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Abstract

TheSCEsystem-level design�ow consistsof a seriesof re�nementstepsthat gradually transforman
abstract speci�cation modelinto an architecture model,a networkmodel,a communicationmodeland
�nally a detailedimplementationmodel. The transformationscan be automatedwith modelre�nement
tools.

This reportdescribesthestylesof architecture modelsautomaticallygeneratedby thearchitecture re-
�nement tool. Therefore it can help designers understandthe architecture models. It can also be used
asa referencemaunalif designers want to write their ownarchitecture modelsthat are valid input to the
networkre�nementtool.
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Abstract

TheSCEsystem-level design�ow consistsof a seriesof re�nementstepsthat gradually transforman ab-
stract speci�cationmodelinto an architecture model,a networkmodel,a communicationmodeland�nally
a detailedimplementationmodel.Thetransformationscanbeautomatedwith modelre�nementtools.

This report describesthe stylesof architecture modelsautomaticallygeneratedby the architecture re-
�nementtool. Therefore it canhelpdesigners understandthearchitecture models.It canalsobeusedasa
referencemaunalif designerswantto write their ownarchitecturemodelsthatarevalid input to thenetwork
re�nementtool.

1 Intr oduction

Systemdesignin the SoCapproachtakesaninitial speci�cationof thesystemdown to anactualimplemen-
tation througha seriesof interactive andautomatedsteps.Startingfrom a purely functionaldescriptionof
thedesiredsystembehavior, an implementationof thedesignon a heterogoeneoussystemarchitecturewith
multiple processingelements(PEs)connectedthroughsystembussesis producedat the endof the design
�o w.

This reportdescribesandde�nes guidelinesandrules for developingSpecCbasedsystemmodelsin
generalandtheinput to the SoCtoolsin particular.

1.1 SoCDesignFlow

In the SoCdesign�o w (Figure1), � vedesignmodelsareusedto representthedesignatdifferentabstraction
levels.Thedesignmodelsareexecutablesothatthey canbesimulatedto verify thecorrectnessof thedesign
andobtaindesignperformancemetricsateachdesignstep.

Themostabstractmodelis thespeci�cationmodelthat servesasthe input to SoCtools. Speci�cation
modelis a purefunctionalmodelthatcapturesthefunctionalityof thedesireddesign.It shouldnot contain
any implementationdetails.

Thearchitecturemodelis theoutputof architectureexploration.It exactlyre�ects theoverallcomputation
architectureconsistingof processingelements(PEs).Thearchitecturemodelencapsulatesthecommunica-
tion betweenPEsthroughabstractmessage-passingchannels.

After network explorationanetworkmodelis producedto re�ect thecommunicationnetwork chosenfor
thedesign.It representstheallocationandselectionof network stationsandthelinks betweenthem.While
the communicationis end-to-endbetweenPEsin the architecturemodel,it is re�ned into point-to-pointin
thenetwork model.
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Figure1: SoCdesign�o w.

Finally, thecommunicationmodelincorporatesbusprotocolsinto themodel.Thecommunicationmodel
canbepin-accurateor transaction-level. Thetransactionlevelmodelabstractsawaythepin-accurateprotocol
details.

All the modelsarecapturedin SpecClanguageandhave to adhereto the syntaxandsemanticsof the
SpecClanguage.Designersonly needto write thespeci�cationmodelfor thedesignandthenusethe tools
to automaticallygeneratethelower level models. SoCtoolsalsosupportpartialspeci�cation,which allows
designersto startwith aspeci�cationwith incompletecomputationalfunctionality. Laterdesignerscanmod-
ify thecomputationpartof theautomaticallygeneratedmodels.However, for themodi�ed modelsto bevalid
for the SoCtools, they mustfollow certainmodelingrules. This reportin particularde�nes themodeling
stylerequiredfor the SoCarchitecturemodel,which is highlightedin the�gure. [4], [5], [7] and[6] focus
on themodelingstylesof theothermodels.

1.2 SpecCLanguage

The SoCdesign�o w is supportedby theSpecCsystem-level designlanguage([1]). TheSpecClanguageas
anexampleof a modernsystem-level designlanguage(SLDL) wasdevelopedundersupportandcontrolof
theSpecCTechnologyOpenConsortium(STOC) ([2]) to satisfyall therequirementsfor anef�cient formal
descriptionof themodelsin the SoCdesign�o w. It supportsbehavioral andstructuralviews andcontains
featuresfor describingadesignatall levelsof abstraction.

In the SoCdesign�o w, all � ve modelsof thedesignprocess,startingwith thespeci�cationmodeland
down to the implementationmodel,aredescribedin theSpecClanguage.Onecommonlanguageremoves
theneedfor tedioustranslation.Furthermore,all themodelsin SpecCareexecutablewhich allows for vali-
dationthroughsimulationwhile reusingonesingletestbenchthroughoutthewholedesign�o w. In addition,
the formal natureof the modelsenablesapplicationof formal methods,e.g.for veri�cation or equivalence
checking.
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Note that this report is not intendedto be a tutorial of SpecClanguageandwe assumethat the reader
of this report is familiar with the language.This reportcanbe usedfor two purposes.First, it canhelp
usersunderstandthemeaningof theautomaticallygeneratedarchitecturemodelby thearchitectureexplorer.
Second,it can help usersmodify the automaticallygeneratedarchitecturemodelssuchthat they can be
acceptedby thenetwork explorer.

Therestof the reportis organizedasfollows. Section2 presentstheoverall structureof anarchitecture
model.Themajorelementsof anarchitecturemodelaredescribedoneby onein detail. Section3 describes
thecommunicationchannelsallowedin thearchitecturemodel. Section4 describesthemodelingof shared
memoriesin thearchitecturemodel.Section5 describestheguidelinesto modelprocessingelements.Finally,
Section6 describestherulesonhow to composetheelementtogetherto form anvalid architecturemodel.

2 An Overview of Ar chitectureModel

i mpor t ” c doubl e handshak e” ;

behav i or St i mul us ( i sender i nput ) f / / St i mul i cr eat or
voi d main ( voi d ) f

5 / / whi l e ( . . . ) f . . . ; i nput . send ( . . . ) ; . . . g
g

g;

behav i or M oni tor ( i r ecei v er out put ) f / / Output moni tor
10 voi d main ( voi d ) f

/ / whi l e ( . . . ) f . . . ; out put . r ecei ve ( . . . ) ; . . . g
g

g;

15 behav i or Desi gn ( i r ecei v er i nput , i sender out put ) f / / System desi gn
/ / . . .

voi d main ( voi d ) f
/ / fsm f . . . g

20 g
g;

behav i or Main ( ) f / / Top l evel
c doubl e handshak e i nput , out put ;

25
St i mul us st i mul us ( i nput ) ;
Desi gn desi gn ( i nput , out put ) ;
M oni tor moni tor ( out put ) ;

30 i n t main ( voi d ) f
par f

st i mul us . main ( ) ;
desi gn . main ( ) ;
moni tor . main ( ) ;

35 g
g

g;

Figure2: Architecturemodeltop-level code.
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Figure2 andFigure3 show an exampletemplatefor a valid architecturemodel. A architecturemodel
hasto be an executableSpecCmodel, i.e. it hasto de�ne a Main behavior. An architecturemodelcon-
sistsof a testbenchthat surroundsthe actualdesignto be implemented. A testbenchconsistsof stimu-
lating (Stimulus ) andmonitoring(Monitor ) behaviors that areexecutingconcurrentlywith the design
(Design ) in thetop-mostMain behavior, andthatdrivethedesignundertestandcheckthegeneratedoutput
againstknown goodvalues.

Design MonitorStimulus

Main

Figure3: Architecturemodeltop-level structure.

The actualdesignto be implementedis modeledby the designbehaviors, suchasDesign andthose
composedhierarchicallyinsideDesign in the�gure. Designbehaviors form a hierarchy treeby their com-
position relations. The root of the tree, for exampleDesign in Figure 3, is called the top-level design
behavior.

Note that the modelingrulesandrestrictionsde�ned in this manualapply only to the designbehaviors
sincethe testbenchbehaviors will not be consideredandtouchedby tools. Thereforthe testbenchcanbe
freely describedusingany valid SpecCcode.For example,while thecodeof thedesignto beimplemented
hasto beavailablecompletelyin SpecCsourceform, thetestbenchcanlink againstexternaltranslationunits
(libraries)for additionalfunctionality.

In general,it is hardfor toolsthemselvesto �nd out which behaviors aretestbenchbehaviors andwhich
areactualdesignbehaviors. Thisdistinctionis to bemadeby thedesignersattachingaprede�nedannotation
to thearchitecturemodel.

Rule 1 A architecture modelhasan annotation SERTOPLEVEL, which containsthenameof thetop-level
designbehavior.

For theexampleshown in Figure3, theannotationwould look like thefollowing:

note SER TOPLEVEL = ` ` Desi gn ' ' ;

Oncethetop-level designbehavior is speci�ed,the toolsareableto �gure outall otherdesignbehaviors.
If we zoominsidethe top-level designbehavior of anarchitecturemodel,we canidentify a setof �ner

modelelementswhichareusedto captureboththecomputationarchitectureandthecommunicationnetwork.

� PEbehaviorsareusedto modeltheprocessingelementsallocatedto performthedesiredcomputation;

� Memorybehaviors areusedto modelthememoriesallocatedto storedatasharedby PEs;

� Systemchannelsareusedto modeltheconnectionbetweentheprocessingelements.
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Rule 2 Thearchitecture modelhasan annotation AR PESattachedto thetop-level designbehavior, which
containsthenames,typesandotherattributesof all PEsandmemoriesthatallocatedfor thedesign.

In thefollowing sections,wewill de�ne thesemodelelementsoneby onebeforewedescribehow to put
themtogether.

3 SystemChannels

In anarchitecturemodel,SpecCchannelsareusedto abstractinter-PEcommunicationwhichwill belaterre-
�ned duringthecommunicationsynthesis.Theseinter-PEchannelsarecalledsystemchannelsto distinguish
themfrom thechannelsthatareusedexclusively insideaPE.

Rule 3 A systemchannelmustbeoneof thefollowing typesde�nedin theSpecCLanguage ReferenceMan-
ual:

(a) c double handshake , typedor untyped

(b) c queue , typedor untyped

(c) c handshake

i n t er f ace i sender f
voi d send ( const voi d � d , unsi gned l ong l ) ;

g;

5 i n t er f ace i r ecei v er f
voi d r ecei v e ( voi d � d , unsi gned l ong l ) ;

g;

i n t er f ace i t r an c ei v er f
10 voi d send ( const voi d � d , unsi gned l ong l ) ;

voi d r ecei v e ( voi d � d , unsi gned l ong l ) ;
g;

Figure4: Interfacesimplementedby typedc double handshake andc queue .

Theuntypedc double handshake channelencapsulatesun-bufferedtype-lessdatatransfer. It imple-
mentsthreeinterfaces:i sender , i receiver andi tranceiver asshown in Figure4. Theuntyped
c queue channelencapsulatesasynchronous,bufferedtype-lessdatatransfer. It alsoimplementsthesame
interfacesastheuntypedc double handshake channel.

Thec handshake channelencapsulatesone-wayhandshakesynchronizationthatdoesnotneedto carry
realdata.It implementstwo interfaces:i send andi receive asshown in Figure5.

Sincedatain theapplicationin generalis typed,typeddouble-handshakeandqueuechannelsareallowed
for systemchannels.The examplecodein Figure 6 is usedto generateinterfacesanddouble-handshake
channelof a float type.Theexamplecodein Figure7 is usedto generateinterfacesandqueuechannelof
a float type.

In an architecturemodel that is generatedautomaticallyby the architectureexplorer, the systemchan-
nels come from two sources. Someof them are speci�cation channelsdirectly coming from the spec-
i�cation model as a result of behavior partitioning. The others are insertedby the architectureex-
plorer to preserve behavior executionorder (c handshake ), to maintaincoherenceof distributed data
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i n t er f ace i send f
voi d send ( voi d ) ;

g;

5 i n t er f ace i r ecei v e f
voi d r ecei v e ( voi d ) ;

g;

Figure5: Interfacesimplementedby c handshake .

# i ncl ude < c t y ped doubl e handshak e . sh>

/ � cr eat e ” f l oa t ” t ype i n t er f ace ” i da t a t r ancei ver ” � /
DEFINE I TYPED TRANCEIVER( data , f l oat )

5
/ � cr eat e ” f l oa t ” t ype i n t er f ace ” i dat a sender ” � /
DEFINE I TYPED SENDER( data , f l o at )

/ � cr eat e ” f l oa t ” t ype i n t er f ace ” i da t a r ecei ver ” � /
10 DEFINE I TYPED RECEIVER( data , f l oat )

/ � cr eat e ” f l oa t ” t ype channel ” i dat a doubl e handshake” � /
DEFINE C TYPED DOUBLE HANDSHAKE( data , f l oat )

Figure6: Exampleof instantiatingdouble-handshake channel.

# i ncl ude < c t y ped queue . sh>

/ � cr eat e ” f l oa t ” t ype i n t er f ace ” i da t a t r ancei ver ” � /
DEFINE I TYPED TRANCEIVER( data , f l oat )

5
/ � cr eat e ” f l oa t ” t ype i n t er f ace ” i dat a sender ” � /
DEFINE I TYPED SENDER( data , f l o at )

/ � cr eat e ” f l oa t ” t ype i n t er f ace ” i da t a r ecei ver ” � /
10 DEFINE I TYPED RECEIVER( data , f l oat )

/ � cr eat e ” f l oa t ” t ype channel ” i dat a queue” � /
DEFINE C TYPED QUEUE( data , f l oat )

Figure7: Exampleof instantiatingqueuechannel.
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(c double handshake , c queue ) andto handlecomplex channelssuchasc queue whichareallowed
in thespeci�cationmodel.

4 Memories

In the architecturemodels,memorycomponentsaremodeledwith SpecCbehaviors. A memorybehavior
containsthevariablesthatarestoredin it. For otherPEbehaviors to accessthestoredvariables,themem-
ory behavior implementsa memoryinterfacewhich hasa setof readandwrite methods.Sincethe actual
layoutof variablesinsidea memoryis not yet determinedin thearchitecturemodel,theaccessmethodsare
variable-speci�c.Basically, for eachvariable,apairof readandwrite methodsareimplementedby themem-
ory behavior. (Note that for a struct type variable,moremethodsareneededto accessits memebers.)
Other than implementingthe memoryinterface,the memorybehavior doesnot have othercomputational
functionality.

Rule 4 A memorybehaviordoesnothaveanyports,sub-behaviorinstancesor channelinstancesinside. The
main() methodof a memorybehaviorhasanemptybody, i.e, doesnothingat all.

Rule 5 A memorybehaviorhasonlyonevariablemem, which is a C struct typethatcontainsall variables
storedin thememory.

The typesof variablesstoredin the memorycanbe any valid ANSI-C datatypesexceptpointer type.
NotethatSpecCbit-vectortypeis notallowed.

Rule 6 A memorybehaviorimplementsa memoryinterfacewhich declaresa setof accessmethodsto read-
/write individual variablesstoredin thememory. Thesignature of an accessmethodobservesthefollowing
conventions:

(a) Thenameof anaccessmethodalwaysstartswith either“r ead” or “write”. To make themethodnames
unique, a string is mangledfromthevariablenameandappendedto “r ead” or “write”. For themem-
bers of a struct variable, thehierarchical nameis usedfor mangling.

(b) If themethodis to accessanarrayelement,anargumentof int typeis usedto passtheindex. Multiple
index argumentsmaybeneededto accessa nestedarray.

(c) A readmethodhasa returntypeof thevariableanda write methodalwaysreturnsvoid .

(d) Thelastargumentof a write methodis for thewrittendata.

In anarchitecturemodelthatis producedby thearchitectureexplorer, thememorybehavior is completely
generatedautomatically. An examplecodeof memorybehavior is shown in Figure8. Thismemorycontains
a scalarvariablev1 anda struct variablev2 consistingof an arrayof float variables.In the memory
behavior, v1 and v2 are packed into a struct . Four accessmethodsare implementedby the memory
behavior to read/writev1 andthearrayelementsin v2. Thesignaturesof theaccessmethodsfollow above
rules.

5 ProcessingElements

In anarchitecturemodeleachprocessingelementis representedby a SpecCbehavior calledPE behavior. A
PEbehavior is a functionaldescriptionof thecomputationthat is to beexecutedby thePE.A PEbehavior
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i n t er f ace i mem1 f
unsi gned l ong i n t r ead v 1 ( voi d ) ;
voi d w r i t e v 1 ( unsi gned l ong i n t ) ;
f l o at r ead v 2 y ( i n t ) ;

5 voi d w r i t e v 2 y ( i nt , f l oat ) ;
g;

behav i or Mem1 i mpl ements i mem1
f

10 st r u c t f
unsi gned l ong i n t v1 ;
st r u c t f

f l oat y [ 10 ] ;
g v2 ;

15 g mem;

voi d main ( voi d )
f
g

20
unsi gned l ong i n t r ead v 1 ( voi d )
f

r et ur n mem. v1 ;
g

25
voi d w r i t e v 1 ( unsi gned l ong i n t dat a )
f

mem. v1 = dat a ;
g

30
f l oat r ead v 2 y ( i n t i )
f

r et ur n mem. v2 . y [ i ] ;
g

35
voi d w r i t e v 2 y ( i n t i , f l oat dat a )
f

mem. v2 . y [ i ] = dat a ;
g

40 g;

Figure8: Examplecodeof amemorybehavior.
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in generalis hierarchicallycomposedof smallerbehaviors, eachof which containsa pieceof computation
assignedto the PE. The communicationinsidea PE is modeledusingchannelsandvariables. Sincelater
communicationsynthesisis notgoingto modify thePEbehavior internally, aPEcanbefreelymodeledwith
any SpecCconstructs.For example,any typeof channelsor behavior compositionscanbeusedaslong as
theback-endtoolsareableto handlethem.

In thearchitecturemodel,variablessharedby PEsaremovedinsidePEsor sharedmemorycomponents.
The PEsmustcommunicatewith eachother throughsystemchannels(seeSection3) andsharedmemory
components(seeSection4) thatareconnected(or port-mapped)to thePEbehavior ports.

i n t er f ace i l ocal mem f
shor t r ead x ( voi d ) ;
voi d w r i t e x ( shor t ) ;

g;
5

behav i or Local Mem i mpl ements i l ocal mem
f

/ / body omi t t ed f or space consi der at i on
g;

10
behav i or Computat i on ( i l ocal mem m)
f

voi d main ( voi d )
f

15 shor t dat a ;
dat a = m. r ead x ( ) ;
dat a ++;
m. w r i t e x ( dat a ) ;

g
20 g;

behav i or HW with LM i mpl ements i l ocal mem
f

Local Mem l ocal memory ;
25 Computat i on computat i on ( l ocal memory ) ;

voi d main ( voi d )
f

computat i on . main ( ) ;
30 g

shor t r ead x ( voi d )
f

r et ur n l ocal memory . r ead x ( ) ;
35 g

voi d w r i t e ( shor t dat a )
f

l ocal memory . w r i t e x ( dat a ) ;
40 g

g;

Figure9: Examplecodeof memory-mappedIO modeling.

Rule 7 A PE behaviorhasonly interfaceports and no variable ports. Theinterfacetypesallowedare as
follows:

9



(a) i sender (typedor un-typed)

(b) i receiver (typedor un-typed)

(c) i tranceiver (typedor un-typed)

(d) i send

(e) i receive

(f) memoryinterface(Section4)

In thearchitecturemodelsproducedby thearchitectureexplorer, PEbehaviors areautomaticallygener-
atedby re-arrangingspeci�cationbehaviorsandintroducingnew behaviors for inter-PEsynchronizationand
datatransfer. ThechannelsandvariablesinsidePEsaredirectly from thespeci�cationmodel.

A designmay useboth softwareandhardwarePEs. SoftwarePEsaregeneralpurposeprogrammable
processorswhile hardwarePEsareapplicationspeci�c hardwareunitsthatneedto belatersynthesized.One
commonpracticefor communicationbetweena processoranda hardwaredevice is by meansof memory
mapped-IO.Basically, thehardwareunit usesits internalmemory, for example,registersasIO portsthatare
mappedto theprocessor'smemoryspace.As such,theseregisterscanbeaccessedby theprocessorasif they
werememories.

To model the memory-mappedIO, a memorybehavior asde�ned in Section4 is instantiatedinsidea
hardwarePEbehavior. Thememorybehavior implementsthesamememoryinterfacewhich is alsoimple-
mentedby the harwarePE behavior. Therefore,the memorycanbe port-mappedto behaviors inside the
hardwarePEandthehardwarePEcanbeport-mappedto otherPEbehaviors thatneedto accesstheregisters
in thehardwarePE.An exampleof memory-mappedIO modelingis shown in Figure9.

Rule 8 SoftwarePEbehaviorsdonot implementanyinterfacesandhardwarePEbehaviorscanonly imple-
menta memoryinterface.

6 Top-Level DesignBehavior

In previoussections,we have de�ned thesetof modelelementsof anarchitecturemodel. In this sectionwe
presentthefollowing ruleson connectingtheelementstogetherto form anarchitecturemodelthat is a valid
input to thenetwork explorer. An examplearchitecturemodelis shown in Figure10.

Rule 9 Thetop-level designbehavioris a hierarchical behaviorthat is composedof instancesof PE behav-
iors de�ned in Section5 and memorybehaviors de�ned in Section4. It mayalso havea set instancesof
systemchannelsasde�nedin Section3. However, it mustnothaveanyvariables.

Rule 10 A top-level designbehaviorhasexactlyonemethod,themain() method,which containsexactly
onestatementthat is a par statement.

According to the de�nition of a hierarchicalbehavior, eachsub-behavior instanceinside the top-level
behavior canbecalledat mostoncein thepar statement.The top-level behavior of anarchitecturemodel
shouldnot have any variablesand inter-PE communicationmust go throughthe systemchannelswhich
includec double handshake , c queue andc handshake .

In the architecturemodel, the systemchannelsareusedfor pair-wise inter-PE communication.As il-
lustratedin Figure11, the usageof a systemchannelon the left sideis not allowed becausethe channelis
usedby threePEs.Thecorrectusageon theright sideintroducesadditionalchannelinstanceto ensurethata
channelis usedby only two PEs.

10



behav i or Mem1 i mpl ements i mem ;
behav i or CPU1( i dat a sender , i mem ) ;
behav i or CPU2( i dat a r ecei v er , i mem ) ;

5 behav i or Desi gn ( ) f
c dat a1 doubl e handshak e c1 ;
Samsung M1;
CPU1 PE1( c1 , M1) ;
CPU2 PE2( c1 , M1) ;

10
voi d main ( voi d ) f

par f
M1. main ( ) ;
PE1 . main ( ) ;

15 PE2 . main ( ) ;
g

g
g;

Figure10: Exampleof top-level behavior code.

PE1

PE2

PE3

c1

c2

PE1

PE2

PE3

c1

a) Invalid channel usage b) Valid channel usage

Figure11: Point-to-pointchannelconnection.
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Rule 11 Insidethetop-level behavior, a systemchannelinstancecannot beconnectedto more thantwo PE
behaviors.

Furthermore,asystemchannelis usedsolelyfor inter-PEcommunicationandnot for intra-PEcommuni-
cation,i.e.,aPEsendsadatawhich is receivedby itself.

Rule 12 In thearchitecture model,intra-PEcommunicationovera systemchannelis notallowed.

A c handshake channelimplementsi send and i receive interfacewhich can either sendor
receive,but not both. Thereforeif for eachPEonly oneport is mappedto thesamec handshake channel
instance,wearesurethatthechannelinstanceis only for inter-PEcommunication.

However, thec double handshake andc queue channelsimplementa i tranceiver interface,
which allows bothsendingandreceiving from thesamePEevenif only oneport-mappingis permittedfor a
PE.Therefore,it is usersdiscretionto obey therule while writing themodel.However, SERtoolswill issue
awarningmessageif eitherof following situationoccurs:

(a) A PEhasai tranceiver portmappedto ac double handshake or c queue channelinstance;

(b) A PEhasboth i sender port andi receiver port mappedto thesamec double handshake
or c queue channelinstance.

The architecturemodelsgeneratedby the architectureexplorer areguaranteedthat no systemchannels
areusedfor intra-PEcommunication.If adesigneris goingto modify thegeneratedmodels,hemustnotalter
thisproperty. Otherwise,themodelwouldbecomeinvalid for latercommunicationsynthesis.

Note that the top-level designbehavior may have a setof portsto communicatewith the testbenchbe-
haviors. Thetop-level designbehavior keepsthesamesetof portsif thearchitecturemodelis derivedfrom a
speci�cationmodel.Thesameinterfaceof thetop-level designbehavior enablesre-useof testbenchbehaviors
for simulationof thearchitecturemodelwithoutany modi�cation.
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