], to generateéhe
checler coreandthenuseour tool to automaticallygenerate
wrappersthat are necessaryor the simulationof the proces-
sormodelsandfor stand-alondracecheclers. Sincethe sim-
ulationsessionarefinite, we interpretthetemporaloperators
overthefinite tracesby checkingthe conditionsonly upto the
endof thetraces.

Logic Of Constraintg4] is aformalismdesignedo reason
aboutexecutiontraceswith quantitatve performancevalues
(annotations).lt is alsovery well-suitedfor analyzingtraces
from the executionof higher, transactiorlevel systemmodel.
LOC consistsof all the termsand operatorsallowed in sen-
tential logic, with additionsthat make it possibleto specify
quantitatve assertionsvithoutcompromisingheeaseof anal-
ysis. The basiccomponentof an LOC formula are: event
namege.g. pipelineandsram.eng, instanceof events(e.g.
pipeling4]), indicesof eventinstancege.g. 0, 1, ..., etc), the
index variablei and annotationge.g. cycle pc and addr).
LOC canbeusedto specifymary importantsystemlevel per
formancepropertieghatareincorvenientandsometimesm-
possibleto expresswith LTL. For example therateproperty:

cyclgpipelindi + 1]) — cyclgpipelindi]) =10 (1)
requiresthat the differencebetweenthe values of annota-

tion cyclefor any two consecutie instance®f pipelineevent
shouldequalto 10. Thereexist automatictools [5] that can
generatdracecheclersor simulationmonitorsfor ary given
LOC formula. A checleror monitorevaluategheformulain-
stanceby instancewhereaformulainstances aformulawith
i evaluatedto somefixed positive integer value. For exam-
ple, cyclegpipelind30]) — cyclgpipeling29)) = 10is the29th
instanceof theformula(1).

4 Verification Studies

We perform three cateyories of assertion verification
throughoutthe designprocess.First, we would like to know
whetherNePSim,with parametergqualto that of IXP1200,
would achiere the samefunctionality and “similar” perfor
mance. We thenvary the designparametergi.e. numberof
microengineshumberof threads configurationof the micro-
engines,amountof caches,.., etc,) andin eachcase,check
functional correctnes®f the new designwith functional as-
sertions. Varying the designparameter®bviously affect the
performance.We useperformanceassertiorcheckingto de-
terminethe performancef a particulardesigngivena partic-
ular simulationinput. We effectively explorethe designspace
with functionalandperformancessertions.

Table 1. List of Event Types.

EventType Comments

pipeline aninstructionentersthe pipeline
sram.enq anSRAM accessequests enqueued
sram.deq anSRAM accessequests dequeued
sram.done anSRAM accessequesis committed
ip_lookup_start | anlIP addressookupstarts
ip-lookup_done | anlP addresdookupfinishes
forward an|P pacletis forwarded

The simulationtracesgeneratedrom processomarchitec-
tural modelscontaina set of architecturalexecutionevents
that occur during the simulationrun. They include instruc-
tionsenteringor leaving the pipeline,memoryreferencecom-
mandsbeing put into or removed from the commandqueues
in memorycontrollers,signalsbeing generatedrom or con-
sumedby functional units and threads. Table 1 lists some
eventsthatwe areinterestedn for our verificationstudies.To
differentiateeventsgeneratedy different microengine,dif-
ferentthreads,and differentarchitecturemodels,eachevent
could be appropriatelyprefixed and suffixed. For example,
m2_t1_pipeline_ | XP representshe pipelining eventfrom the
microengine?, threadl of the Intel IXP1200model.An event
is annotatedvith timing, identification,andotherquantitatve
information. In our study eacheventinstanceis associated
with four annotationsgycle, pc, addr anddata, wherecycle
is usedto measurdime in clockcycles,pcis thePC(Program
Counter)valuefor the currentinstruction. Dependingon the
event,addr mayrepresenmemoryaddres®r next PC(NPC)
addressanddata may representlatareadfrom memoryor
ALU operatiorresult.



The tracefrom NePSimis taken “as is” andfed into our
automaticallygeneratedracecheclers. The log tracesfrom
Intel IXP1200 are preprocesseth a straightforward manner
beforebeingfed into the tracechecler sothateacheventhas
theabove annotation®n the samdine, thoughthereis no dif-
ficulty in writing a separatd@raceformatfor the IXP1200. A
snapshobf thesimulationtracefrom NePSimis shovnin Fig-
ure3.

In the following verification studies,we run a trie-based
routelookup benchmarf11] on NePSimand Intel IXP1200
processomodels.Thebenchmarkprogramis aninfinite loop

which continuouslylook uptheroutefor alist of IP addresses.

Thetrie datastructures storedn SRAM andaccessethrough
the SRAM instructions.

1731 68 00120100 00000000 m2_t2_pipeline
1732 34 0000FFF8 00000000 m5_tl1_receive
1733 19 00000300 00000000 mMO_tO_sram_ei
1733 30 00000300 00000000 m1_tO_pipeline
1733 30 00000300 00000000 m2_tO_pipeline|
1733 30 00000300 00000000 m3_t0_pipeline
1733 20 00000300 00000000 mMO_tO_sram_d
1734 69 0000003F 0000050C m2_t2_pipeling
1735 34 00000300 00000518 m5_t2_pipeline
1736 35 0000001B 0000051C mb5_t2_forward
1736 36 00178000 00000520 m5_t2_pipeline
1737 72 00020100 00000524 m2_t2_pipeline
1737 20 00000300 00000000 mMO_tO_sram_d

Figure 3. NePSim Simulation Trace.

4.1 Checkingwith ReferenceModel

Using LOC, we canformally and accuratelyspecify both
functionalequialenceand performancesimilarity of two de-
signs. We run the samebenchmarkon NePSimand Intel
IXP1200models,andusethe simulationtracefrom IXP1200
asthereferencerace. First, we checkif the NePSimmodel
is functionallyequivalentto thereferencenodel. The primary
function of the modelresidesin the forwardingtablelookup
for IP paclketsbeingprocessedwhich involvescorrectread-
ing from the SRAM. More specifically we wantto checkthe
following property:

“For eachSRAM accesson NePSimand IXP1200, the
memoryaddresgeferencedand datareadout shouldbe the
sameandall theSRAM referencegreexecutedvith thesame
order”

This propertycanbe expressedvith an LOC formula:

addr (sram.endi]) = addr (sram.eng !l XP[i])A
data(sramdon€]i]) = data(sram.donelXP[i]) . (2)

We run the benchmarkon NePSimand IXP1200for one
million cyclesto obtaintracesof about3 x 1C° lines. Both
modelsareconfiguredwith a singleworking microengineand
a singleworking threadsothatthe paclet processingrderis
deterministic.With theautomaticallygeneratedracechecler,
we show that this formula passwith the given benchmark
tracein under6 secondof CPUtime (seeTable2.) All the

tracecheckingspresentedh this papemererunonour Athlon
1.5GHzLinux machinewith 1GB memory thoughthesimula-
tion sessionsvererun by thedesignersntheirown machines.
We reporttime andmemaoryusageonly for thetracechecking
operations.

Comparingthe simulationtracefrom NePSimto therefer
encelXP1200,we alsowantto make surethattheinstruction
pipeliningbehaior of NePSimis “similar” in performanceo
thatof IXP1200.More specifically this propertyrequiresthat

“On thetwo models,all theinstructionsin the benchmark
areexecutedvith thesameorder, andtheexecutiontime of ev-
ery pipelining instructionby NePSimis no morethancertain
clock cyclesaway from the executiontime of the correspond-
ing instructionby Intel IXP1200”

This propertycanbe expressedvith anLOC formula:

(pc(pipelinefi]) = pc(pipeline_l XPJi])) A
(|cycle(pipeling|i]) — cycle(pipelineLl XP[i])| < A-i+B)(3)

whereA andB areconstants.The secondpart of the formula
holdsif andonly if, for a particularpipelineevent, the differ-
encein time of occurrencen NePSimand Intel IXP1200is
within A-i+ B. As simulationprogressthe differenceaccu-
mulates,which is reflectedby A-i. Thedifferencein startup
time is accountedor by the constantB. If the two designs
aretruly identical,bothvaluesshouldbe zero. The designers
decidedhat,to accounftfor thedifferencesn thetwo designs,
theacceptablealuesof A andB shouldbe0.05,and8, respec-
tively. Theformulafailedalmostimmediatelyandaftergoing
throughthe error reportand detugging the NePSimdesign,
it wasfoundthatthe SRAM accesdateny wasnot modeled
correctly Oncetheerrorwasfixed,the performancessertion
passedse€Table2). This performancenaginis sufficientfor
designergo declarethatNePSimandIXP1200aresimilar in
performance.

With thesameformula(3) andsubstitutingfor the pipeline
event,we cancheckthe performancesimilarity of othercriti-
caleventssuchassram.eng sram.dong andsdram.eng with
differentacceptablevaluesof A andB, determinedby the de-
signers.

4.2 Functional Verification

Dueto the non-determinisnin threadhandlingwithin the
network processomodelsit is difficult to performdeterminis-
tic functionalequivalencetracecheckingwhentherearemore
thanonethreadenabled.For normalmulti-threadoperations,
functionalpropertyverification,basedon both LTL andLOC,
canbevery useful.Designercanwrite their functionalasser
tionsin LTL-basedSugar2.®r LOC. For Sugar2.@assertions,
we useFoCsto generatehe assertiorcheckingcodein C++,
and our tool thengenerateshe necessarwrappersfor trace
checking.

To verify the normal operationof the NePSimprocessor
model, We configureit with 6 working microengines(4 of



them (mO - m3) usedfor forwardingtable lookup and 2 of
them(m4, m5) usedfor IP paclket transmissionand4 work-
ing threadsfor eachmicroengineandrun the benchmarkon
NePSimfor onemillion cycles. Using Sugar2.0we specifya
non-staration propertyfor the SRAM controllerof NePSim:
“Once an SRAM accessequestrom athread(e.g. thread0)
of a microengine(e.g. microengine0) is enqueuedit must
be eventually committedwithin the next 300 SRAM related
eventoccurrences. This propertycanbe expressedvith the
Sugar2.Gormula:

al ways(m0_tO_srameng— next _e[1: 300 (mO_t0_sram.done))
4)
To checkthis property we only producethe eventsthat are
relatedto SRAM referencego geta traceof 2.8 x 1(° lines.
The parameterizedvrappergeneratocaneasilygeneratehis
assertiorfor all threadsn all microenginesandfor SDRAM
controllerandIX buscontrollet
Anotherimportantproperty of the memoryaccesssched-
uler is the correct occurring order of the events sram.eng
sram degandsram.done whichrequireghat“afteranSRAM
requesby athread(e.g.threadl ) of a microengineg(e.g. mi-
croengined) isissuedandputinto thescheduling-IFO, it can-
notbedonebeforeit is dequeued”This propertyof occurring
ordercanbeexpressedvith theformula:

al ways(m0_tl.sramengq—
I mO_tl sramdoneunti| mOtlsramdeq . (5)

Notethatif the simulationtraceends,the verification of the
formulawill beinterpretedbn afinite trace.For example for-
mula(5) will notbeviolatedif sram engoccursandthennei-
thersram.donenor sram degoccurswhenthetraceends.
UsingLOC, we canexpresghedataconsisteng properties
for differentfunctionalunits. For example,whenan SRAM
accesgequests putinto to the scheduling~IFO by a thread
(e.g.thread2) of amicroenginge.g. microenginel) andthen
eventuallycommitted the memoryaddresst refersto should
bethe same We expresghis propertywith the LOC formula:

addr(ml.t2_sramendi]) = addr(ml.t2_sramdondi]) ,

(6)
where the annotationaddr is usedto representthe refer
encedmemory address. With the automaticallygenerated
trace checlers, formula (4) - (6) are checled with no error.
Theverificationresultsarelistedin Table2.

Table 2. Verification Results for Form ulas(2-6)

Formula | Formulalnstances| TraceLines | Mem Time
@ 10267 3x10P 40KB 6s
(3) 295582 3x 1P 64.8KB | 7s
@) 5690 2.8x10° 0.4KB 77s
(5) 5739 7.0x10° 50Bytes | 24s
(6) 5708 7.0x10° 12Bytes | 59s

4.3 PerformanceAssertions

The goal of designexplorationfor network processoris to
find anarchitecturavhich would perform“better” thanthe ex-
isting model. It is thereforevery importantto be ableto an-
alyze quantitatve propertiesof a design. With LOC, we can
expressthe performancerequirementsor expectedquantita-
tive features.In this section,we continuewith the parameter
settingof 4 microenginefor IP addresdookup and 2 micro-
enginedor IP paclettransmissionFor eachmicroenginedo-
ing IP addresdookup, we experimentwith either running 2
threadsor 4 threads.As a consequencaye comparethe per
formancemetricsfor an8-threadprocessomodelagainstthe
onewith 16 threads.We run our benchmarlon both configu-
rationsfor onemillion cycles,andgettracesof about3 million
lines.

One primary function of the network processois to per
form IP addresdookup, which requiresvery frequentaccess
to SRAM. Therefore,we wantto checkthe latengy between
an SRAM accessequesenqueuedndwhenit is committed.
We first checkthe SRAM accesdateny from a thread(e.g.
threadO) of a microengine(e.g. microengine?) for the two
configurationsWe considerthe maximumlateng constraint,
which canbe expresseavith thefollowing LOC formula:

cycle(m2_t0_sram.dondji]) — cycle(m2_tO_srameendi]) <11 . (7)

We iteratively searchfor the smallestl1 that will allow the
tracesto passthe performanceassertion(e.g. with a simple
bi-partition approachon the range). For the 8-threadconfig-
uration, we were ableto setl1 = 50, and the assertioncan
passthe tracecheckingwithout ary error. For the 16-thread
configuration,n orderto make the assertiorpasswe have to
increasethe |1 to 100. More threadscan causemore mem-
ory accessontention,anddegradethe lateng for individual
memoryaccessesSeeTable3 for asummaryof theresult.

Thetotal numberof runningthreadscanactuallyaffect the
lateng for individual IP addresdookups. The maximumla-
teng of IP addresdookupsin a thread(e.g. threadl) of a
microengine(e.g. microengine0) can be expressedn LOC
usingtheformula:

cycle(m0_tl.ip_lookup_start[i])—
cycle(mO_t1ip_lookup_dondi]) <12 . (8)

For the 8-threadconfigurationwe setl 2 to be 900for the as-
sertionto pass. For the 16-threadconfiguration,|2 needsto
be 1200.Usingtheformula(8), we have explicitly shovn that
the 8-threadconfigurationhaslower lateng for individual IP
addressookupsthanthe 16-threacconfiguration.

Of course Jateny doesnot tell the whole story. Through-
put is an equally important design characteristicfor net-
work processorsMore threadsshouldachiese betteroverall
throughputAt theinstructionlevel, we cancheckthethrough-
put of pipelininginstructionsfor the processousingthe LOC



formula:
cycle(pipelinefi +1000Q) — cycle(pipdinefi]) <tl , (9)

whichrequireghatwithint1 cycles,atleastl0000instructions
needto be issuedto the pipeline of the processar For the 8-
threadconfigurationwe needto sett1 = 4200for theassertion
to pass. This correspondgo a minimum throughputof 2.3
instructiongpercycle. For the16-threactonfigurationt1 need
to besetto 3500,which correspondso aminimumthroughput
of 2.8instructionspercycle. The 16-threadconfigurationhas
betterinstructionthroughputaccordingto the analysisusing
theperformancessertion(9).

The overall performanceof the network processois mea-
suredby thethroughpuof IP paclketforwarding,which canbe
expressedvith thefollowing LOC formula:

cycle(forward|i 4+ 1000) — cycle( forward[i]) <t2 . (10)

In orderfor the performanceassertionto pass,We needto
sett2 = 3.7 x 10° for the 8-threadconfigurationandsett2 =
3x 10P for the 16-threactonfiguration.If we assumeéheNeP-
Sim processoiis runningat 200MHz, we get the throughput
for IP pacletforwardingof 5.4 x 10° paclets/se@nd6.6 x 10°
paclets/sedor the 8-threadand 16-threadconfiguration,re-
spectively. Giventheaveragepacletsizeof 64 bytes therout-
ing throughputwill be2.8 Gbpsand3.3 Gbpsrespectiely for
thetwo configurationsindeed the designersieedto tradeoff
latengy andthroughpufor ary givenapplicatiornto achievethe
bestdesign.LOC assertiorcheckingallows themto quantita-
tively analyzethe performancef a systemlevel specification.
During the designprocessthe designercanalsoexperiment
with increasinghenumberof microenginesghanginghesize
of scheduling~IFOs,or putting morecachesetweenstorage
hierarchies. All thesedesignspaceexplorationsmay bring
variousperformancerade-ofs, which canbe easilyspecified
andanalyzeddy theformal performancessertions.

The verification resultsof theseLOC performanceasser
tionsarelistedin Table3. Sincea typical simulationsession
cantake half anhouror longer, the CPUtime andmemoryus-
agefor thetracecheclersaretrivial by comparison.Without
them, however, it becomesvery difficult for the designergo
concludeanything aboutthedesignexceptin veryvagueterms
(e.g. “looks good”). Our assertion-basedkerificationandde-
sign exploration methodologyis indeedefficient for dealing
with large designs.

5 Conclusions

In this paperwe have presented verificationmethodology
for functionalandperformanceropertiesof system-lgel de-
signsutilizing formal assertionsWe have appliedour method-
ology on the systemdesignof network processors.We use
LTL-basedassertiongo expressandverify functionalproper
ties suchas non-staration and executionordering. We also

Table 3. Results for Performance Asser tions

Formula | Conf. Param. Time | Mem

@) 8-thread | 11=50 18sec| 12Bytes
16-thread| 11=100 23sec| 16Bytes

(8) 8-thread | 12=900 46sec | 8Bytes
16-thread | 12=1200 44sec| 8Bytes

9) 8-thread | t1=4200 20sec | 40KB
16-thread| t1= 3500 26sec| 40KB

(10) 8-thread | t2=37x10° | 44sec| 4KB
16-thread| t2=3x 10° 44sec| 4KB

useLOC assertiongo expressquantitatve performanceand
functionalpropertiesuchaslateng, throughputainddatacon-
sisteng. All theseassertionganbe checled with automati-
cally generatedracecheclerson the simulationtracesusing
small amountsof CPU time and memory Througha setof

verificationstudies we shav thatformal assertionshbasedon
LTL andLOC, arevery usefulfor conciselyspecifyingandau-
tomatically verifying both functional and performanceprop-
ertiesof systemlevel designs. The ability to carry out per

formanceevaluationat the systemlevel alsoopensup design
explorationavenueunchartedefore.

We are planningto extendthe Sugar2.0languageto sup-
port our LOC formalismso that designersanhave a unified
frontendto specifybothfunctionalandperformanceassertions
easily We arealsoconsideringaddingautomaticdesignex-
plorationcapabilityto NePSim.
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