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Abstract

Systemlevel modelingwith executablelanguagessuch as
C/C++ has beencrucial in the developmentof large elec-
tronic systemsfromgeneral processors to applicationspecific
designs.To make sure that the executablemodelsbehaveas
they should,the designers oftenhaveto “eye-ball” the simu-
lation tracesandat best,applysimple“assert” statementsor
write simpletracecheckers in somescriptinglanguages.The
problemis the lack of a conciseand formal methodto spec-
ify and check desired properties,whetherthey be functional
or performancein nature. In this paper, we apply assertion
checkingmethodologyto thesystemdesignof networkproces-
sors. Functionalandperformanceassertions,basedonLinear
Temporal Logic andLogic of Constraints,are written during
the designprocess.Tracecheckers and simulationmonitors
are automaticallygeneratedto validateparticular simulation
runs or to analyzetheir performancecharacteristics. Sev-
eral categoriesof assertionsare checked throughoutthe de-
sign process,such as equivalence, functionality, transaction,
and performance. We demonstrate that the assertion-based
methodology is very usefulfor both systemlevel verification
anddesignexploration.

1 Intr oduction

Theincreasingcomplexity of electronicsystemstodayde-
mandsmoresophisticateddesignandtestmethodologies.De-
signingonly at theRegisterTransferLevel (RTL) is no longer
sufficient. Mostelectronicsystems,from generalpurposepro-
cessorsto applicationspecificdesignsstartoutwith adescrip-
tion at the highersystemlevel. Systemlevel modelingwith
executablelanguagessuchasC/C++or othermodelingframe-
workshavebeencrucialin thedevelopmentof largeelectronic
systems.Theexecutabilityservesat leastthreevery important
purposes.First, it allows the designersto communicatewith
other designerswith concretetracesandscenarios.Second,
it allows earlyverificationof thedesignfunctionalitiesso the
designerscancheckwhetherwhat they wrote is indeedwhat
they want. Lastly, high level performanceparameterscanbe
gatheredto enablesystemlevel designexplorationsothatbet-
ter systemlevel trade-off decisionscanbemade.

Unfortunately, it is not alwayseasyto gatherinformation
from the behavior of the executablemodel. The designers
often have to “eye-ball” simulationtracesand at best,write
simplecheckersin somescriptinglanguage(suchasPerl) to
scanthroughthe tracesandanalyzefor specificcharacteris-
tics. Embeddedsoftwareassertionstatementshave beenused
by softwaredesignersfor decades,but they areonly suitable
for simpleerror-flaggingandarenot amenablefor analyzing
morecomplex behavior andcatchingmorecomplex bugsthat
canexist at the systemlevel. Automaticandsemi-automatic
formal verification tools [8, 9] canprove the propertiesof a
design,but their needfor extensive manualproof-writing or
high computationalcomplexity, respectively, make themun-
suitableto beintegratedinto designflow for exploration.The
centralproblemlies in the lack of a conciseandformal way
to specifythe desiredfunctionalandperformanceproperties,
andanefficientway to checktheproperties.

RTL assertionlanguagessuchasSugar2.0[7] andOpen-
Vera [2] have beengaining in popularity. Functionalasser-
tions,basedmostlyonLinearTemporalLogic (LTL) [10], can
bewritten andsimulationmonitorscanbeautomaticallygen-
eratedto efficiently verify a particularrun of the executable
model. Every LTL formula canbe representedby an equiv-
alent finite stateautomaton,henceLTL cannotbe usedto
expresshigher, transactionlevel, functionalpropertieswhich
may not be representableby finite-stateautomata[6]. Fur-
thermore,neitherLTL, nor its associatedassertionlanguages
(Sugar2.0and OpenVera) have convenientways to express
quantitative performanceproperties,which is crucial in per-
forming systemlevel designexploration,aswell asanalyzing
theperformancecapabilityof a systemlevel model.

To applytheassertionmethodologyto thesystemlevel re-
quirestheability to specifyfunctionalandperformanceprop-
ertiesat the RTL, at the transactionlevel, andat the system
level. We proposeto utilize LTL-basedassertionlanguages
(e.g. Sugar2.0)andLogic Of Constraints(LOC) [4], a logic
that is moresuitedfor quantitative performanceandtransac-
tion level assertions,in thefunctionalandperformanceverifi-
cationof systemlevel designs.

This paperpresentstwo main contributions. The first is
to demonstratethat the assertion-basedverification method-
ology is useful for catchingerrors in the designof a net-
work processorat the systemlevel. To show this, we inte-
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grateour assertionverification methodologyinto the design
flow for high performancenetwork processors.Basedon In-
tel IXP1200[1] network processormodel,in-housedesigners
have beenputting togethera new architecturewhich is capa-
ble of higherthroughput,lower latency, andlower cost. The
processormodel is parameterized,so that a whole rangeof
differentarchitecturescan be explored. Using our assertion
verificationmethodology, designerswereableto write asser-
tionsandautomaticallygeneratetracecheckersor simulation
monitorsthroughoutthe designprocessto checkfunctional-
ity andperformancecharacteristics.Bugsweresubsequently
foundandcorrected.

The secondmain contribution is to extend the useof as-
sertionsto designexplorationandperformanceanalysis. To
thispurpose,weuseassertionsto expressperformance-related
statementsthatshouldalwayshold,andthosethatshouldhold
as often as possible. For the latter, we generateassertion
checkers that can reportnot only if the statementholds,but
alsohow often it holds. We gathertheseperformancenum-
bers,andusethemto makebetterdesigndecisions.

In thenext section,we discusstheessentialaspectsof our
network processorarchitecturemodelNePSim,whichis based
on Intel IXP1200. We introduceour assertionverification
methodologyin Section3. Section4 presentsa detail design
study. We discussthe kinds of assertionswe apply, the bugs
thatwe wereableto find, andhow theperformanceassertions
andgoalscanbeusedin designexploration. We concludein
Section5 andgivesomefuturedirections.

2 Network ProcessorModels

The Intel IXP1200 [1] is chosenas the referencemodel
due to its overwhelmingpopularity in the network process-
ing applications.Givennormal-sizeIP packets,it canachieve
up to 2.2 Gbpsroutingbandwidth.Beingsoldcommercially,
theprocessormodelhasbeenmadeavailableto thepublic in
orderto help the designersbuild systemsbasedon IXP1200.
The basicarchitectureof the processoris shown in Figure1.
IXP1200consistsof aStrongARMcore,6 multi-threadedpro-
cessingunits,which arecalledmicroengines,andcontrollers
of peripheralunits. The StrongARMcoreinitializes the pro-
gramstoreof themicroenginesandloadsnecessarydatainto
memorybeforeenablingthe microengines.Eachof the six
microenginesrunsup to four threadsconcurrently. Thus,a to-
tal of up to 24 threadscanbeprogrammedto receive,process
andtransmitIP packets. Thecontrollersof SRAM, SDRAM
andIX Busunitsserve theprocessorasinterfacesto off-chip
SRAM,typically usedto storeforwardingtable,SDRAM, typ-
ically usedto storeIP packets,andnetwork devicesthrough
theIX Bus.

Thethreadsin amicroenginesharecommonALU, pipelin-
ing, andschedulingunits. Insidea microengine,eachthread
hasan independentsetof registersincludinggeneralpurpose
registers,local control registers,SRAM transferregistersand
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Figure 1. IXP1200 architecture .

SDRAM transferregisters.Themicroengine’s instructionset
architecturecontains33 categoriesof instructions. Because
eachinstructionmay have a numberof differentoperations,
thetotalnumberof op-codesimplementedisaround120.Each
microenginehasa 5-stagepipeline(P0 throughP4): Instruc-
tion Fetch,InstructionDecoding,OperandFetch,Instruction
ExecutionandWrite-Back.

In eachmicroengine,memoryreferences,which arecalled
commands,are issuedto a two-entry commandFIFO. The
commandsare thensentto the commandbus andscheduled
by the commandbus arbiter. Basedon the priority of com-
mands,thecommandbusarbiterselectsoneor morereference
commandsamongthesix commandFIFOsandmove themto
the correspondingmemorycontroller. The SRAM controller
handlesall SRAM referencecommandsissuedfrom the mi-
croengines.EachSRAM referencecommandis enqueued,de-
queued,committedandfinally done.SDRAM referencecom-
mandsarehandledsimilarly by theSDRAM controller.

OurNePSimnetwork processorarchitectureis basedonthe
basicIXP1200architecture.Whenthe architecturalparame-
ters(e.g. numberof microengines,numberof threadsin each
microengine,numberandlengthof FIFO queues,sizeof the
caches,schedulingpolicies)aresetto bethatof theIXP1200,
thebehaviors of thetwo processormodelsareexpectedto be
very similar. When we vary the parameters,the functional
“correctness”is expectedto be maintainedwhile the perfor-
manceattributesareexpectedto change,tradingoff onemet-
ric againstanother. Ultimately, we canarrive at a designthat
is mostsuitableto theapplicationsathand.

3 Assertion-BasedVerification Methodology

We use LTL-basedassertionlanguageSugar2.0[7] and
LOC [4] to formally specify the functionalandperformance
propertiesof the network processormodel. LTL and LOC
have differentdomainsof expressivenessandindeedcomple-
menteachotherquitewell [6]. Accordingto our experience,
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Figure 2. Asser tion-Based Simulation Verifica-
tion Methodology .

most functional properties,such as mutual exclusion, non-
starvationandsafety, canbeeasilyexpressedwith LTL. Onthe
otherhand,LOC is moresuitablefor expressingquantitative
performancepropertiessuchasrateandlatency, andtransac-
tion level functionalpropertiessuchasI/O dataconsistency.
Figure2 illustratesour methodologyfor assertion-basedsim-
ulationverificationwith automatictracecheckergeneration.

Linear TemporalLogic [10] is definedover executionsof
a system,i.e. linear sequencesof statetransitions. We use
Sugar2.0[7] asthe specificationlanguagefor LTL formulas.
In our verificationmethodologyfor systemlevel models,the
statetransitionsare modeledas event occurrences.This is
consistentwith transactionabstractionsinceonly the events
orderingareconsidered,not their tick by tick, cycle level be-
havior. Weleveragetheexistingtool,FoCs[3], to generatethe
checker coreandthenuseour tool to automaticallygenerate
wrappersthat arenecessaryfor the simulationof the proces-
sormodelsandfor stand-alongtracecheckers.Sincethesim-
ulationsessionsarefinite, we interpretthetemporaloperators
over thefinite tracesby checkingtheconditionsonly up to the
endof thetraces.

Logic Of Constraints[4] is a formalismdesignedto reason
aboutexecutiontraceswith quantitative performancevalues
(annotations).It is alsovery well-suitedfor analyzingtraces
from theexecutionof higher, transactionlevel systemmodel.
LOC consistsof all the termsandoperatorsallowed in sen-
tential logic, with additionsthat make it possibleto specify
quantitativeassertionswithoutcompromisingtheeaseof anal-
ysis. The basiccomponentsof an LOC formula are: event
names(e.g. pipelineandsram enq), instancesof events(e.g.
pipeline� 4� ), indicesof event instances(e.g. 0, 1, ..., etc), the
index variable i and annotations(e.g. cycle, pc and addr).
LOC canbeusedto specifymany importantsystemlevel per-
formancepropertiesthatareinconvenient,andsometimesim-
possible,to expresswith LTL. For example,therateproperty:

cycle� pipeline� i 	 1��

� cycle� pipeline� i ��
�� 10 (1)

requiresthat the differencebetweenthe valuesof annota-

tion cyclefor any two consecutive instancesof pipelineevent
shouldequalto 10. Thereexist automatictools [5] that can
generatetracecheckersor simulationmonitorsfor any given
LOC formula.A checkeror monitorevaluatestheformulain-
stanceby instance,whereaformulainstanceis a formulawith
i evaluatedto somefixed positive integer value. For exam-
ple,cycle� pipeline� 30��

� cycle� pipeline� 29��
�� 10 is the29th
instanceof theformula(1).

4 Verification Studies

We perform three categories of assertion verification
throughoutthe designprocess.First, we would like to know
whetherNePSim,with parametersequalto that of IXP1200,
would achieve the samefunctionality and “similar” perfor-
mance.We thenvary the designparameters(i.e. numberof
microengines,numberof threads,configurationof themicro-
engines,amountof caches,..., etc,) and in eachcase,check
functionalcorrectnessof the new designwith functionalas-
sertions. Varying the designparametersobviously affect the
performance.We useperformanceassertioncheckingto de-
terminetheperformanceof a particulardesigngivena partic-
ular simulationinput. We effectively explorethedesignspace
with functionalandperformanceassertions.

Table 1. List of Event Types.
EventType Comments
pipeline aninstructionentersthepipeline
sram enq anSRAM accessrequestis enqueued
sram deq anSRAM accessrequestis dequeued
sram done anSRAM accessrequestis committed
i p lookup start anIP addresslookupstarts
i p lookup done anIP addresslookupfinishes
f orward anIP packet is forwarded

The simulationtracesgeneratedfrom processorarchitec-
tural modelscontaina set of architecturalexecutionevents
that occur during the simulationrun. They include instruc-
tionsenteringor leaving thepipeline,memoryreferencecom-
mandsbeingput into or removedfrom the commandqueues
in memorycontrollers,signalsbeinggeneratedfrom or con-
sumedby functional units and threads. Table 1 lists some
eventsthatwe areinterestedin for ourverificationstudies.To
differentiateeventsgeneratedby different microengine,dif-
ferent threads,anddifferentarchitecturemodels,eachevent
could be appropriatelyprefixed and suffixed. For example,
m2 t1 pipeline IXP representsthe pipelining event from the
microengine2, thread1 of theIntel IXP1200model.An event
is annotatedwith timing, identification,andotherquantitative
information. In our study, eachevent instanceis associated
with four annotations,cycle, pc, addr anddata, wherecycle
is usedto measuretime in clockcycles,pc is thePC(Program
Counter)valuefor the currentinstruction. Dependingon the
event,addr mayrepresentmemoryaddressor next PC(NPC)
address,anddata may representdatareadfrom memoryor
ALU operationresult.



The tracefrom NePSimis taken “as is” and fed into our
automaticallygeneratedtracecheckers. The log tracesfrom
Intel IXP1200arepreprocessedin a straightforward manner
beforebeingfed into the tracechecker so thateacheventhas
theaboveannotationson thesameline, thoughthereis nodif-
ficulty in writing a separatetraceformat for the IXP1200. A
snapshotof thesimulationtracefrom NePSimis shown in Fig-
ure3.

In the following verification studies,we run a trie-based
routelookup benchmark[11] on NePSimandIntel IXP1200
processormodels.Thebenchmarkprogramis aninfinite loop
whichcontinuouslylook uptheroutefor a list of IP addresses.
Thetrie datastructureisstoredin SRAMandaccessedthrough
theSRAM instructions.

1733   19   00000300   00000000   m0_t0_sram_enq

1731   68   00120100   00000000   m2_t2_pipeline

1733   20   00000300   00000000   m0_t0_sram_deq

1733   30   00000300   00000000   m1_t0_pipeline
1733   30   00000300   00000000   m2_t0_pipeline
1733   30   00000300   00000000   m3_t0_pipeline

1732   34   0000FFF8  00000000   m5_t1_receive  

1734   69   0000003F   0000050C   m2_t2_pipeline
1735   34   00000300   00000518   m5_t2_pipeline
1736   35   0000001B   0000051C   m5_t2_forward
1736   36   00178000   00000520   m5_t2_pipeline
1737   72   00020100   00000524   m2_t2_pipeline
1737   20   00000300   00000000   m0_t0_sram_done

Figure 3. NePSim Simulation Trace .

4.1 Checking with ReferenceModel

Using LOC, we canformally andaccuratelyspecifyboth
functionalequivalenceandperformancesimilarity of two de-
signs. We run the samebenchmarkon NePSimand Intel
IXP1200models,andusethesimulationtracefrom IXP1200
asthe referencetrace. First, we checkif the NePSimmodel
is functionallyequivalentto thereferencemodel.Theprimary
function of the modelresidesin the forwardingtable lookup
for IP packetsbeingprocessed,which involvescorrectread-
ing from theSRAM. More specifically, we want to checkthe
following property:

“For eachSRAM accesson NePSimand IXP1200, the
memoryaddressreferencedanddatareadout shouldbe the
same,andall theSRAM referencesareexecutedwith thesame
order.”

Thispropertycanbeexpressedwith anLOC formula:

addr � sram enq� i ����� addr � sram enqIXP � i �����
data � sram done� i ����� data � sram done IXP � i ��� � (2)

We run the benchmarkon NePSimand IXP1200 for one
million cycles to obtain tracesof about3 � 105 lines. Both
modelsareconfiguredwith asingleworking microengineand
a singleworking threadso that thepacket processingorderis
deterministic.With theautomaticallygeneratedtracechecker,
we show that this formula passwith the given benchmark
tracein under6 secondsof CPU time (seeTable2.) All the

tracecheckingspresentedin thispaperwererunonourAthlon
1.5GHzLinux machinewith 1GBmemory, thoughthesimula-
tion sessionswererunby thedesignersontheirown machines.
We reporttimeandmemoryusageonly for thetracechecking
operations.

Comparingthesimulationtracefrom NePSimto therefer-
enceIXP1200,we alsowantto make surethat theinstruction
pipeliningbehavior of NePSimis “similar” in performanceto
thatof IXP1200.More specifically, this propertyrequiresthat

“On the two models,all the instructionsin thebenchmark
areexecutedwith thesameorder, andtheexecutiontimeof ev-
ery pipelining instructionby NePSimis no morethancertain
clock cyclesaway from theexecutiontime of thecorrespond-
ing instructionby Intel IXP1200.”

This propertycanbeexpressedwith anLOC formula:

� pc� pipeline� i ����� pc� pipeline IXP � i �������
��� cycle� pipeline� i ���
 cycle� pipeline IXP � i ���!�#" A $ i % B ��&(3)

whereA andB areconstants.Thesecondpartof theformula
holdsif andonly if, for a particularpipelineevent,thediffer-
encein time of occurrencein NePSimandIntel IXP1200 is
within A $ i % B. As simulationprogress,the differenceaccu-
mulates,which is reflectedby A $ i. The differencein startup
time is accountedfor by the constantB. If the two designs
aretruly identical,bothvaluesshouldbezero. Thedesigners
decidedthat,to accountfor thedifferencesin thetwo designs,
theacceptablevaluesof A andB shouldbe0� 05,and8, respec-
tively. Theformulafailedalmostimmediately, andaftergoing
throughthe error report and debugging the NePSimdesign,
it wasfound that the SRAM accesslatency wasnot modeled
correctly. Oncetheerrorwasfixed,theperformanceassertion
passed(seeTable2). Thisperformancemargin is sufficientfor
designersto declarethatNePSimandIXP1200aresimilar in
performance.

With thesameformula(3) andsubstitutingfor the pipeline
event,we canchecktheperformancesimilarity of othercriti-
caleventssuchassram enq, sram done, andsdram enq, with
differentacceptablevaluesof A andB, determinedby thede-
signers.

4.2 Functional Verification

Due to the non-determinismin threadhandlingwithin the
networkprocessormodels,it is difficult to performdeterminis-
tic functionalequivalencetracecheckingwhentherearemore
thanonethreadenabled.For normalmulti-threadoperations,
functionalpropertyverification,basedon bothLTL andLOC,
canbeveryuseful.Designerscanwrite their functionalasser-
tionsin LTL-basedSugar2.0or LOC. For Sugar2.0assertions,
we useFoCsto generatetheassertioncheckingcodein C++,
andour tool thengeneratesthe necessarywrappersfor trace
checking.

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



them (m0 - m3) usedfor forwarding table lookup and 2 of
them(m4, m5) usedfor IP packet transmission)and4 work-
ing threadsfor eachmicroengine,andrun the benchmarkon
NePSimfor onemillion cycles.UsingSugar2.0,we specifya
non-starvationpropertyfor theSRAM controllerof NePSim:
“OnceanSRAM accessrequestfrom a thread(e.g. thread0)
of a microengine(e.g. microengine0) is enqueued,it must
be eventuallycommittedwithin the next 300 SRAM related
event occurrences.” This propertycanbe expressedwith the
Sugar2.0formula:

always ' m0 t0 sram enq ( next e ) 1 : 300*+' m0 t0 sram done,�,
(4)

To checkthis property, we only producethe eventsthat are
relatedto SRAM referencesto get a traceof 2� 8 � 105 lines.
Theparameterizedwrappergeneratorcaneasilygeneratethis
assertionfor all threadsin all microengines,andfor SDRAM
controllerandIX buscontroller.

Another importantpropertyof the memoryaccesssched-
uler is the correct occurring order of the events sram enq,
sram deqandsram done, whichrequiresthat“afteranSRAM
requestby a thread(e.g. thread1 ) of a microengine(e.g.mi-
croengine0) is issuedandputinto theschedulingFIFO,it can-
notbedonebeforeit is dequeued”.Thispropertyof occurring
ordercanbeexpressedwith theformula:

always � m0 t1 sram enq -
! m0 t1 sram doneuntil m0 t1 sram deq� � (5)

Note that if the simulationtraceends,the verificationof the
formulawill beinterpretedona finite trace.For example,for-
mula(5) will not beviolatedif sram enqoccursandthennei-
thersram donenorsram deqoccurswhenthetraceends.

UsingLOC, wecanexpressthedataconsistency properties
for different functionalunits. For example,whenan SRAM
accessrequestis put into to the schedulingFIFO by a thread
(e.g.thread2) of amicroengine(e.g.microengine1) andthen
eventuallycommitted,thememoryaddressit refersto should
bethesame.We expressthis propertywith theLOC formula:

addr � m1 t2 sram enq� i ����� addr � m1 t2 sram done� i ���.&
(6)

where the annotationaddr is used to representthe refer-
encedmemory address. With the automaticallygenerated
tracecheckers, formula (4) - (6) are checked with no error.
Theverificationresultsarelistedin Table2.

Table 2. Verification Results for Form ulas(2-6)
Formula FormulaInstances TraceLines Mem Time
(2) 10267 3 / 105 40KB 6s
(3) 295582 3 / 105 64.8KB 7s
(4) 5690 2 0 8 / 105 0.4KB 77s
(5) 5739 7 0 0 / 106 50Bytes 24s
(6) 5708 7 0 0 / 106 12Bytes 59s

4.3 PerformanceAssertions

Thegoalof designexplorationfor network processoris to
find anarchitecturewhichwouldperform“better” thantheex-
isting model. It is thereforevery importantto be ableto an-
alyzequantitative propertiesof a design. With LOC, we can
expressthe performancerequirementsor expectedquantita-
tive features.In this section,we continuewith theparameter
settingof 4 microenginefor IP addresslookup and2 micro-
enginesfor IP packet transmission.For eachmicroenginedo-
ing IP addresslookup, we experimentwith either running2
threadsor 4 threads.As a consequence,we comparetheper-
formancemetricsfor an8-threadprocessormodelagainstthe
onewith 16 threads.We run our benchmarkon bothconfigu-
rationsfor onemillion cycles,andgettracesof about3 million
lines.

Oneprimary function of the network processoris to per-
form IP addresslookup, which requiresvery frequentaccess
to SRAM. Therefore,we want to checkthe latency between
anSRAM accessrequestenqueuedandwhenit is committed.
We first checkthe SRAM accesslatency from a thread(e.g.
thread0) of a microengine(e.g. microengine2) for the two
configurations.We considerthemaximumlatency constraint,
whichcanbeexpressedwith thefollowing LOC formula:

cycle' m2 t0 sram done) i *1,32 cycle' m2 t0 sram enq) i *1,�4 l1 5 (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 able to set l1 = 50, and the assertioncan
passthe tracecheckingwithout any error. For the 16-thread
configuration,in orderto make theassertionpass,we have to
increasethe l1 to 100. More threadscancausemoremem-
ory accesscontention,anddegradethe latency for individual
memoryaccesses.SeeTable3 for asummaryof theresult.

Thetotalnumberof runningthreadscanactuallyaffect the
latency for individual IP addresslookups. The maximumla-
tency of IP addresslookupsin a thread(e.g. thread1) of a
microengine(e.g. microengine0) canbe expressedin LOC
usingtheformula:

cycle� m0 t1 i p lookup start � i ���! 
cycle� m0 t1 i p lookup done� i ����" l2 � (8)

For the8-threadconfiguration,we setl2 to be900for theas-
sertionto pass. For the 16-threadconfiguration,l2 needsto
be1200.Usingtheformula(8), wehaveexplicitly shown that
the8-threadconfigurationhaslower latency for individual IP
addresslookupsthanthe16-threadconfiguration.

Of course,latency doesnot tell thewholestory. Through-
put is an equally important design characteristicfor net-
work processors.More threadsshouldachieve betteroverall
throughput.At theinstructionlevel,wecancheckthethrough-
put of pipelininginstructionsfor theprocessorusingtheLOC



formula:

cycle� pipeline� i % 10000���3 cycle� pipel ine� i ���6" t1 & (9)

whichrequiresthatwithin t1cycles,atleast10000instructions
needto be issuedto the pipelineof the processor. For the 8-
threadconfiguration,weneedto sett1 � 4200for theassertion
to pass. This correspondsto a minimum throughputof 2.3
instructionspercycle. For the16-threadconfiguration,t1 need
to besetto 3500,whichcorrespondsto aminimumthroughput
of 2.8 instructionspercycle. The16-threadconfigurationhas
betterinstructionthroughputaccordingto the analysisusing
theperformanceassertion(9).

Theoverall performanceof thenetwork processoris mea-
suredby thethroughputof IP packetforwarding,whichcanbe
expressedwith thefollowing LOC formula:

cycle� f orward � i % 1000���
 cycle� f orward � i ���7" t2 � (10)

In order for the performanceassertionto pass,We needto
sett2 � 3� 7 � 105 for the8-threadconfiguration,andsett2 �
3 � 105 for the16-threadconfiguration.If weassumetheNeP-
Sim processoris runningat 200MHz, we get the throughput
for IP packetforwardingof 5� 4 � 105 packets/secand6� 6 � 105

packets/secfor the 8-threadand16-threadconfiguration,re-
spectively. Giventheaveragepacketsizeof 64bytes,therout-
ing throughputwill be2.8Gbpsand3.3Gbpsrespectively for
thetwo configurations.Indeed,thedesignersneedto tradeoff
latency andthroughputfor any givenapplicationto achievethe
bestdesign.LOC assertioncheckingallows themto quantita-
tively analyzetheperformanceof asystemlevel specification.
During thedesignprocess,thedesignerscanalsoexperiment
with increasingthenumberof microengines,changingthesize
of schedulingFIFOs,or puttingmorecachesbetweenstorage
hierarchies. All thesedesignspaceexplorationsmay bring
variousperformancetrade-offs, which canbeeasilyspecified
andanalyzedby theformal performanceassertions.

The verification resultsof theseLOC performanceasser-
tions arelisted in Table3. Sincea typical simulationsession
cantakehalf anhouror longer, theCPUtimeandmemoryus-
agefor the tracecheckersaretrivial by comparison.Without
them,however, it becomesvery difficult for the designersto
concludeanythingaboutthedesignexceptin veryvagueterms
(e.g. “looks good”). Our assertion-basedverificationandde-
sign explorationmethodologyis indeedefficient for dealing
with largedesigns.

5 Conclusions

In thispaper, wehavepresentedaverificationmethodology
for functionalandperformancepropertiesof system-level de-
signsutilizing formalassertions.Wehaveappliedourmethod-
ology on the systemdesignof network processors.We use
LTL-basedassertionsto expressandverify functionalproper-
ties suchasnon-starvation andexecutionordering. We also

Table 3. Results for Performance Asser tions
Formula Conf. Param. Time Mem

(7) 8-thread l1 8 50 18sec 12Bytes
16-thread l1 8 100 23sec 16Bytes

(8) 8-thread l2 8 900 46sec 8Bytes
16-thread l2 8 1200 44sec 8Bytes

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

(10) 8-thread t2 8 3 0 7 / 105 44sec 4KB
16-thread t2 8 3 / 105 44sec 4KB

useLOC assertionsto expressquantitative performanceand
functionalpropertiessuchaslatency, throughputanddatacon-
sistency. All theseassertionscanbe checked with automati-
cally generatedtracecheckerson the simulationtracesusing
small amountsof CPU time andmemory. Througha setof
verificationstudies,we show that formal assertions,basedon
LTL andLOC,areveryusefulfor conciselyspecifyingandau-
tomaticallyverifying both functionalandperformanceprop-
ertiesof systemlevel designs. The ability to carry out per-
formanceevaluationat thesystemlevel alsoopensup design
explorationavenueunchartedbefore.

We areplanningto extendthe Sugar2.0languageto sup-
port our LOC formalismso thatdesignerscanhave a unified
frontendto specifybothfunctionalandperformanceassertions
easily. We arealsoconsideringaddingautomaticdesignex-
plorationcapabilityto NePSim.
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