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Abstract

The SCEsystem-leel designh ow consistsof a seriesof re nementstepsthat gradually transforman
abstract speci cation modelinto an architectuie model,a networkmodel,a communicatiormodeland
nally a detailedimplementatiormodel. The transformationscan be automatedwith modelre nement
tools.
Thisreportdescribeghe stylesof architectule modelsautomaticallygeneatedby the architectuse re-
nementtool. Theefore it can help designes undestandthe architectue models. It can also be used
asa refelencemaunalif designes wantto write their own architecture modelsthat are valid input to the

networkre nementtool.
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Abstract

The SCEsystem-leel design ow consistsof a seriesof re nementstepsthat gradually transforman ab-
stract speci cationmodelinto an architectue model,a networkmodel,a communicatiormodeland nally
a detailedimplementatioormodel. Thetransformationg€anbe automatedvith modelre nementtools.

This report describegthe stylesof architectuie modelsautomaticallygeneated by the architectuie re-
nementtool. Theefore it canhelp designes undestandthe architectuie models.It canalsobe usedasa
refelencemaunalif designes wantto write their ownarchitecture modelsthat are valid input to the network

re nementtool.

1 Intr oduction

Systemdesignin the SoCapproacttakesaninitial speci cationof the systemdown to anactualimplemen-
tation througha seriesof interactve and automatedsteps. Startingfrom a purely functional descriptionof
the desiredsystembehaior, animplementatiorof the designon a heterogoeneousystemarchitecturewith
multiple processingelementgPEs)connectedhroughsystembussesds producedat the end of the design
ow.

This reportdescribesand de nes guidelinesand rulesfor developing SpecCbasedsystemmodelsin
generalndtheinputto the SoCtoolsin particular

1.1 SoCDesignFlow

In the SoCdesigno w (Figurel), vedesignmodelsareusedto representhedesignatdifferentabstraction
levels. Thedesignmodelsareexecutablesothatthey canbe simulatedo verify the correctnessf thedesign
andobtaindesignperformancenetricsat eachdesignstep.

The mostabstractmodelis the speci cationmodelthatsenesastheinputto SoCtools. Speci cation
modelis a purefunctionalmodelthat captureghe functionality of the desireddesign. It shouldnot contain
ary implementatiordetails.

Thearchitectue modelis theoutputof architecturexploration. It exactlyre ectstheoverallcomputation
architectureconsistingof processinglementgPES). The architecturemodelencapsulatethe communica-
tion betweerPEsthroughabstracmessage-passirgpannels.

After network explorationa networkmodelis producedo re ect the communicatiometwork choserfor
thedesign.It representshe allocationandselectionof network stationsandthe links betweerthem. While
the communicatioris end-to-enchetweenPEsin the architecturemodel, it is re ned into point-to-pointin
thenetwork model.
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Figurel: SoCdesigno w.

Finally, the communicationmodelincorporatesus protocolsinto the model. The communicatiormodel
canbepin-accurater transaction-leel. Thetransactiorievel modelabstractsway the pin-accuratgrotocol
details.

All the modelsare capturedin SpecClanguageand have to adhereto the syntaxand semanticof the
SpecCanguage Designeronly needto write the speci cationmodelfor the designandthenusethe tools
to automaticallygeneratehe lower level models. SoCtoolsalsosupportpartial speci cation,which allows
designergo startwith aspeci cationwith incompletecomputationafunctionality Laterdesignerg€anmod-
ify thecomputatiorpartof theautomaticallygeneratednodels.However, for themodi ed modelsto bevalid
for the SoCtools,they mustfollow certainmodelingrules. This reportin particularde nesthe modeling
stylerequiredfor the SoCarchitecturemodel,whichis highlightedin the gure. [4], [5], [7] and[6] focus
onthemodelingstylesof the othermodels.

1.2 SpecClLanguage

The SoCdesign o w is supportedy the SpecCsystem-lgel designlanguagd[1]). The SpecCanguageas
anexampleof a modernsystem-lgel designlanguaggSLDL) wasdevelopedundersupportand control of
the SpecCTechnologyOpenConsortium(STOC) ([2]) to satisfyall the requirementsor anef cient formal
descriptionof the modelsin the SoCdesign o w. It supportsbehaioral andstructuralviews andcontains
featuredor describinga designat all levels of abstraction.

In the SoCdesignow, all ve modelsof the designprocessstartingwith the speci cationmodeland
down to the implementatiormodel,are describedn the SpecClanguage.Onecommonlanguageemoves
the needfor tedioustranslation.Furthermoreall the modelsin SpecCareexecutablewxhich allows for vali-
dationthroughsimulationwhile reusingonesingletestbenchhroughouthe whole design o w. In addition,
the formal natureof the modelsenablesapplicationof formal methods.e.g.for veri cation or equivalence
checking.
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Note thatthis reportis notintendedto be a tutorial of SpecClanguageandwe assumehatthe reader
of this reportis familiar with the language.This reportcanbe usedfor two purposes.First, it canhelp
usersunderstandhe meaningof theautomaticallygeneratedrchitecturanodelby the architecturexplorer.
Second,it can help usersmodify the automaticallygeneratedarchitecturemodelssuchthat they canbe
acceptedy thenetwork explorer.

Therestof the reportis organizedasfollows. Section2 presentshe overall structureof anarchitecture
model. The majorelementf anarchitecturenodelaredescribecbneby onein detail. Section3 describes
the communicatiorchannelsallowed in the architecturemodel. Section4 describeghe modelingof shared
memoriesn thearchitecturenodel. Section5 describesheguidelinego modelprocessinglementsFinally,
Section6ldescribetheruleson how to composehe elementogetherto form anvalid architecturemodel.

2 An Overview of Ar chitecture Model

import "c_double_handshake” ;

behavior Stimulus(i_sender input) f // Stimuli creator
void main(void) f
/I while(...) f ... ; input.send(...) ; ... @
g
g;

behavior Monitor(i-receiver output) f /] Output monitor
void main(void) f
/1 while(...) f ... ; output.receive(...) ; ... @
g
g;

behavior Design(i_receiver input, i_sender output) f // System design
/1

void main(void) f
/I fsmf ... g
g
9;

behavior Main() f Il Top level
c_double_handshake input, output;

Stimulus stimulus(input);
Design design(input, output);
Monitor monitor (output);

int main(void) f
par f
stimulus.main();
design.main();
monitor.main();
g
g
g;

Figure2: Architecturemodeltop-level code.



Figure 2land Figurel3 shav an exampletemplatefor a valid architecturemodel. A architecturemodel
hasto be an executableSpecCmodel,i.e. it hasto de ne a Main behaior. An architecturemodelcon-
sistsof a testbenchthat surroundsthe actualdesignto be implemented. A testbenchconsistsof stimu-
lating (Stimulus ) andmonitoring(Monitor ) behaiors that are executingconcurrentlywith the design
(Design ) inthetop-mostMain behaior, andthatdrive thedesignunderntestandcheckthegeneratedutput
againstknown goodvalues.
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Figure3: Architecturemodeltop-level structure.

The actualdesignto be implementeds modeledby the designbehavios, suchasDesign andthose
composedierarchicallyinsideDesign in the gure. Designbehaiors form a hierarcly treeby their com-
positionrelations. The root of the tree, for example Design in Figurel3, is called the top-level design
behavior

Note thatthe modelingrulesandrestrictionsde ned in this manualapply only to the designbehaiors
sincethe testbenchbehaiors will not be considerecandtouchedby tools. Thereforthe testbenclcanbe
freely describedusingary valid SpecCcode. For example,while the codeof the designto beimplemented
hasto beavailablecompletelyin SpecCsourceform, thetestbencltanlink againstexternaltranslationunits
(libraries)for additionalfunctionality

In generaljt is hardfor toolsthemselesto nd outwhich behaiors aretestbenctbehaiors andwhich
areactualdesignbehaiors. This distinctionis to bemadeby thedesignerattachinga prede nedannotation
to thearchitectureanodel.

Rule 1 A architectue modelhasan annotation.SER TOPLEVEL which containsthe nameof the top-level
designbehavior

For theexampleshavn in Figure3, the annotatiorwould look lik e thefollowing:
note SER.TOPLEVEL = ""“Design'"';

Oncethetop-level designbehaior is speci ed, the toolsareableto gure outall otherdesignbehaiors.
If we zoominsidethetop-level designbehaior of anarchitecturemodel,we canidentify a setof ner
modelelementsvhichareusedto captureboththecomputatiorarchitectureandthecommunicatiometwork.

PE behavios areusedto modeltheprocessinglementsllocatedo performthe desiredcomputation;
Memorybehavios areusedto modelthe memoriesallocatedo storedatasharecy PES;

Systenthannelsareusedto modelthe connectiorbetweerthe processinglements.
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Rule 2 Thearchitectue modelhasan annotation_ AR PESattachedto thetop-level designbehavioy which
containsthe namestypesand otherattributesof all PEsand memorieghat allocatedfor thedesign.

In thefollowing sectionswe will de ne thesemodelelementoneby onebeforewe describehow to put
themtogether

3 SystemChannels

In anarchitecturanodel,SpecCchannelsareusedto abstracinte-PEcommunicatiorwhichwill belaterre-
ned duringthecommunicatiorsynthesisThesenterPE channelsarecalledsystemchannelgo distinguish
themfrom thechanneldhatareusedexclusively insidea PE.

Rule 3 A systenthannelmustbe oneof thefollowing typesde nedin the SpecC_anguaje RefeenceMan-
ual:

(a) c_double _handshake ,typedor untyped
(b) c_queue, typedor untyped

(c) c_handshake

interface i_sender f
void send(const void d, unsigned long 1);
g,

interface i_receiver f
void receive(void d, unsigned long I|);
9;

interface i_tranceiver f
void send(const void d, unsigned long 1);
void receive(void d, unsigned long I|);
g;

Figure4: Interfacesmplementedy typedc _double _handshake andc_queue.

Theuntypedc _double _handshake channekbncapsulatesn-bufferedtype-lesdatatransfer It imple-
mentsthreeinterfaces:i _sender ,i _receiver andi _tranceiver asshawn in Figure4 Theuntyped
c_queue channelencapsulateasynchronoudyufferedtype-lessdatatransfer It alsoimplementghe same
interfacesasthe untypedc _double _handshake channel.

Thec _handshake channekncapsulatesne-wayhandsha&synchronizatiothatdoesnotneedto carry
realdata.lt implementgwo interfacesi _send andi receive asshavnin Figureb.

Sincedatain theapplicationin generals typed,typeddouble-handshaandqueuechannelsreallowed
for systemchannels. The examplecodein Figure 6]is usedto generatenterfacesand double-handshak
channebf afloat type. Theexamplecodein Figure7 is usedto generaténterfacesandqueuechannelof
afloat type.

In an architecturemodelthatis generatecautomaticallyby the architectureexplorer, the systemchan-
nels comefrom two sources. Someof them are speci cation channelsdirectly coming from the spec-
i cation model as a result of behaior partitioning. The others are insertedby the architectureex-
plorer to presere behaior executionorder (c _handshake ), to maintain coherenceof distributed data
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interface

i_send f

void send(void);

g;

interface

i_receive f

void receive(void);

g

Figure5: Interfacesmplementedy c _handshake .

#include <c_typed_double_handshake. sh>

|/ create

"float” type interface "i_data_tranceiver” /

DEFINE_I_.TYPED_TRANCEIVER(data, float)

/| create

" float” type interface "i_data_sender” /

DEFINE_I_.TYPED_SENDER(data, float)

/ create

"float” type interface "i_data_receiver” /

DEFINE_I_TYPED_RECEIVER(data, float)

| create

" float” type channel ”i_data_double_handshake” /

DEFINE_C_TYPED_DOUBLE HANDSHAKE( data, float)

Figure6: Exampleof instantiatingdouble-handshachannel.

#include <c_typed_queue.sh>

/| create

"float” type interface "i_data_tranceiver” /

DEFINE_I_.TYPED_TRANCEIVER(data, float)

|/ create

" float” type interface "i_data_sender” /

DEFINE_I_TYPED_SENDER(data, float)

/| create

"float” type interface "i_data_receiver” /

DEFINE_I_TYPED_RECEIVER(data, float)

| create

" float” type channel "i_data_queue” /

DEFINE_.C_.TYPED_QUEUE(data, float)

Figure7: Exampleof instantiatinggueuechannel.



(c_double _handshake , c_queue ) andto handlecomplex channelsuchasc _queue whichareallowed
in thespeci cationmodel.

4 Memories

In the architecturemodels,memorycomponentsre modeledwith SpecCbehaiors. A memorybehaior
containsthe variablesthat arestoredin it. For otherPE behaiors to accesghe storedvariablesthe mem-
ory behaior implementsa memoryinterfacewhich hasa setof readandwrite methods. Sincethe actual
layoutof variablesinsidea memoryis not yet determinedn the architecturamodel,the accessnethodsare
variable-speci c.Basically for eachvariable,a pair of readandwrite methodsareimplementedy themem-
ory behaior. (Note thatfor a struct  type variable, more methodsare neededo accessts memebers.)
Otherthanimplementingthe memoryinterface,the memorybehaior doesnot have other computational
functionality.

Rule 4 Amemorybehaviordoesnothaveanyports,sub-behavioinstancesr channelinstancesnside The
main() methodof a memorybehaviorhasan emptybody i.e, doesnothingat all.

Rule 5 Amemorybehaviorhasonly onevariablememwhichisaCstruct  typethatcontainsall variables
storedin thememory

The typesof variablesstoredin the memorycanbe ary valid ANSI-C datatypesexceptpointertype.
Notethat SpecChit-vectortypeis not allowed.

Rule 6 A memorybehaviorimplement& memoryinterfacewhich declaesa setof accessnethodgo read-
/write individual variablesstoredin the memory Thesignatue of an accessmethodobserveghe following
cornventions:

(a) Thenameof anaccessnethodalwaysstartswith either“r ead” or “write”. To make the methodnames
unique a string is mangledfromthe variable nameand appendedo “r ead” or “write”. For themem-
bersofastruct variable thehierarchical nameis usedfor mangling

(b) If themethods to accessanarray elementanargumenbfint typeis usedto passtheindex. Multiple
index argumentsnaybe neededo access nestedarray.

(c) Areadmethodhasa returntypeof thevariableanda write methodalwaysreturnsvoid .

(d) Thelastargumentof a write methods for thewritten data.

In anarchitecturenodelthatis producedy thearchitectureexplorer, thememorybehaior is completely
generatecutomatically An examplecodeof memorybehaior is shavn in Figure8. This memorycontains
a scalarvariablevl andastruct  variablev2 consistingof anarrayof float  variables.In the memory
behaior, vl andv2 are pacled into a struct . Four accessnethodsare implementedby the memory
behaior to read/writevl andthe arrayelementsn v2. The signaturef the accessnethodsfollow above
rules.

5 Processingelements

In anarchitecturenodeleachprocessinglements representetdy a SpecChehaior calledPE behavior A
PE behavior is a functionaldescriptionof the computationthatis to be executedby the PE. A PE behaior



interface i_meml f
unsigned long int read_vl(void);
void write_vl(unsigned long int);
float read_v2_y(int);
5 void write_v2_y(int, float);
g;

behavior Meml implements i_meml
f
10 struct f
unsigned long int vi;
struct f
float y[10];
g v2;
15 g mem;

void main(void)

f
9
20
unsigned long int read_v1(void)
f
return mem.vl;
g
25
void write_vl(unsigned long int data)
f
mem.vl = data;
g
30
float read_v2_y(int i)
f
return mem.v2.y[i];
g
35
void write_.v2_y(int i, float data)
f
mem.v2.y[i] = data;
g
40 g;

Figure8: Examplecodeof a memorybehaior.
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in generalis hierarchicallycomposedf smallerbehaiors, eachof which containsa pieceof computation
assignedo the PE. The communicationinside a PE is modeledusing channelsand variables. Sincelater
communicatiorsynthesiss not goingto modify the PEbehaior internally a PE canbefreely modeledwith
ary SpecCconstructs.For example,ary type of channelsor behaior compositionscanbe usedaslong as
theback-endoolsareableto handlethem.

In thearchitecturenodel,variablessharecby PEsaremovedinside PEsor sharednemorycomponents.
The PEsmustcommunicatevith eachotherthroughsystemchannelgseeSection3) and sharedmemory
componentgseeSectiond) thatareconnectedor port-mappedjo the PE behaior ports.

interface i_local_-mem f
short read_x(void);
void write_x(short);

g;

behavior Local_Mem implements i_local_mem
f
/! body omitted for space consideration

9;

behavior Computation(i_local_mem m)
f
void main(void)
f
short data;
data = m.read_x ();
data ++;
m. write_x (data);
g
g;

behavior HW_with.LM implements i_local_mem
f

Local_Mem local _memory ;

Computation computation(local_memory);

void main(void)
f
computation.main ();

g

short read_x (void)
f
return local_memory.read_x ();

g

void write(short data)
f
local _memory . write_x (data);
g
9;

Figure9: Examplecodeof memory-mappetD modeling.

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



(@) 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(Sectiond)

In the architecturenodelsproducedby the architectureexplorer, PE behaiors areautomaticallygener
atedby re-arrangingpeci cationbehaiors andintroducingnew behaiors for inter-PE synchronizatiorand
datatransfer The channelsandvariablesnside PEsaredirectly from the speci cationmodel.

A designmay useboth software and hardware PEs. Software PEsare generalpurposeprogrammable
processorsvhile hardwarePEsareapplicationspeci ¢ hardwareunitsthatneedto belatersynthesizedOne
commonpracticefor communicatiorbetweena processoland a hardware device is by meansof memory
mapped-10Basically the hardwareunit usests internalmemory for example,registersas|O portsthatare
mappedo theprocessos memoryspace As such theseregisterscanbeaccessebtly the processoasif they
werememories.

To modelthe memory-mappedO, a memorybehaior asde ned in Section4lis instantiatednside a
hardware PE behaior. The memorybehaior implementshe samememoryinterfacewhich is alsoimple-
mentedby the harware PE behaior. Therefore,the memorycan be port-mappedo behaiors inside the
hardwarePEandthe hardwarePE canbe port-mappedo otherPEbehaiors thatneedto accessheregisters
in the hardwarePE. An exampleof memory-mappetO modelingis shavn in Figure9.

Rule 8 Softwae PE behavios do notimplemenanyinterfacesandhardware PE behavios canonlyimple-
menta memoryinterface

6 Top-Level DesignBehavior

In previous sectionswe have de ned the setof modelelementsof anarchitecturanodel. In this sectionwe
presenthefollowing ruleson connectinghe elementgogetherto form anarchitecturenodelthatis a valid
inputto the network explorer An examplearchitecturenodelis shavn in Figurel10.

Rule 9 Thetop-level designbehavioris a hierarchical behaviorthatis composeaf instancesof PE behav-
iors de ned in Sectiori5 and memorybehavios de ned in Section4. It mayalso havea setinstancesof
systenthannelsasde nedin Section3. However, it mustnot haveanyvariables.

Rule 10 A top-level designbehaviorhasexactlyonemethodthemain() methodwhich containsexactly
onestatementhatis a par statement.

Accordingto the de nition of a hierarchicalbehaior, eachsub-behwaior instanceinside the top-level
behaior canbe calledat mostoncein the par statement.The top-level behaior of anarchitecturemodel
should not have ary variablesand inte-PE communicationmust go throughthe systemchannelswhich
includec _double _handshake , c_queue andc_handshake .

In the architecturemodel, the systemchannelsare usedfor pairwise inte-PE communication.As il-
lustratedin Figurel11] the usageof a systemchannelon the left sideis not allowed becausehe channelis
usedby threePEs.The correctusageon theright sideintroducesadditionalchanneinstanceto ensurehata
channeis usedby only two PEs.

10



behavior Meml implements i_mem;
behavior CPU1l(i_-data_sender , i_mem);
behavior CPU2(i_data_receiver , i_mem);

5 behavior Design() f

c_datal_double_handshake c1;

Samsung M1,

CPU1 PE1(cl, M1);
CPU2 PE2(cl, M1);

10
void main(void) f
par f
M1.main();
PE1.main();
15 PE2.main();
9

9
g;

PE1

Figure10: Exampleof top-level behaior code.

PE2

PE3

a) Invaid channel usage

PE2

cl

PE1

c2

PE3

b) Valid channel usage

Figurel1: Point-to-pointchannekonnection.
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Rule 11 Insidethetop-level behavioy a systenthannelinstancecannot be connectedo more thantwo PE
behavios.

Furthermorea systemchanneis usedsolelyfor inte-PEcommunicatiorandnotfor intra-PEcommuni-
cation,i.e.,aPEsendsadatawhichis recevedby itself.

Rule 12 In thearchitectue model,intra-PE communicatiorover a systenthannelis notallowed.

A c_handshake channelimplementsi _send andi _receive interfacewhich can either sendor
receve, but not both. Thereforef for eachPE only oneportis mappedo the samec _handshake channel
instancewe aresurethatthe channeinstances only for inter-PE communication.

However, thec _double _handshake andc_queue channelsmplementai _tranceiver interface,
which allows both sendingandreceving from the samePE evenif only oneport-mappings permittedfor a
PE.Thereforejt is usersdiscretionto obey the rule while writing the model. However, SERtoolswill issue
awarningmessagé# eitherof following situationoccurs:

(a) A PEhasai _tranceiver portmappedo ac _double _handshake orc_queue channeinstance;

(b) A PEhasbothi _sender portandi _receiver portmappedo the samec double _handshake
or c_queue channeinstance.

The architecturemodelsgeneratedy the architectureexplorer are guaranteedhat no systemchannels
areusedfor intra-PEcommunicationlf adesigneis goingto modify thegeneratednodels hemustnotalter
this property Otherwise the modelwould becomenvalid for latercommunicatiorsynthesis.

Note thatthe top-level designbehaior may have a setof portsto communicatewith the testbenctbe-
haviors. Thetop-level designbehaior keepsthe samesetof portsif the architecturanodelis derivedfrom a
speci cationmodel. Thesamenterfaceof thetop-level designbehaior enablese-useof testbenctbehaiors
for simulationof the architecturenodelwithoutary modi cation.
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