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Abstract

Thisreportdescribesthemodelingstylefor estimationof communicationin bussesin Trans-
action Level Models. We presentthe general structure of our functionalbus model,followed
by a survey of themostimportantfeaturespresentin currentbusprotocols.We next showhow
the threebasiccomponentsof a transaction: arbitration, synchronization,and data transfer
phasesaremodeledandestimated,andhowour tool estimatesthetiming for each oneof them.
Our experimentalresultsshowthat a mp3decoderplatformestimationcanbeimprovedif the
communicationestimationtool is usedalongsidethecomputationestimation.
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1 Intr oduction

This technicalreportpresentsthebusmodelingstyleusedfor theEmbeddedSystemsEnvironment
(ESE)for communicationestimationfor TransactionLevel Models(TLM). TLMs in SystemChas
emergedasa new paradigmfor systemmodeling,dueto the rise of complexity, sizeandhetero-
geneityof currentembeddedsystems.

Sincethe level of abstractionhasrisenabove RTL, simulationspeedshave decreased,but at
theexpenseof decreasingits accuracy. For maximumaccuracy, BusFunctionalModelsarecom-
monly used,but its detailedsignalinformationmaynot beneededat theTransactionLevel andits
simulationspeedmaybetooslow.

Communicationbehavior is commonlyunpredictabledueto the dynamicbus requestsof the
processesrunning inside ProcessingElements. Other factorsalso increasethis unpredictability,
suchasbuscontention,preemptionby othermasters,split transactionsby slow slaves,andsoon.
All thesereasonsmake thesimulation-basedapproachfor estimationinevitable.

In orderto have anestimationwhich runsrapidlyandproducesaccurateestimation,anoptimal
bus modelshouldbe de�ned. Startingfrom the UniversalBus Channel[1] usedin our TLM, we
proposeamodelingstyleto accuratelyproducetiming informationdependingonachosenprotocol,
suchasARM' s AdvancedHigh PerformanceBus,IBM' s On-ChipPeripheralBusor any otherbus
protocol.

Relatedwork Estimationof communicationin EmbeddedSystemshasbeentackledwith several
differentapproaches.In [10] the authorsstaticallycalculatethe maximumlengthof time it takes
for a given transactionto take place. This approachsuffers the drawbackthat they only consider
thetiming afterbusarbitrationhasbeendone,andif a systemhasfew bussesandseveralProcess-
ing Elementsrunninga communication-intesive task (asmultimediaapplications),the estimated
communicationtimewouldnotbeaccurateenoughto bevaluablefor thesystemarchitect.
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In [7], communicationestimationis madeconsideringarbitrationtime, but memorytracedata
mustbeobtained�rst, througheitherinstructionsetsimulatorsor hardwaredesignlanguagesimula-
tors.Afterwards,tracedrivensimulationis performedwith acandidatecommunicationarchitecture.

Otherapproachesarebasedon libraries,suchas [2], in which a selectionor communication
protocolsis made.Theselibrariesmustbeconstructedbeforehandso that thesimulationcantake
place.

Finally, [11] calculatestiming delaysusingtheworst-caseexecutiontimefor thewholesystem.
This may prove usefulfor makingdecisionsbasedon worst-casescenarios,andobviously do not
contributeto dodesignexplorationandachieve theoptimalcase.

Ourapproachdoesnotsuffer from thesedrawbacks,sincenoseparatesimulationis neededand
arbitrationandotherbus-relatedactivities aretakeninto accountwhile quickly producingaccurate
communicationinformation.Wedoneedhowever, to constructabusdelaydatabasebeforehand.

Ourcommunicationestimationdoesdependon theestimationdonein thecomputationcompo-
nents,sincethe bus congestionat any given time dependson the assumptionthat someprocesses
have�nished computationandenteredin acommunicationphase.Wewill notdiscussestimationat
thecomputationlevel in this report.

This reportwill describein Section2 the TransactionLevel Modelsof our bus. In Section3
we will describehow we modelour TLM bus in orderto simulatethemostcommonbusprotocol
features.Finally, Section4 presentsExperimentalResultsandSection5 presentstheConclusions
andfuturework.

2 TransactionLevel Modeling Style

Ourmodelabstractsthesystembusasasingleunit of communication.It providesthebasiccommu-
nicationservicesof synchronization,arbitrationanddatatransferthatarepartof a transaction.At
thetransactionlevel, wearedonotdistinguishbetweendifferentbusprotocols.Thebusis modeled
asasc channel, implementingasc interfacewhichprovides5 publicbuscommunicationfunctions:

1. Send/Recvfor synchronizedcommunicationbetween2 differentprocesses.

2. Read/Writefor processesaccessinganexternalmemory.

3. MemoryAccessfor exposingmemoryspaceto thebus.

Therearealso2 privatefunctions,usedby theabove functions:

1. ArbiterRequest/ArbiterReleasefor mutualexclusion.

2. Synchronizefor synchronizationof processes.

In thepresentmodel,UBCscanonly beconnectedto ProcessingElementsandtransducers.
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Figure1: Flag-basedsynchronizationbetweenprocesses

2.1 Synchronization

Synchronizationis requiredfor two processesto exchangedatareliably. A senderprocessmustwait
until thereceiver processis ready, andvice versa.A SynchronizationTablein theUBC keepsthe
�ags andevents(indexedby processids) thatareusedby a processto notify its transactionpartner
processthat it is ready. Synchronizationbetweentwo processestakesplaceby oneprocesssetting
the �ag and the otherprocesscheckingandresettingthe �ag. Oncethe �ag hasbeenreset,the
transactingprocessesaresaidto be synchronized.We will refer to the processsettingthe �ag as
the initiator andtheprocessresettingthe�ag asresetter. Theinitiator andresetterprocessesfor a
given transactionaredeterminedat compiletime. In Figure1 , assumeP1 is the initiator process
andP2astheresetterprocess.Hence,P1setsthesynchronization�ag. If P2is readybeforeP1,it
mustkeepreadingthe �ag until P1 setsit. P1 noti�es this event whenit setsthe synchronization
�ag. OnceP2readsthe�ag asset,it recognizesthatP1is readyandresetsthe�ag.

2.1.1 Implementation

TheUBC modelwill haveone�ag andonesc eventfor eachpairof communicatingprocesses.The
synchronizationby the two processesusingSend/Recvfunctionsis achieved by both calling the
Synchronizefunction,whichdoesoneof two things,dependingif thecallingprocessis theinitiator
or theresetter(seeListing 1).

2.2 Arbitration

After synchronization,theresetterprocesswill attemptto reserve thebusfor datatransfer. This is
necessarysincethe bus is a sharedresourceandmultiple transactionsattemptedat the sametime
mustbeorderedsequentially. Theresetterprocesswill requestanarbitrationto thebus,andif the
UBC modelis exclusive for functionalveri�cation, the arbiteris modeledasa mutex (which is a
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Listing 1: Synchorizefunction
1 unsigned int Synchronize ( unsigned int MyID, unsigned int PartnerID ,
2 unsigned int MyMode) {
3 if ( MyMode==UBC_INITIATOR && MyID==P_ID_Tx2
4 && PartnerID ==P_ID_Intra ) {
5 sync_Tx2_Intra =1;
6 ev_sync_Tx2_Intra . notify ();
7 return UBC_INITIATOR ;
8 }
9 if ( MyMode==UBC_RESETTER&& PartnerID ==P_ID_Tx2

10 && MyID==P_ID_Intra ) {
11 while ( sync_Tx2_Intra != 1){
12 wait ( ev_sync_Tx2_Intra );
13 }
14 sync_Tx2_Intra =0;
15 return UBC_RESETTER;
16 }
17 ...

sc mutex in SystemC.An arbitrationrequestcorrespondsto a mutex lock operationandoncethe
transactionis complete,theprocesswill releasethearbitrationwith amutex unlockoperation.

2.3 Addr essingand data transfer

In orderto doaddressinganddatatransfer, theUBC usesthefollowing variablesandevents:

1. VariableBusAddressthatstoresthestartingaddressof theactive transaction;

2. EventAddrSetthatis noti�ed whenTxAddressis set(it is implementedasasc event);

3. VariableDataPtr thatkeepsthepointerto thetransacteddata;

4. VariableDataSizethatkeepsthesizein bytesof thetransacteddata;

5. VariableRdWrthatidenti�es if a transactionis reador write (for Read/Writefunctions).

Forsynchronizedcommunication,theresetterprocesssetsBusAddressto theappropriatevaluefrom
the bus addresstable. This is doneby checkingthe processIDs andassigningthe corresponding
busaddress(seeListing 2).

For memorytransactions,thereaderor write processsetsBusAddress. This is followedby the
noti�cation of eventAddrSetthatwakesup theotherprocessor memorycontrollerthatis snooping
the addressbus (seeListing 3). In caseof memorytransaction,the memorycontroller readsthe
addressBusAddressto checkif theaddressfalls in its rangeandcomputestheoffset. If it is a read
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Listing 2: BusAddressing
1 if ( MyProcID ==P_ID_Intra && SendProcID ==P_ID_Tx2 )
2 BusAddress =ADDR_DH_Tx2_Intra ;
3 else if ( MyProcID ==P_ID_Trans && SendProcID ==P_ID_Tx2 )
4 BusAddress =ADDR_DH_Tx2_Trans;

Listing 3: Waiting for BusAddress
1 if ( MyProcID ==P_ID_Tx2 && SendProcID ==P_ID_Intra ){
2 while ( BusAddress != ADDR_DH_Intra_Tx2 ){
3 wait ( AddrSet );
4 }
5 }

it setsDataPtr to theright addressin the local memoryaccordingto computedoffset,andif it' s a
write, it will proceedwith thememorycopy (seeListing 4).

3 Estimation of Communication

3.1 Typesof Communication

Wecanclassifycommunicationamongcomponentsinto two types:implicit andexplicit communi-
cation.Wewill addressbothcommunicationtypes,but mainly theexplicit one.

Explicit communication We call explicit all the communicationthat is producedby the user-
de�ned communicationchannels,suchastheapplicationreadingdatafrom a memoryor sending
datato a transducer. This kind of communicationcanbedirectly controlledby theuser(datasize,
sequence,frequency) in his/herapplicationcode.

Implicit communication Consistsof the embeddedprocessorfetchinginstructionfrom the in-
structionmemory(whenthereis a InstructionCachemiss)andof readingandwritting program
datato the datamemory. The usercanonly indirectly control this traf�c by changeson the plat-
form: changingthesizesof the instructionanddatacaches,or connectingthe instructionbusport
of theprocessorto aseparatebus.

3.2 Timing Analysis

Estimationcanbede�ned asthecalculatedapproximationof a resultwhich is usableevenif input
datamaybe incompleteor uncertain.To do estimation,therearebasicallytwo approaches:static
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Listing 4: MemoryController
1 void MemoryAccess ( unsigned int MEM_LOW,
2 unsigned int MEM_HIGH, unsigned char * local_mem ){
3 while (1) { // memory is always servicing
4 while ( BusAddress < MEM_LOW|| BusAddress > MEM_HIGH) {
5 wait ( AddrSet ); // every time some address is set
6 }
7 if ( RdWr == UBC_READ) { // I am addressed for read operation
8 DataPtr = local_mem + ( BusAddress - MEM_LOW); // base + offset
9 wait ( SETUP_DELAY, SC_NS); // only for simulation

10 wait ( HOLD_DELAY+1, SC_NS); // only for simulation
11 }
12 else if ( RdWr == UBC_WRITE){ // I am addressed for write operation
13 memcpy ( local_mem + ( BusAddress - MEM_LOW), DataPtr , DataSize );
14 wait ( HOLD_DELAY+1, SC_NS); // only for simulation
15 }
16 } // elihw (1)
17 } // end of MemoryAccess method

anddynamicanalyses[3].

Static Timing Analysis(STA) Thismethodcomputestheexpectedtiming withoutrequiringsim-
ulation. This analysismayuseabstractmodelsto take into accountall possiblebehaviors thatmay
ariseover time. The obvious advantageis speed:not having to run a lengthy simulationspeeds
up thedesignprocess,but thedisadvantageandchallegeis to developa goodabstractionfunction,
sincethemodelmustbesoundnomatterwhatinputsor whatenvironmentthemodelis run. Dueto
thecomplexity of anembeddedsystem,doingaSTA on theentiremodelis not feasible.

Dynamic Timing Analysis (DTA) Operatesby executinga programandobservingthe execu-
tions. Testingandpro�ling arestandarddynamicanalyses.The advantageis that it canbe very
precise,showing theactualexecutiontime. Thedisadvantageis that its resultsmaynot generalize
to futureexecutions.Thereis noguaranteethatthetestsuiteoverwhich themodelwasrun is char-
acteristicof all possibleprogramexecutions.Therefore,thechallengeis choosinga representative
setof testcases.In ourcase,embeddedsystemsby de�nition is asystemtailoredto aspeci�c setof
inputsandaspeci�c setof applications.Thiseaseson thedisadvantagesof usingDTA.

3.3 Timing annotation and estimation

In order to have timing information in our model,we needto addit to the codeexplicitly. This
is known asTiming Annotation. Formally, timing annotationupdatesa codewith additionalin-
formationregardingtime. Meanwhile,back-annotationupdatesa moreabstractdesign(high level
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descriptions)with informationfrom laterdesignstages(low level descriptions)to correctfor inac-
curacies.

Annotationis doneto thecodesothatwhenthemodelruns,theaddedinformationwill produce
the correctdelayfor a speci�ed portionof the code. This calculationof the delaycanbe donein
two ways:on-lineandoff-line.

Off-line delayestimation : thedelayis precalculated(in ourcase,generationphase)from values
in thedatabase.Thecodewould look like this: wait (20 ns ) .

On-line delay estimation : the delay is calculatedusing simulationvariablesat runtime and
generatedvalues.Thegeneratedvaluescancomefrom thedatabaseandthesimulationvariablescan
bepacketsize,for instance.Theresultingcodecanbesomethinglike this: wait ( datasize *10 ns ) .

3.4 BusFeatures

The model describedin the previous sectionachieves completefunctionality, and the next step
would beto usethis busmodelandaddaccuratetiming informationto re�ect a buswith a speci�c
protocol.Busprotocolsdiffer in many differentfeatures.For simplicity, wehavegroupedtheminto
four areas:

1. Physicalproperties

2. Arbitration

3. Control

4. Datatransfer

As a reference,we presentin the appendixa comparisonof several bus protocols,with the
featuresoutlinedbelow.

3.4.1 Physicalproperties

ThephysicalpropertiesthatcharacterizeabusincludeAddresssizeandBuswidth. Anotherfeature
is themaximumnumberof MasterPEsthat it allows. In someprotocolslike OPB[6], it is deter-
minedby theimplementation,eitherlimited by themaximumcapacitanceof thebus(I2C[9]) or by
whatthepowersupports[8], while in otherssuchasAMBA[4] themaximumnumberis �x ed.
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3.4.2 Arbitration

Arbitration is neededwhenoneor moremastersrequestcontrolof thebus. Eachmasterneedsto
wait for thearbiterto grantcontrolbeforeproceeding,sinceonly onemastercanbeon thebusat
any time. After certainnumberof cycles,the arbitergrantsthe bus to a chosenmaster(depends
on the arbitrationpolicy) by assertinga control signal. Oncethe selectedmasterdetectsthis, it
acknowledgesby assertinga buscontrol signalandproceedsto take controlof thebus. Common
busarbitrationpoliciesusedin bussesare:

1. Fixedpriority

2. Dynamicpriority

3. First-come-�rst-served

4. RoundRobin

5. LeastRecentlyused

Bus Parking This featureis alsocalledDefaultmaster. In this case,thebusis grantedby default
to onemaster. In casenoothermasterrequeststhebus,thebuswill remainin controlof thisdefault
one. This featureis usefulfor masterswhich continuouslyrequestthebus,sincethey save cycles
by nothaving to signalthearbiterconstantly.

Arbitration pipelining Thearbitrationoccursbeforethemasterstartsits controlphase,sinceno
masteris awareof whocontrolsthebusuntil thearbiterassertsthecorrespondinglines.Arbitration
pipeliningcanoccurby startingthearbitrationprocessbeforethelastcycleof thecurrentdatatrans-
fer. Thatway, thenext mastercanassertits controllinesandtakeownershipof thebusimmediately
afterthepreviousmaster�nishes its datatransfer.

3.4.3 Control

Oncethe masterPE hasthe ownershipof the bus, several eventsmay occurbeforeor during the
datatransferphase:

Timeout If theslave doesnot answerthe requestof themaster, aftera speci�c amountof time,
themasterwill doa timeout, releasethebusandabortthetransaction.

Wait Theslavemightneedsomeadditionalcyclesin orderto bereadywhentheMasteraddresses
it, so it may signal it to wait for a determinedamountof time. In the caseof a Wait signal, the
Masterwill disablethetimeoutcounterin responsebut will keepownershipof thebusuntil thedata
transferis done.
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Retry In casetheslave is not readyfor thedatatransfer, it may issuea Retrysignalwhich will
askthe masterto give up the control of the bus andre-askfor it after a certainnumberof cycles.
Thedatatransferwith theslave will resumein anindeterminednumberof cycles,sincethemaster
mustrequestarbitrationto take ownershipof thebus,andthis mayvary, dependingon thenumber
of mastersalsorequestingthebus.

Split Similar to lastcase,theslave maybebusyat thetime themasteris requestingcommunica-
tion. Theslave canalsoissuea Split signal,which will askthearbiterto re-take theownershipof
thebusfrom themasterandignoreits subsequentrequestsuntil furthernoticefrom theslave. This
allows othermastersto take the bus andcontinuetheir transactions,while the slave concludesits
currenttask. Onceit has�nished it, theslave will signalthearbiterto re-allow requestsfrom the
originalmaster. After that,normaltransactionscancontinue.

Preemption In thecasewherethearbitrationpolicy is basedonpriority, amastermakinga trans-
actioncanbepreemptedby ahigher-priority master. Oncethismasterhasconcludedits transaction,
controlof thebusis returnedto thepreemptedmaster. In someprotocols,a masterhascontrolof a
bussignalwhichcanallow or disallow preemptionby anotherPE.

3.4.4 Data Transfer

Typically, datatransferphasesincludeanaddressphase,wherethemastercontrolstheaddresslines
of thebus,followedby a dataphase,wheretheslave eitherreadsfrom or writesto thebus. This is
repeatedfor eachindividualaddressthemasterwishesto access.

Therearetwo featuresthatoptimizethedatatransferspeed:

Burst modeand Pipelining If thedatatransferinvolvesmorethanoneaddressandtheaddresses
are sequential,the burst modewill allow the datareadsor writes to happenin every cycle, by
pipeliningthetransfers,overlappingthecontrolor addressphasewith thedataphase.

3.5 BusModeling

Themostof thefeaturesdescribedin theprevioussectioncanbeeasilyaddedto our model,while
otherscannot. The featuresthat wereaddedarearbitration,datatransfer. Thesewill addmore
timing informationaboutwhich masteris transferingdataat any giventime,andhow muchtime it
took to transferthatdata.

Controlfeaturestakechargemainly for errorconditionsoneithertheslave (needsmoretimeor
takestoo long) or a higherpriority masterpreemptinga low priority one. Theseerror conditions
simulatein a lowerabstractionlevel, hencewewill not simulatethemwith ourmodel.
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3.5.1 Busdelaydatabase

Ourestimationsetupconsistsof dynamictiming analysis(simulationbased)with onlineandof�ine
delaycomputation.We needa delaydatabasebecausethe delayfor a single-word transactionis
affectedby thefollowing factors:

1. Typeof memory(SRAM, DRAM)

2. Locationof memory(internal,external)

3. Typeof memoryoperation(read,write)

Our overall setupfor timed TLMs is shown in Figure 2. As seenin this �gure, our TLM
Generatorusesbuspropertiesvaluesfrom abusdatabasein orderto computethedelays.

Figure2: Busdelaydatabasesetup

Thisdatabaseconsistsof two parts:

1. Bus properties For eachavailable protocol, all implementablefeaturesare listed, includ-
ing busphysicalproperties(busdatawidth, addressspace),arbitrationoptions,datatransfer
options.Thesefeaturesareobtainedfrom thedatasheets.
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2. Bus delay valuesThis part of the databaselists delayvaluesin multiple testsetups. The
setupsdiffer in: busprotocol,memorywrittenor read,typeof memoryaccessed,andlocation
of memory(local or external). All setupsfollowed theseconditions: read/writeonesingle
wordto amemory, with no instructiontraf�c onthebusandonly onemasterconnectedto the
bus. Thegoalwasto recordtheabsolutedelayfor a transaction,without the interferenceof
instructionorprogramdatafetches,andarbitrationdelays.Thesetwoeffectswill bediscussed
below.

3.5.2 Transactiondelaymodeling

Our aim is to obtainanaccuratetransactiondelayfor any communicationbetweentwo processes
or betweenaprocessandamemory. Eachindividual transactionis composedof 3 parts:

1. Arbitrationdelay:tarb

2. Synchronizationdelay:tsync

3. Datatransferdelay:tdt

Thetotal transactiondelayis:

Ttotal = tarb + tsync+ tdt (1)

Although we canmodel the threecomponentsof the transaction,we cannotestimatearbitra-
tion andsynchronization;we canonly measureit during simulation. In the datatransferphase,
estimationcanbedonedependingon thebusfeaturespresent.

Therearesomedelaycomponentsin arbitrationandsynchronizationwhich we canestimate,
suchastimeto set/reseta �ag, or to raisethesignalgrantingtheownershipof thebus.Thesedelays
will be producedfrom the database,of�ine, during the generationphase.The actualtime of the
synchronizationor arbitrationphasewill bemeasuredduringsimulation.Thedatatransferphase's
delayestimationwill becalculatedonline.

3.5.3 Arbitration modeling

Ourmodelsupportsthefollowing features:Busparking,arbitrationpipeliningandthesearbitration
policies: RoundRobin (RR), Priority and First-Come-First-Served (FCFS).As a reminder, our
functionalbusmodelusedamutualexclusion(sc mutex) policy.

Implementation Therearetwo waysof implementinganarbiter, eitherby usingaseparatemod-
ule or threadto exclusively arbitrateeachbus,or useeachprocessrequestingthebusto do its part
of thearbitrationtask.Wechosethelatterto improvesimulationspeed.
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Listing 5: Arbiter Requestdelay
1 void ArbiterRequest ( unsigned int ProcID ) {
2 if (!( bus_parking && parked_pe . contain ( ProcID ))){
3 wait ( ARB_REQ_DELAY_OPB, SC_NS);
4 }
5 arb_lock ( ProcID );
6 return ;
7 }

Whena masterasksfor control of the bus, a call to ArbiterRequestis made,and the time it
takesto do thearbitrationis loggedat once,unlessthebusparkingfeatureis active (seeListing 5).
Beforethedelayis takeninto account,two thingsmustbechecked: �rst if thebusparkingfeature
is activatedandsecondif theprocessaskingfor thebusresidesin thePEin which thebusis parked
(line 2). Thearbiterrequestdelay(line 3) is obtainedfrom thedatabaseentrycorrespondingto that
busprotocol.

Arbitration policies The implementationfor eachpolicy differs but they follow a common
procedure:the processlists itself into a queue,andwaits for its signal to proceed.The process
checksfor the top processin the queueto be its processID, if different,will wait until this top
processchanges,via an event noti�cation. The selectionwhich is the next processto run is the
actualarbitrationpolicy: asimplequeuefor FCFS,apriority queueor by takingturnsin aRR.

Thestepsfor eachpolicy areshown in �gures 3, 4 and5.

Figure3: FCFSArbitration
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Figure4: FixedPriority Arbitration

Theimplementationof thestepsis shown in Listing 6.
In the code,the processlists itself into the queuein lines 4, 10 and19, andchecksif it can

continueat once(lines5, 11 and21). If not, it will wait for thecorrespondingeventbeforeit starts
its transaction(lines6, 12and22).

Oncetheprocesshas�nished its transaction,a call to ArbiterReleaseis made,which will call
arb unlock (seeListing 7).
Theprocesswill remove itself from thequeueif it hasnotdoneso(line 4) andnotify theremaining
processesin thequeue(lines6, 10 and29). Thatway, thereis no needfor anarbiterthreadto be
present,sincetheprocessesaremanagingthequeuesanddoingthenoti�cation themselves.

3.5.4 Data transfer modeling

For the explicit communicationcase,for eachtransaction,the modelhasthe size informationof
the datato be written or read. Basedon the burst or pipelining featurespresentandfetchingthe
appropiatedatafrom thebusdelaydatabase,theoverall timing of thetransactioncanbedetermined.

Westartby de�ning thesevalues:

1. Total datatransfertime in cycles:Tdt

2. Sizeof thetransactionin bytes:S

3. Buswidth of thebusin bits: Bwidth
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Figure5: RoundRobinArbitration
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Listing 6: Arbitrationpoliciesimplementation
1 void arb_lock ( unsigned int ProcID ){
2 if ( arb_policy ==1){
3 // FCFS
4 queue . push_back ( ProcID );
5 if ( queue . front ()!= ProcID ){
6 wait ( procev [ ProcID ]);
7 }
8 } elseif ( arb_policy ==2){
9 // Priority

10 prio_queue . push ( priorities [ ProcID ]);
11 if ( running ==true || prio_queue . top (). getid ()!= ProcID ){
12 wait ( procev [ ProcID ]);
13 }
14 running =true ;
15 prio_queue . pop ();
16 } elseif ( arb_policy ==3){
17 // RoundRobin
18 waiting ++;
19 rr [ ProcID ]= true ;
20 if (! running &&waiting ==1) current =ProcID ;
21 if ( current != ProcID ){
22 wait ( procev [ ProcID ]);
23 }
24 running =true ;
25 }
26 }

4. Control/Addressphaselengthin cycles:CA

5. Bustransactiondelayin cycles:Dbus

The data transfersize changesdependingon the transaction(on-line estimation),while the
bus width andthe control/addressphaselengtharevaluesthat are taken from the bus protocol's
datasheet.Thedelayvalueis fetchedfrom thedatabaseduringgenerationphaseandinsertedasa
constant.

In caseof anormaltransaction,thetotal timewouldbe:

Tdt = CA� S+ d
S� 8

Bwidth
e� Dbus (2)

If thebussupportsburstmode,thetimewouldbe:

Tdt = CA+ d
S� 8

Bwidth
e� Dbus (3)
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Listing 7: ArbitrationRelease
1 void arb_unlock ( unsigned int ProcID ){
2 if ( arb_policy ==1){
3 // FCFS
4 queue . pop_front ();
5 if ( queue . size ()!=0)
6 procev [ queue . front ()]. notify ();
7 } elseif ( arb_policy ==2){
8 // Priority
9 running =false ;

10 procev [ prio_queue . top (). getid ()]. notify ();
11 } elseif ( arb_policy ==3){
12 // RoundRobin
13 waiting --;
14 running =false ;
15 // increment current until someone can run
16 if ( waiting !=0){
17 current ++;
18 if ( current >=MAX_P)
19 current =0;
20 int next =255;
21 for ( inti =0; i <MAX_P; i ++){
22 if ( rr [ i ]== true && i <next && i >current -1)
23 next =i ;
24 }
25 current =next ;
26 if ( current ==255)
27 current =0;
28 }
29 procev [ current ]. notify ();
30 }
31 }

In both cases,equations2 and3 usethe ceiling function becausedependingon the width of
the bus, several bytesare written or readsimultaneously, but even if the numberof bytesto be
transferredis lessthanthetotal capacityof thebus,onecyclewouldbeneeded.

Implementation Theimplementationof thetimedbusfunctionsinvolve theadditionof thewait
statements,with thecalculateddelayfor thetransaction.Therestof thefunctionremainsthesame
asthefunctionalmodel.
Equations2 and3 areimplementedasthewait statementsin lines13 and11 of Listing 8, respec-
tively. Theread,sendandreceive functionsareimplementedin asimilarway.

16



Listing 8: Write fuction
1 void write ( unsigned int MyProcID , unsigned int addr ,
2 void * data_ptr , unsigned int size ){
3 ArbiterRequest ( MyProcID );
4 wait ( CA, SC_NS);
5 DataPtr = data_ptr ; // setting the UBC data pointer
6 DataSize = size ; // setting the size
7 RdWr = UBC_WRITE; // this is a write
8 BusAddress = addr ; // addressing
9 AddrSet . notify (); // notification that data on the bus is valid

10 if ( burst ){
11 wait ( ceil (( size *8)/ BUS_WIDTH)* DELAY, SC_NS);
12 } else {
13 wait ( CA* size +ceil (( size *8)/ BUS_WIDTH)* DELAY, SC_NS);
14 }
15 BusAddress = ADDR_NONE;
16 ArbiterRelease ( MyProcID );
17 return ;
18 }

3.5.5 Instruction and Program Data communication

Previously, we showed how we canmodelexplicit communicationon the bus. Nevertheless,for
implicit communication,the caseis more complicatedif the instructionand datamemoriesare
indeedconnectedto thesamebusastheprocessor'sdatabusport.

Instructionanddatafetchesoccurduringtheprogramexecutionandduringregularexplicit bus
communications.Froma bus' point of view, thebusmodelhasno way of determiningthepattern
of this instruction/data�o w, sinceit actsasa slave for theprocessor. Theonly way to modelthis
communicationis from the processorside. Our timed TLM generator[5] estimatesnot only the
probabledelayfor computation,but alsohasacachemodelthatdictateswhenthereis acachemiss.
It is onthiscachemissthatanew cacheline (in theinstructioncacheor datacache)mustbeobtained
by usingthebus.

implementation Wewill groupall implicit communicationdelaytimes,andaddthemto thenext
explicit transactiononthatbus.Eachtimethecachemodeldecidesto haveacacheline fetch,it will
updateadelaycounter. At thenext explicit transaction,duringthedatatransferphase,theUBC will
“spend”this extra delaybeforeexecutingits regularwait delay. This approachobviously sacri�ces
accuracy for speed,sincewe would not beproducingtheexpectedarbitrationdelayson theother
lower priority processorswhile thecacheline is beingfetched.Thearbitrationeffectsareanyways
only visibleandproduceanaccurateresultif thecomputationestimationis accurate,soin orderfor
theentiremodelto havehighaccuracy, werely on thecomputationestimationengineentirely. Two
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Figure6: JPEGencoderplatform

Table1: DataCommunicationmeasurementsin aJPEGencoderTLM
Datatraf�c FPGAboard TLM estimation % Error

(cycles) (cycles)
jpeg to dct 171275 172980 1.00

dct to quantize 160242 156800 2.15
quantizeto zigzag 321213 304640 5.16

zigzagto huffencode 324130 304640 6.01

aspectsmustbe considered:computationestimationaccuracy andcachemodelaccuracy. These
modelswill notbediscussedin this report.

4 Experimental Results

To testour bus model,we chosea JPEGencoderapplication,andmappedit into a platformcon-
sistingof 5 PEs,1 bus and1 transducer. The platform is shown in Figure6. All instructionand
datamemoryof eachPE is locatedin local busses,andonly explicit inter-PE communicationis
happeningon thesharedbus. We usedour TLM generator[12] to createa timedmodelandmea-
suredtheexplicit communicationdelaysbetweenall PEs.To seetheaccuracy of theseestimations,
we synthesizedtheplatformto a Xilinx Virtex4 FPGAanddid thesamemeasurementsbetweenits
MicroBlazeprocessors.Theresultsareshown in Table4. We canseethat theerror in theestima-
tion is lessthan6% andin thebestcase,of 1% (betweenthe�rst andthesecondPE).A graphical
representationof theresultsis shown in Figure7.
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Figure7: CommunicationdelaybetweenPEs

5 Conclusions

In this report,we presentedthestructureof theUniversalBusChannelmodelandits internalfunc-
tions. Also, we reviewedthemostimportantfeaturesthatdifferentiatedifferentbusprotocolsand
selectedasubsetto beimplementedinto ourUBC modelin orderto getaccuratetiming information
thatwould representanavailableprotocol.

Thefeaturesthatwereincorporatedinto our timedUBC modelwere: physicalpropertiessuch
as bus width and maximumnumberof masters,arbitrationfeaturessuchas different arbitration
policies,busparkingandarbitrationpipelining,and�nally datatransferfeaturessuchaspipelining
andburstmodedatatransfers.Thesefeaturesalongwith actualdatatransferdelaysin eachprotocol,
are storedin a bus model database,which is accessedduring the TLM generationphase. This
informationis usedfor theon-lineestimationof thedatatransferdelay.

Our timing information is composedof the measurementof our arbitrationmodel, synchro-
nization functionsand the estimationof the datatransferphase. Assumingthat our systemhas
an accuratecomputationestimation,the performanceour TransactionLevel Model canbe easily
measuredandtakeninto accountfor designpurposes.

Runningour communicationestimationtool in a jpeg encoderplatform, we saw that the es-
timateddatatransfertime is within 94% of the FPGA boardmeasurement.This re�ects a good
estimationaccuracy for our tool.
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Table2: ProtocolsComparisonchart

Feature OPB
AMBA-
AHB

AMBA-
APB

CAN I2C PCI

Arbitration
policy

Fixed, dy-
namic, RR,
LRU

Dependson
application

No masters,
all slaves

Priority,
Fixed
(wired),
wiredAND

wiredAND,
No priority

not part of
spec

Maximum
number of
masters

implementation
dependent

16masters NA 211
limited by
maximum
capacitance

electrically
supports (5
average)

Burst
mode

Bus lock +
sequential
address

4, 8, 16 beat
wrapped
and incre-
mental

NA No No Yes

Preemption Yes
Yes, unless
LOCK isas-
serted

No No No No

Wait states Yes
Yes,
BUSY and
HREADY

No No - Yes

Pipelining

Overlapped
bus arbitra-
tion and data
transfer

Overlapped
address
phase and
dataphase

No No No
Arbitration
is over-
lapped

Split No Yes No - -

Yes, ”de-
layed
transac-
tions”

Address
size

32bits 32bits 32bits -

7 bits + 16
reserved
addresses=
total of 112
devices

64bits

Bus
Parking
(default
master)

Yes Yes NA NA NA
Yes, ”arbi-
trationpark-
ing”

Retry
Yes, back-off
for 1 cycle

Yes, back-
off for 2 cy-
cles

No No No Yes

21


	1 Introduction
	2 Transaction Level Modeling Style
	2.1 Synchronization
	2.1.1 Implementation

	2.2 Arbitration
	2.3 Addressing and data transfer

	3 Estimation of Communication
	3.1 Types of Communication
	3.2 Timing Analysis
	3.3 Timing annotation and estimation
	3.4 Bus Features
	3.4.1 Physical properties
	3.4.2 Arbitration
	3.4.3 Control
	3.4.4 Data Transfer

	3.5 Bus Modeling
	3.5.1 Bus delay database
	3.5.2 Transaction delay modeling
	3.5.3 Arbitration modeling
	3.5.4 Data transfer modeling
	3.5.5 Instruction and Program Data communication


	4 Experimental Results
	5 Conclusions
	References

