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ABSTRACT

Thisarticledescribeshowactualtrendsofnetworks-on-chipresearchandknownapproachestotheir
modelingareconsidered.Thecharacteristicsofanalyticandhigh-/low-levelsimulationaregiven.
TheprogramminglanguageSystemCasanalternativesolutiontocreatemodelsofnetworks-on-chip
isproposed,andSystemCmodelsspeedincreasemethodicisobserved.Themethodsofimproving
SystemC models are formulated. There has been shown how SystemC language can reduce the
disadvantages and maximize the advantages of high-level and low-level approaches. To achieve
this,thecomparisonofresultsforhigh-level,low-levelandSystemCNoCsimulationisgivenonthe
exampleof“hotspots”andthegeometricshapeofregularNoCtopologieseffectontheirproductivity.
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INTRoDUCTIoN

Continuousdevelopmentofmodernsystemsonchip(SoC)hasledtotheemergenceofmultiprocessor
systems.Forexample,Intelhasdevelopedtwoexperimentalprocessorswith48and80cores(Howard
etal.,2011);aprocessorwith167coresisbeingdeveloped(Truongetal.,2009);ZMS-40100-Core
StemCellMediaprocessorswithQuadARMCortex-A9cores(Huangfu&Zhang,2015;“ZiiLABS
unveils100-CoreZMS-40processor”,2012),TILE-Gx72with72C-programmable64-bitRISCcores
processorandTILE-Mx100targetingnetworkingwith10064-bitARMCortex-A53coresprocessor
(“MellanoxProducts:TILE-Gx72Processor”,2016)iscommerciallyavailable.Othercompaniesalso
pursuetheirongoingdevelopments.

MultiprocessorSoCs,whosenodesarecombinedbythetotalcommunicationsubsystemconsisting
ofroutersandshortconnectionsbetweenthemorganizedasnetworks,arecallednetworks-on-chip
(NoCs).Becausetheyarewidespread,theproblemsofmodeling,analysis,andsimulationofNoCs
areveryimportant.

Thearticleconsistsofthefollowingsections:statementoftheproblemandobjectivesofresearch;
analytical,low-levelandhigh-levelNoCmodelingcharacterization;SystemCasacompromisebetween
highlevelandlow-levelmodeling;descriptionofmethodofHDL-modeltranslationintoSystemC
language;comparisonofSystemCandhighlevelOCNSNoCmodels,andcomparativeanalysisof
thesimulationtimeforthedifferentmodelsofthedifferentlevels.
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STATEMENT oF THE PRoBLEM AND oBJECTIVES oF RESEARCH

AccordingtoMarculescuetal.(2009),basicdirectionsofcurrentresearchonthesubjectofNoCsare:

1. Modelingofnetworktrafficandcreatingtheappropriatetesttasks.
2. DisplayoftheproblemsonNoCsandtheirplanning.
3. RoutingandflowcontrolintheNoCs.
4. Ensuringtherequiredqualityofservice.
5. Managementofpower,temperaturecontrolandtiming.
6. ReliabilityandfaulttoleranceoftheNoCs.
7. CreationoftheoptimaltopologyofNoCconnections.
8. Developmentofaneffectivestructureofroutersandnetworkchannels.
9. SchedulingofNoCdeployment.
10.NoCprototyping,testing,andverification.
11.NoCmodeling,analysisandsimulation.

AlargenumberofresearchareasreflectthecomplexityofNoCsasanobjectofresearch.It
shouldbealsoemphasizedthatonNoCmodeling,analysis,andsimulation,otherareasofsearch
arebased.Therefore,thechoiceofadequatemethodsandtoolsforNoCmodelingischallenging.

Analytical NoC Modeling
NoCmodelingaimstoobtainandanalyzecriticalnetworkcharacteristicssuchasbandwidth,energy
andresourceconsumption,resistancetobugsandothers.Dependingonthepurposeofthestudy,the
modelscanbeofdifferentlevelofabstractionandthereforehaveadifferentaccuracyandthetime
requiredformodeling.

A typical approach involves an output, analysis and analytical approximation of formula
dependenciesthatdescribetheprocessesoccurringinNoCsortheircharacteristics.

Ingeneral,theprocessofNoCsynthesiscanbeimplementedbymappinganapplicationproblem
characteristicgraph(APCG)ontoNoCarchitecture.APCGisG=G(C,A),adirectedgraph,where
C–setofverticesthatcharacterizecomputingnodes,A–setofcommunicationprocessesbetween
nodes.Inturn,NoCarchitectureischaracterizedby:T(R,Ch)topology,whereRandCh–setsof
routersandphysicallinksbetweenthem;aroutingmechanism(PR);afunctionofmappingofAPCG
verticesontoNoCrouters(Ω(C)).

According to the above definitions, it is possible to bring out communication energy cost
dependence:
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Communication energyminimizationproblemhas tobe solvedby finding suchΩ (C), that
arranges for connections of communication process with high capacity to have a low energy
consumptionfortransferring1bit.ForsomeregularNoCtopologies,thisproblemispartiallysolved
byHuandMarculescu(2003),butnotforirregulartopologies,somodelingofNoCstofindoptimal
solutionsremainsanimportanttask.Equation(1)isfundamental,andallresearchestofindoptimal
NoCtopologiesforaparticularproblem,inoneformoranother,canbereferredtoanattemptto
minimizethisfunction.
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Similarly,theformulaofthetotalvolumeofdatatransmittedbetweennodesinaNoC,isas
following:
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whereL r i j
i j R,
(P ( , , ) –distancebetweennodesiandjaccordingtotheroutingalgorithm.

Theapplicationofroutingalgorithmthatreducestheaveragedistancebetweennodesmakesit
possibletoreducetheloadonthenetwork.

Formulae(1,2)representatypicalquadratictaskofassignmentswhichistheminimizationof
sumofcostfunctionsproductsintheirweightingcoefficients.Similarly,wecanfindtheformulae
fordeterminationofotherNoCcharacteristicsbysubstitutingofappropriateproductivitymetricsor
resourcesconsumption;bycombiningsomefunctionsintoasystem,ananalyticalNoCmodelcan
beobtained.Thisapproachisapplicablefor2,3,4,5,6,7and9linesofNoCresearchwhichwere
definedearlier.

Somewhatdetached,analyticalmodelsofnetworktrafficarepositioned.ForNoCswithuniform
traffic,stochasticmodels,aswellasmodelsforself-similartraffic,incaseofmultimediaapplications,
canbeapplied(Soteriou,Wang,&Peh,2006;Varatkar&Marculescu,2004).

Anexampleoftheanalyticalmodelisgiveninworkwhichrepresentsthedependenceofparallel
dataprocessingonNoCparametersasanexpressionandanalyzestheinfluenceofdelayswhendata
transmittingunderincreaseofnetworkdimension(Chen,Lu,Jantsch,&Chen,2009).

AnalyticalNoCmodelinghasseveraladvantages:itisanobviousapproachwhichdoesnotrequire
theuseofspecialcomputer-aideddesign(CAD)systems;theusageofMathcad,MatLaborother
CADmakescalculationprocessmucheasier;Simulinkevenallowstodescribeamodelgraphically.
However,theanalysisandoptimizationofthesemodelsisdifficultbecauseoftheircomplexityand
nonlinearityofNoCbehavior,thesynthesisofNoCfromanalyticalmodeliscomplicated,andanyway
thereisaneedofHDLNoCdescription.Commonlyanalyticalmodelisthefirststepformorecomplex
modelbuildinganditestimatesthebasecharacteristicsofdevelopeddesign.

Low-Level NoC Simulation
TheNoCmodelscomprisinganothergroupcanbereferredtosimulationones.Dependingonthelevel
ofdetalization,themodelsaredividedintolow-levelandhigh-levelclasses(tobereviewedbelow).

Low-levelsimulationisnetworkemulationatthelogicgates.Componentsofthemodelareformed
byusinghardwaredescriptionlanguages(forexample,VerilogorVHDL).Thus,theirfunctioning
isanalyzedwiththehelpofspecializedsoftwareforhardwaresimulation(forexample,ModelSim
package),andsuchamodelcanbesynthesizedbyusingspecializedCAD(forexample,QuartusIIor
SynplifyPro).HDL-languagessupportaninterfaceforhigh-levelprogramminglanguages,andthis
facilitatescompatiblesimulationandverifications(forexample,VPI/PLI(Saifhashemi&Pedram,
2003),DPI(Sutherland,2004)).

Thus,suchanapproachisusedwhensimulation,asclosetotheNoCrealizationonaphysical
levelaspossible(simulationatcyclelevel,cycle-accurate),isnecessary,andthisapproachisapplicable
moreoverfor3,5,6,7,8,10and11linesofNoCresearchwhichweredefinedearlier.

Thisapproachiswidelyspread.Thus,Goossensetal.(2005)byusingHDLdescription,various
embodimentsofNoCÆtherealrouterstoassesstheoccupiedareaonthechipandthemaximum
clockfrequencyweresynthesized.Ograsetal.(2007)thereusedtherouters,describedinVerilog
forconstruction,modelingandprototypingofNoC4x4meshMPEG-2decoder.Palmaetal.(2005)
usedNoCVHDLmodel toestimateenergyexpenditureaswellas inotherwork(Marconetal.,
2007),wherebyusingVHDLmodeltestsequencesandHDLnetlistforfurtherSPICEsimulation
weregenerated.TheclassicwayfromdescribinginHDL,andthentosimulationinModelSimand
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compatibleemulationinFPGA,forfasthardware-softwareNoCsimulation,wasusedbyGenkoetal.
(2005).ThedissertationwrittenbyJanarthanan(2008)offerstheVHDLcoherentroutermodeland
MoCReSNoC,builtonitsbasis,forsimulationandsynthesisinFPGA.Veriloglibrarywithopen
source–Netmaker(Mullins,West,&Moore,2006;“Netmaker:Fully-synthesizableparameterized
NoCimplementationslibrary”,2016),implementingthedescriptionofclassicrouterwithvirtual
channelsandalsomeansofgenerationofregulartopologiesshouldbementioned.Inthepreviouswork
(Romanov&Lysenko,2012)thecapacityofthelibrarywasextendedtomodelingofirregularNoCs
bymodifyingbuildingconnectionsmodulebetweenthenodesandroutingmodule.Anotherexample
issetbyVeriloglibraryNoCSimp(createdbytheauthorsofthisarticle),basedonthewormhole
routerwithasimplifiedstructureandFCFS(FirstComeFirstServe)arbitration(Romanov,Ivannikov,
&Romanova,2016).ThepossibilityofmodelingofirregularNoCtopologiesbysettinguprouting
tableswasrealized,andtheNoCsynthesis,duetothesimplicityofimplementation,wasfacilitated.

Low-levelapproachisappliedtovirtuallyallareasofNoCresearch.Itsmainadvantageisthe
highaccuracyandcustomizabilityofmodelsandthepossibilityofNoCsynthesis.However,creation
ofsuchmodelstakessignificantamountoftime;modelingrequiresspecializedprogramsofhardware
simulation(forexample,packageModelSim).AccordingtoGenkoetal.(2005),themaximumspeed
ofsimulationbyusingModelSimcomestoabout3,2∙103cycles/s,whichisnotenoughforanalysis
oflarge-scaleNoCs(forexample,Netmaker,formodelingofNoCwith9nodes,neededmorethan
2hours;NoCSimpusage,underthesameconditionsofmodeling,madeitpossibletoreducethe
simulationtimeto10minutes,butwithincreaseofnumberofnodesintheNoC,thetimerequiredfor
thesimulationisgrowingexponentially,soeventheuseofsimplifiedHDLmodelsdoesnotsolvethe
problem).Existingapproachesofcompatiblehardwareandsoftwaresimulationandprototypingof
NoCsrequirespecializedequipment(e.g.,developmentboards)andspecialfeatures(e.g.,in-hardware
simulation),andthesecomplicatetheusageofsuchmethods.

High-Level NoC Simulation
High-level simulation is data streams distribution modeling in the network. This approach is
characterizedbyspeedofdevelopment,configurationflexibility,andarelativelysmallmodelingtime.
Inthiscase,thesimulationcanbedefinedastestingofNoCdatadisseminationmodeldescribedby
ahigh-levellanguage.ThisapproachisapplicableforalllinesofNoCresearchwhichweredefined
earlier,butfor1,2,3,4,7,8and10lines,firstofall.

Anexampleofhigh-levelmodelissetpresentedintheworkofLvetal.(2008),wheretransfer
ofthedatatoNoCisrepresentedasparallelexecutabletasksdescribedinClanguage.

Hossainetal.(2007)auniversalsimulatoronJavaprogramminglanguageandmodelingresults
fordifferentregulartopologiesrepresented.ThemodeldescribesroutersandcomputenodesofNoCs
asseparateobjectsthatoperateindependentlyofeachother.Computingnodesarethegenerators/
consumersofnetworktraffic,androutersperformdatatransmissionandreceptionaccordingtothe
routingalgorithm.

ThisapproachtotheNoCsdescriptionisverycommonandhasmanyadvantages:performed
networkmodelingisclosetothemodelexperiment;thereisapossibilityofindividualconfiguration
ofeachrouter,routingalgorithmadjustment,connectionofvarioustestsequencesofnetworktraffic,
andsoon.

Romanovetal.(2015)aquickhigh-levelNoCOCNSbasedonOSInetworkmodelandtheuse
oftheJavalanguageandQtJambiframeworkrepresented;itallowstobringprocessingoperations
inthegraphicinterfaceasaseparatestream.Comparedwiththepreviousexample,thissimulator
implementsirregulartopologiesmodeling:eachroutercontainsaroutingtable,andNoCtopologyis
setonamatrixoflinksbetweentherouters.Modelparametersarespecifiedbyusingxmlconfiguration
file.Simulationresultsaredisplayedinthedialogboxandselectedsettingsarestoredinthesummary
table.Thesimulatormakesitpossibletorunmultipleiterationsofmodelinginarowwithdifferent
configuration.TheuseoftheJavaprogramminglanguagewithQtJambiframeworkprovidesallthe
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advantagesofobject-orientedprogramming,cross-platformityofsoftwaresolutions,andthespeed
oftheirdevelopment.Thecompleteindependenceofsystemcomponentsmakesitpossibletocarry
outthedevelopment,modificationandtestingofdifferentNoCmodels.OCNSapplicationgivesan
opportunitytoachievethesimulationtimefor9nodeNoCfasterthanin1minute(whileinNetmaker,
underthesameconditions,thesimulationtakes2hours)andfor100nodeNoC–in5minutes.

Inthepreviousmodel,graphicalinterfaceisimplementedbysoftware,buttherearealsoready-
made software products which facilitate modeling. For example, de Freitas and Navaux (2008)
modelinginPetrinetworkswithinVisualObjectNetsimulatorisused;inthisway,itispossibleto
analyzecompetition,cooperationanddataconflictsinNoCcommunicationspace.

ThemodelingofthesoftwareexecutionontheNoCnodescanberealizedbyusingImperas
OpenVirtualPlatformasin,forexample,Cucchetto,Lonardi&Pravadelli(2014),orCadenceVSP
(Suvorovaetal.,2015)dependingonthebaseprocessingunitusedinNoC.

Specialattention requiresanagentapproachdescribedbyKorotkyiandLysenko (2009). Its
essenceisthatthesubjectareaisrepresentedasasetofinteractingagents.Thedeveloperdescribes
the rules of creation, destruction, and change of agents. An agent is considered to be an object
thathasmemoryandabilitytotakedecisionsand,therefore,itsownbehaviorofdifferentlevelof
difficulty.Theinternalstructureoftheagentcanbedescribedinvariousways–fromformallogic
toneuralnetworks.Atthetimeoflaunchingtheprocessofmodelingeachagentbeginstofunction
accordingtothealgorithmoftheindividual,andtheglobalbehaviorsystemappearsastheresultof
theinteractionofthewholesetofagents.Thisensuresgradualcorrectionintheworkingalgorithm
oftheagent,thereby,detailingthemodel.So,multiplescenariosofagent’sfunctioningofdifferent
difficulty levelensuremodelingof theoperationof the systematdifferent levelsofabstraction.
Descriptionofmodelsofthistypeisperformedinspecializedlanguagesofmodeldescription(for
example,UML),andthedevelopmentisdoneinAnyLogicCAD.

High-levelsimulationisapplicableformostNoCresearchareaswherethereisnoreferenceto
thehardwareimplementation,anditisnecessarytoobtainquicksimulationresultswithsufficient
accuracy.

Thedownsideofhigh-levelNoCmodelsistheinabilityoftheirsynthesisandtherelativelylow
accuracy,andso,thereisaneedforahybridapproach,whichwouldbeabletocombinethebenefits
oflow-levelandhigh-levelapproachesbasedonthemostcommonprogramminglanguage–C.

SySTEMC AS A CoMPRoMISE BETwEEN HIGH-
LEVEL AND Low-LEVEL MoDELING

SystemC,alanguageofdesignandverificationofsystem-levelmodels,isimplementedasaC++
librarywithopen code realizing electronic system-level (ESL) designmethodology.The library
containsacoreofeventsimulationwhichallowsobtainingtheexecutablemodelofthedevice.Itis
usedforbuildingtransactionalandbehavioralpatterns,aswellasforhigh-levelsynthesisdevices.
SystemCusesanumberofconceptssimilartothoseappliedbyhardwaredescriptionlanguagesVHDL
andVerilog(interfaces,processessignals,eventness,hierarchyofmodules).SystemCissuitablefor
behavioralmodelingandRTL(RegisterTransferLevel)–synthesis,andduetoitsflexibility,itcan
beappliedforalllinesofNoCresearchwhichweredefinedearlier.

Transaction Level Modeling (TLM) approach can be applied to develop the NoC design
methodology,andtointegrateitintoasystem-levelplatform.TLMcanlinksoftwaredevelopment,
andNoCdesignatseveralabstractionlevelshigherthantheRTL,todecreasethesimulationtimeof
complexmodels.TLMapproachcanberealizedonthebasisofSystemCTLMlibrary.Thedrawback
isapossibleaccuracyloss(forexample,accordingtoIndrusiakanddosSantos(2011),thereis10%
accuracylosswithregardtoacycle-accuratecounterpart),andalsoahardnessoftheimplementation
ofthisapproachtotheNoCsbecauseoftheircomplexity.
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SystemCiswidelyusedbyNoCdevelopers.Xpipeslibrary,basedonSystemC(Bertozzi&Benini,
2004),makesitpossibletocarryoutacompletecycleofNoCsimulationandsynthesis(Bertozziet
al.,2005).Mahadevanetal.(2007)thehigh-levelSystemC-ARTSmodelforcomparativemodeling
techniquesofbusandnetworkmethodsofSoCbuildingispresented.Noxim(Cataniaetal.,2015),
NIRGAM(Jainetal.,2007),andotherwell-knownsimulatorsarealsobasedonSystemC.Some
worksuseahybridapproach,wheretestsequences,byusingSystemC,aregenerated,andthemodel
itselfisimplementedinHDL(Chan&Parameswaran,2004;Goossensetal.,2005).

SystemC’spopularityisduetothefactthatitisbasedonC/C++languagewhichdeveloped
manystandardlibraries,allowingeasiercompliantsimulationandverificationofNoCmodels.The
present-daysimulators,suchasModelSim,compilesthemodeldescribedonHDL,intomachine-
independent object code, while its subsequent optimization and simulation. When the model
modificationneeded,anewcycleofcompilationandoptimizationstarts.Themodels,createdwith
theaidofSystemCcanbedescribedasdynamicallyparameterizedmodulesatruntime–withoutre-
compilationandre-optimizationofthewholemodel.However,C/C++languageisconsistentbyits
nature(instructionsareexecutedonebyone),whilethehardwareprocessesoccursimultaneouslyand
inparallel.Thismakestheprogrammerlearnanewprogrammingparadigm,aswellasspecifictools,
suchasprocesses,events,signalsandothers.AlthoughSystemCisasyntheticlanguage,regarding
toNoCsitisprimarilyusedasahigh-levellanguageforbehavioralabstractmodelingallowingfaster
simulationincomparisonwiththeoneperformedbyusingHDL-languages(upto20∙103cycles/s)
(Goossens,etal.,2005;Genkoetal.,2007),buttheNoCsynthesisismorecomplicated.

Translation of HDL-Model into Systemc Language
Thus,oneofthepossiblewaystoincreaseproductivityofNoCmodelswritteninHDL-languages,
istheirtranslationintoSystemClanguage,whichwillpotentiallyspeedthemodelingprocessupto
7times(from3.2∙103to20∙103cycles/s)whilemaintainingthehighaccuracyofthemodeland
thepossibilityoffurtherNoCsynthesis;itwillalsoensuretheopportunitytosimplifythemodel
simulationwiththehelpofexternallibraries.ForthetranslationofHDLintoSystemCtherearespecial
translators,forexample,V2SC(Ayoughetal.,2002),aswellasasimplehand-by-linetranslationof
HDL-codeintoSystemCnotation.

However,thisapproachmaynotyieldsignificantimprovementsinmodel’sperformancethatis
associatedwiththefactthattheHDL-languagedesignandoptimizationtechniques,effectiveinit,
maynotworkinSystemC,andevenslowthemodel(forexample,thepresenceoftoomanynested
sub-modules)(Korotkyi&Lysenko,2011).

ToimprovethemodelinSystemClanguageandtostreamlineitsworking,letusformulateaset
oftechniquesandrulesbasedontheanalysisofworks(Keist,2010;Alemzadeh,2010):

1. Byusingbuilt-intypesofC++insteadoftheonesofSystemCtypes,whiledescribingsignals
(channels),thebooltwo-symboltype(“0”,“1”)isbetterthan4-symbolsc_logic(‘0’,‘1’,‘x’,
‘z’).Multibitsignalscanbewelldescribedwiththehelpoftypeintanddatastructures,butnot
asarraysofboolvariables.

2. SystemCprocessesofSC_METHODtypeapplicationleadstofastersimulationincomparison
withSC_THREAD,sincethelatterarereal threads,andtheyhavetheirownstackandlocal
variablesthatrequiresadditionaloperationsforthreadcontexttreatment.

3. Whentransmittingthesignalmodificationinformationthroughtheportsandconnection,itis
necessary tocall four functionsandperformthreecopyoperations(callofwrite(),request_
update(), update() and read() functions, copy source variable to m_new_val, m_new_val to
m_cur_val,andm_cur_valtodestvariable);so,minimizationofquantityofintermodularlinks
leadstodecreasingofintensityofmentionedfunctioncallsandtodecreasingofcopyoperations
whichresultinshorteningofsimulationtime.
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4. Toreducethenumberofmodulesandintermodularlinksitisnecessarytoreplacesub-modules
withthehelpofsequentialprogramthatrealizestheoperationalgorithmofparticulartop-level
module.

5. Incaseitispossible,wewillhavetousehigh-levelcontainersinsteadofthelow-levelones.
Forexample,wecanemploydequefromSTLtoimplementthebehaviorofFIFOandthisSTL
implementationwilloperatemuchfasterthanhardwareoneofFIFOatRTLlevelofabstraction
willdo.

6. SystemCternaloperatorsignalassignmentshaveabettersimulationtimethanSystemCswitch-
casestatements,andswitch-casestatementssimulatefasterthanif-elsestatements;

7. TospeedupthesimulationofSystemCmodelssometechniquesofC++programsoptimization
canbeadopted.Functioncallcausesoneofthemostinefficiencyinsimulationtime.Therefore,
fullorpartialfunctioninliningcanimprovethesimulatorspeed.Partialinliningmeansinlining
ofsimpleconditionswhichmaycausetheimmediatereturninthecaseoffunctioncall.

ByusingprogramminglanguagePython,aspecialscriptwasdesignedforsemi-automaticparsing
(syntacticanalysis)ofthegeneratedSystemCcodeintocompliancewiththerulesdefinedabove.
Thisscriptgeneratesatextcodeanalysisreports,whichcontainthehighlightsofthetextrowstobe
updatedandgiverecommendationstoimprovethecodeofthemodeltoachieveitsbetterperformance
andreliability;theusercanapprovetheserecommendations,orleavethepreviouscoderealization.
Moreover,theusercanmakeasettingthatallowsautomaticreplacementofnon-optimalstatements
accordingtotheaboveformulatedrules.Inthisway,proposedPythonscriptgivesanopportunityto
speeduptranslationofHDLmodelstoSystemClanguageandenforcesasingleunifiedcodestyle
for different programmers working with different models. Designed script canbe improved and
supplementedwithnewregulationsandcontrolledparametersdefinedbytheprogrammer.

ThecomparisonresultsforSystemCmodelsrealizingtheNoCsofmesh8x8type,aregiven
(Korotkyietal.,2011).TheuseofSystemC,andtheaboveSystemCmodelimprovementtechniques
givesanopportunitytoreducethedurationofmodelingupto10.2timesandcutdowntheamountof
occupiedmemoryupto121times.Asitwillbeshownfurther,implementationoftheabovestated
ruleswhileSystemCmodeldeveloping,canmakeitfasterinsimulation.Allthesedemonstratethe
effectivenessofthisapproachasanalternativetothehigh-levelsimulationwhileHDLmodeling
doesnotsatisfytherequirementsofthesimulationtime,butitisnecessarytokeepsynthesizability
ofthemodel.

Comparison of SystemC and High Level oCNS NoC Model
OneoftheimportanttasksintheNoCanalysisistheimpactofthedistributionofmostintensivetasks
ofcomputingloadandtheexchangeofdataonNoCnodes.Units,withwhichthenetworkexchange
is themost intense,arecalled“hotspots”.Since,unlikecomputernetworks,NoCcomputational
coresarecompactlyarranged,andthedataisexchangedathighfrequencies,thedistributionof“hot
spots”iscrucial.Anotherproblemistheevaluationoftheeffectofthegeometricshapeofregular
NoCtopologiesontheirproductivity.

TosimulatedifferentsituationsofNoCs“hotspots”arrangementinNoCswithdifferentform
and the typeof topology, it is suitable touseOCNShigh-levelmodel (Romanov,2015),abrief
descriptionofwhichisgivenabove,becauseitsupportstheconnectionofdifferenttestsequences
ofnetworktraffic,thinconfigurationofeachrouterandhasahighaccuracyandsimulationspeed.

AsanalternativetoOCNS,wechoseaNoCTweakmodel(Tran,2012).ThisNoCmodel is
characterizedbyopencodeandisdesignedtostudytheperformanceandenergyefficiencyofNoCs.
TheuseofSystemCandC++inNoCTweakallowsahigh-speedsimulationatthelooplevel.The
simulatorisfocusedonthemodelingofthedatatransitionintheNoCcommunicationsub-systemof
meshtopologyandhasalargenumberofadjustableparameters.OpensourcecodeofNoCTweakallows
performingitsmodification,optimization,andconfigurationforaspecificapplicationtask,which
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gaveanopportunitytoadjustthemodelforourproblem,fixsomebugsandtooptimizeNoCTweak
sourcecode,andtodevelopbashscriptstoautomaticallystartmultiplesimulationruns.Collection
andanalysisofstatisticsandconstructionofsummarygraphsofchangesinNoCcharacteristicsare
implementedbyusingthescriptsinMatlab.

ByusingtheOCNSmodelandNoCTweakmodifiedmodel,NoCsimulationwithmeshtopology,
10x10,5x20and9x11,aswellas7x7and5x10bysize,wasperformed.Themodelingparameters,
closetotheOCNSsettings,werechosenforNoCTweak:themodelingdurationwas30,000simulation
cycles,andthenetworkswarm-uptime–5000cycles.Theiterationsofmodelingwereperformedfor
differentfleetgenerationfrequency(fleetinjectionrate,fleet/cycle/unit)–from0.05to0.3,andthe
packetgenerationmodehasbeensetas“random”.Thesimulationresults(Figure1–3)aregenerally
thesame:areductioninNoCcapacitybasedonmeshtopology(upto25%inbothmodels),whenused
withnon-optimaltopologyofgeometricdimensionstakesplace(Romanovetal.,2015;Romanov,
2016).Almostcompleteagreementoftheresultsofmodelingandcommensurateamountoftimeon
simulationdemonstratetheeffectivenessoftheuseofSystemCmodelsforrapidNoCsimulationas
asubstituteforahigh-levelmodelwithappropriatetimingwincomparingtoHDL-modeling.Such
featuresastheuseoftranslatorsofHDLdescriptionsinSystemC,maintenanceofsynthesizabilityof
models,aswellastheexistenceofbenefitsintheformofasimpleintegrationofthird-partylibraries
andvisualization,parallelization,etc.,makeSystemCapowerfulalternativetothehigh-levelmodeling.

THE INFLUENCE oF THE NUMBER oF NoDES IN THE SIMULATED 
NETwoRK To THE SIMULATIoN USING DIFFERENT MoDELS

In the above shown example, the simulation models using various programming languages are
significantlydifferent.ThegreaterthenumberofnodesinthesimulatedNoCs,themoredifference
intime,andwhilethesimulationresultsdifferenceforNoCswith9nodesissmall,fortheNoCswith
100nodes,thedifferenceinsimulationtimegrowsgreatly.ThecomparisonforNoCwith9and100
nodesmodelingtimeusingdifferentmodelsbyTable1isshown.

The longestmodeling time is forNetmaker,despite itsbetteraccuracy, themodelingof the
networkswithmore than20nodes iscomplicated.The fastestmodel isOCNS,but itsaccuracy
cannotbeguaranteed.ModelingtimeofSystemCmodelsisadequateenough,andthefact,thatone
ofthemodelswasgeneratedusinghigh-accurateHDLmodelNetmakercanguaranteeitsaccuracy
andsynthesizability.TheimprovementoftheSystemCmodelbyusingofthespecialtechniquesand
rulesgivesanopportunitytoenoughdecreasethemodelingtimefrom35sto28sforNoCwith9
nodes,andfrom14m35sto11m07s(about26.6%)forNoCwith100nodes.SystemCmodels,
generatedfromHDLmodelNetmaker(withandwithoutmodificationsaccordingtotheproposed
rules)andmodifiedNoCTweakmodel,werecheckedfortheequivalencetotheoriginalHDLmodel.
TheobtainedresultsshowedtheequivalentdatadistributioninthenetworksandreductioninNoC
capacitywhenusingnon-optimal topologies.These factors imply thepossibilityofHDLmodel
replacementbytheequivalentSystemCmodelatthestageofmodelingtospeedupthisprocess.

CoNCLUSIoN

Thus,whendevelopingandresearchingNoCs,achoiceoftheuniversalapproachtotheirdesign
ischallenging.Amongthetypicalapproachestherecanbedistinguishedthefollowing:analytical
approach(analysisofsuchmodelsisdifficultbecauseoftheircomplexityandnonlinearityofNoC
behavior);high-levelsimulation(applicableformostNoCresearchareaswherethereisnoreference
tothehardwareimplementation,andobtainmentofmodelingresultswithreasonableaccuracyis
necessary);low-levelHDLsimulation(highprecision,configurabilityandpossibilityofNoCsynthesis,
buthightimeexpenditureonmodeldevelopmentandsimulation).
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TheuseofSystemClanguagecanbeconsideredtobeeffectiveforbuildingNoCmodels,and
thismakesitpossibletoreducethedisadvantagesandmaximizetheadvantagesofhigh-leveland
low-levelapproaches.Toachievethis,methodsofimprovingofSystemCmodelsareformulated;the
comparisonofresultsforhigh-level,low-levelandSystemCNoCsimulationisgiven.
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Figure 1. Dependence of average packet latency on injection rate at 0…0.18 flit / cycle / node
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Figure 2. Dependence of average packet latency on injection rate at 0…0.3 flit / cycle / node
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Figure 3. Dependence of average throughput on flit injection rate at 0…0.8 flit / cycle / node

Table 1. Comparison of NoC modeling time

Model 9 nodes 100 nodes

OCNS(Java)(Romanovetal.,2015) 25s 02m17s

NoCTweak(SystemC,basicmodel)(Tran,2012) 35s 14m33s

NoCTweak(SystemC,aftermodifications)(Romanov,2016) 28s 11m07s

SystemCmodelgeneratedfromHDLmodelNetmaker(withmodifications) 30s ~20m

Netmaker(SystemVerilog)(Romanov&Lysenko,2012) 8m24s Notestimated,
morethan1day
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