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Chapter 1. Introduction

Thebasicpurposeof this tutorial is to guidea userthroughour System-on-Chiglesign
ervironment(SCE). SCE helpsdesignergo take an abstractfunctional descriptionof
the designandproduceanimplementationWe begin with a brief overview of our SoC
methodologyby describinghedesign o w andvariousabstractionevels. Theovervien
alsocoverstheuserinterfacesandthetoolsthatsupportthe design o w.

We thendescribehe examplethatwe usethroughouthistutorial. We selectedhe GSM

Vocoderasan examplefor a variety of reasonsFor one,the Vocoderis a fairly large
designandis anaptrepresentatie of atypical componenbf a System-on-Chiglesign.
Moreover, thefunctionalspeci cationof the Vocoderis well de ned andpublicly avail-

ablefrom the EuropearnTelecommunicatiostandardsnstitute (ETSI).

Thetutorial givesa stepby stepillustration of usingthe System-on-Chigcnvironment.
Screenshotsf the GUI are presentedo aid the userin usingthe variousfeaturesof

SCE.(Pleasenotethat,dependingnyour speci ¢ versionof the System-on-Chifernvi-

ronmentSCEandyour systensettingsthe screershotsshown in thisdocumentnaybe
slightly differentfrom the actualdisplayon your screen.)Over the courseof this chap-
ter, theuseris guidedon synthesizinghe Vocodermodelfrom anabstracspeci cation
to a clock cycle accuratamplementationThe screenshotat eachdesignstepare sup-
plementedwith brief obsenationsandthe rationalefor making designdecisions.This
would helpthedesignetto gainaninsightinto the designprocessnsteadof merelyfol-

lowing the steps We wind up thetutorial with a conclusionandreferencesThis tutorial
assumeshat the readersof this tutorial have basicknowledgeof systemdesigntasks
and o w. In casethe readerfeelsdif culty goingfollowing this tutorial, he canalways
go to the AppendixA: FAQ (FrequentlyAsked Questions)t the endof the tutorial to

seekmoreexplanation.

1.1. Motiv ation

System-on-Chigapability introducesnew challengesn the designprocessFor one,
co-desigrbecomes crucialissue.SoftwareandHardwaremustbe developedtogether
However, both SoftwareandHardwaredesignerhave differentviews of the systemand
they usedifferentdesignandmodelingtechniques.

Secondlythe proces®f systemdesignfrom speci cationto maskis long andelaborate.
The processnustthereforebe split into severalsteps At eachdesignstep,modelsmust
bewritten andrelevantpropertieamustbeveri ed.
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Thirdly, the systemdesignersarenot particularlyfond of having to learndifferentlan-
guagesMoreover, writing different modelsand validating them for eachstepin the
designprocesss a hugeoverkill. Designergreferto createsolutionsratherthanwrite
severalmodelsto verify their designs.

It is with theseaspectsand challengesn mind that we have comeup with a System-
on-Chip Environmentthat takes off the drudgeryof manualrepetitve work from the
designerdy generatinggachsuccessie modelautomaticallyaccordingo thedecisions
madeby the designers.

1.2. SCE Goals

SCErepresents new technologythat allows designergo capturesystemspeci cation
asa compositionof C-functions.Theseareautomaticallyre ned into differentmodels
requiredat eachstepof the designprocessThereforedesignersandevote moreeffort
to the creative partof designingandthetools cancreatemodelsfor validationandsyn-
thesis.Theendresultis thatthe designerglo not needto learnnew systemlevel design
language$SystemC SpecC Superlogetc.)or eventhe existing Hardware Description
LanguagegVerilog, VHDL).

Consequentlthedesignerfiave to enteronly thegoldenspeci cationof thedesignand
make designdecisionsinteractvely in SCE. The modelsfor simulation,synthesisand
veri cation aregeneratecutomatically
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1.3. Models for System Design

Figure 1-1. System-on-ChipEnvironment
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The System-on-Chiglesignenvironmentis shavn in gure 1-1. It consistsof 4 lev-
els of modelabstractionnamelyspeci cation,architecturecommunicatiorandcycle-
accuratenodels.Consequentlythereare3 re nementstepsnamelyarchitecturee ne-
ment,communicatiorre nementand HW/SW re nement. Thesere nementstepsare
preformedin the top-dovn orderasshawvn. As shovn in gure 1-1, we begin with an
abstracspeci cationmodel. The speci cationmodelis untimedandhasonly the func-
tional descriptionof the design.Architecturere nementtransformghis speci cationto
anarchitecturanodel.lt involvespartitioningthedesignrandmappingthe partitionsonto
the selecteccomponentsThe architecturenodelthusre ects theintendedarchitecture
for thedesign.The next step,communicatiorre nement,addssystembussego the de-
sign and mapsthe abstracttcommunicatiorbetweencomponentnto the bussesThe
resulteddesignis atiming accuratecommunicatiormodel(bus functionalmodel). The
nal stepis HW/SW re nementwhich producesclock cycle accurateRTL modelfor
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the hardwarecomponentsandinstructionsetspeci c assemblycodefor the processors.
All modelshave well de ned semanticsare executableand can be validatedthrough
simulation.

1.4. System-on-Chip Environment

The SCEprovidesan environmentfor modeling,synthesisandvalidation.It includesa
graphicaluserinterface(GUI) andasetof toolsto facilitatethedesign o w andperform
the aforementionede nement steps.The two major componentof the GUI arethe
Re nementUserInterface(RUI) ontheleft andthe ValidationUserInterface(VUI) on
theright asshovn in gure 1-1. The RUI allows designergo make andinput design
decisionssuchascomponengllocation,speci cationmapping.With designdecisions
made re nementtoolscanbeinvokedinsideRUI to re ne models.TheVUI allowsthe
simulationof all modelsto validatethe designat eachstageof thedesign o w.

Eachof the boxescorrespondso a tool which performsa speci ¢ taskautomatically
A pro ling tool is usedto obtainthe characteristic®f the initial speci cation, which

senesasthe basisfor architectureexploration. The re nementtool setautomatically
transformamodelsbasedn relevantdesigndecisionsThe estimationtool setproduces
quality metricsfor eachintermediatenodels which canbeevaluatedby designers.

With the assistanc®f the GUI andtool set, it is relatively easyfor designerto step
throughthe designprocessWith the editing, browsing and algorithm selectioncapa-
bility provided by RUI, a speci cationmodelcanbe ef ciently capturedoy designers.
Basedon theinformationpro led onthespeci cation,designersnput architecturade-
cisionsandapplythearchitecturee nementtool to derive thearchitecturenodel.If the
estimatedmetricsare satishctory designersanfocuson communicationissuessuch
asprotocolselectiorandchannepartitioning.With communicatiordecisiongmade the
communicatiorre nementtool is usedto generatehe communicatiormodel.Finally,
theimplementatiommodelis producedn thesimilarfashion.Theimplementatiormodel
is readyfor RTL synthesis.

We arecurrentlyin the processf developingtools for automatingthe synthesigasks
for systemlevel designshown in theexplorationengine. Thetutorial present@utomatic
RTL synthesisThenext challengeas to automaticallyperformarchitectureandcommu-
nicationsynthesis.
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1.5. Design Example: GSM Vocoder

Figure 1-2. GSM Vocoder
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Theexampledesignusedthroughouthis tutorial is the GSM Vocodersystem, whichis
employedworldwide for cellular phonenetworks. Figure 1-2 shavs the GSM Vocoder
speechsynthesismodel. A sequencef pulsesis combinedwith the outputof a long
termpitch Iter . Togethetthey modelthebuzzproducedy theglottis andthey build the
excitation for the nal speechsynthesislter, which in turn modelsthe throatandthe
mouthasa systemof losslesgubes.

The exampleusedin this tutorial encodespeechdatacomprisedf frames Eachframe
in turncomprise®f 4 sub-framesOverall, eachsub-framehas40 samplesvhich trans-
late to 5 ms of speechThuseachframe has20 ms of speechand 160 samplesEach
frame uses244 bits. The transcodingconstraint(ie. backto back encoder/decoder$

lessthan10 msfor the rst sub-frameandlessthan20 msfor thewholeframe(consist-
ing of 4 sub-frames).

The vocoderstandardpublishedby the EuropearnTelecommunicatiorStandarddnsti-
tute (ETSI), containsa bit-exact referencamplementatiorof the standardn ANSI C.
This referencecodewastaken asthe the basisfor developingthe speci cation model.
At the lowestlevel, the algorithmsin C could be directly reusedn the leaf behaiors
without modi cation. Thenthe C function hierarchywas corvertedinto a cleanand
ef cient hierarchicalspeci cation by analyzingdependenciesxposingavailable par
allelism, etc. The nal speci cationmodelis composedf 9139lines of SpecCcode,
which contains73leaf behaiors.
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1.6. Organization of the Tutorial

Figure 1-3. Task o w for systemdesignwith SCE
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Thetasksin systemdesignwith SCEareorganizedasshovn in gure 1-3. Eachof the
tasksis explainedin a separatehapteiin thistutorial. We will startwith a speci cation
modelandshav how to get startedwith SCE. At this level, we will be working with

untimedfunctionalmodels.Following that,we will look at systemlevel explorationand
re nements,wherethe involved modelswill have a quantitatve notion of time. Once
we geta systemmodelwith well de ned HW and SW componentandthe interfaces
betweerthem,wewill proceedo generateustomhardwareandprocessospeci ¢ soft-

ware.Thesenal stepswill producecycle accuratenodels.

Eachdesigntaskis composeaf severalstepdik e modelanalysispbrowsing,generation
of new modelsandsimulation.Not all thesestepsare crucial for the demoto proceed
smoothly Somestepsare marked asoptionalandmay be avoidedduring the courseof
this tutorial. If the designeiis sufciently comfortablewith the tool's result,he or she
canavoid thetypically optionalstepsof simulationandcodeviewing.

If the designeris booting from the CD-ROM, the setup is already prepared.
Otherwise,the designermay follow the following stepsto set up the demo. Start
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with a new shell of your choice. If you are working with a c-shell, run "source
$SCE_INSALLATION_PATH/bin/setup.csh"If you are working with bourneshell,
run"$SCE_INSRALLATION_PATH/bin/setup.sh"Now run"setup_demoto setupthe
demonstrationn the currentdirectory This will addsomenew les to be usedduring
thedemo.

Acknowledgment:

Theauthorswould lik e to thankTsunedKinoshitaof NASDA, Japarfor his patiencen
goingthroughthetutorialandhelpingus make it moreunderstandablandcomprehen-
sive. We would alsolik e to thank YoshihisaKojima of the University of Tokyo for his
helpin uncoveringseveralmistakesin thetutorial's text.
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Chapter 2. System Specication Analysis

2.1. Overview

Figure 2-1. Speci cation analysisusing SCE
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The systemdesignprocessstartswith the speci cation modelwritten by the userto

specifythe desiredsystemfunctionality. It formsthe input to the seriesof exploration
andre nementstepsn the SoCdesignmethodologyMoreover, the speci cationmodel

de nesthegranularityfor explorationthroughthe sizeof the leaf behaiors. It exposes
all available parallelismanduseshierarchyto grouprelatedfunctionality and manage
compleity.

In this chapterwe go throughthe stepsof creatinga projectin SCEandinitiating the
systemdesignprocessas highlightedin gure 2-1. The variousaspectf the speci-
cation are obsened throughsimulationand pro ling. Also, the modelis graphically
viewedwith the helpof SCEtools.
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2.2. Speci cation Capture

The systemdesignprocessstartswith the speci cation modelwritten by the userto

specifythe desiredsystemfunctionality. It formsthe input to the seriesof exploration
andre nementstepsn the SoCdesignmethodologyMoreover, thespeci cationmodel

de nesthegranularityfor explorationthroughthe sizeof theleaf behaviors. It exposes
all available parallelismanduseshierarchyto grouprelatedfunctionality and manage
complity.

In this section,we go throughthe stepsof creatinga projectin SCE andinitiating the
systemdesignprocess.The variousaspectf the speci cation are obsenred through
simulationandpro ling. Also, the modelis graphicallyviewed with the help of SCE
tools.

Themodelsthatwe will dealwith in this phaseof systemdesignareuntimedfunctional

models.The tasksof the systemspeci cation, referredto asbehaiors in our parlance,
follow a causalbrderof execution.Themainideain this sectionis to introducethe user
to the SCEGUI andto demonstratéhe capabilityof graphicallyviewing the behaiors

andtheir organizationin the speci cationmodel.

10
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To launchthe SCE GUI, simply run "sce" from the shell prompt. On launchingthe
System-on-ChifEnvironment(SCE),we seetheabore GUI. TheGUI is dividedbroadly
into threeparts Firstis the"projectmanagementivindow onthetopleft partof theGUI,

which maintainsthe setof modelsin the openprojects.This window becomesactive

oncea projectis openedand a designis addedto it. Secondly we have the "design
managementivindow on the top right wherethe currentlyactive designis maintained.
It showvsthehierarchytreefor thedesignandmaintainsvariousstatisticsassociatevith

it. Finally, we have the"logging"” window atthe bottomof the GUI, which keepgshelog

of varioustoolsthatarerun duringthecourseof thedemo.We keeplogsof compilation,
simulation,analysisandre nementof models.

TheGUI alsoconsistf atool barandshortcutdor menuitems.TheFile menuhandles
le relatedservicedike openingdesignsimporting modelsetc. The Edit menuis for
editing purposesThe View menuallows variousmethodsof graphicallyviewing the
design.TheProject menumanagesariousprojects.The Synthesis menuprovidesfor
launchingthe variousre nementtools andmakingsynthesislecisionsThe Validation
menuis primarily for compilingor simulatingmodels.

11
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The rst stepin working with SCEis openinga project.A projectis associatedvith
every designprocesssince eachdesignmight imposea different set of databasesr
dependencies he projectis henceusedby the designelto customizethe ervironment

for aparticulardesignprocessWe begin by selectingProject  Open from themenu
bar

12
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Eile Edit Miew Project Synthesis Yalidation Windows Help
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File name: |vocoder.sce I Open |
Madels File type:  SCE Project Files (*.5ce) _i| Cancel |

|

X compile |

Select project to open... 4

A Open le window popsup. For the purposeof thedemo,a projectis pre-createdWe
simply openit by selectingthe project"vocodersce"andleft click on Open buttonon
theright cornerof thethe pop-upwindow.

13
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Sincewe needto ensurghatthe pathsto dependenciearecorrectlyset,we now check

thesettingdor this precreatedivocodersce"projectby selectingProject  Settings...
from thetop menubar.

14
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2.2.2.3. Open project (cont' d)

vocoder.sce - So0C Environment

Eile Edit Wiew Project Synthesis Validation Windows Help
N mlsoca xR Xllae | ®

Design | Description

= [ ————

Compiler |_
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Liktary path: |

Libraties: I

Defines:

|
Undefines: |
[-v

Options:

Help | ok | cancel

H Compile |!

Ready

24

We now seethe compilersettingsshaving theimport pathfor themodel's librariesand

the'-v' (verbose)option. The Include path settinggivesthe pathwhich is searched
for headerles. The Import path is searchedor les importedinto the model. The

Library path is usedfor looking up the libraries usedduring compilation. Thereare

also settingsprovided for specifyingwhich librariesto link againstwhich macrosto

de ne andwhich to unde ne. Thesesettingsbasicallyform the compilationcommand.
To checkthe simulatorsettings)eft click onthe Simulator tah

15
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2.2.2.4. Open project (cont' d)
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4

[Ready

)

We now see the simulator settings shawing the simulation command for the
"vocodersce" project. There are settingsavailable to direct the output of the model
simulation.As canbe seenthe simulationoutputmay bedirectedto aterminal,logged
to a le or dumpedto an external console.For the demo,we direct the outputof the
simulationto anxterm.Also notethatthe simulationcommandmnaybe speci edin the
settings.This commands invoked whenthe modelis validatedafter compilation.The
vocodersimulationprocessed 63 framesof speectandthe outputis matchedagainsia
goldenle. PresOK to proceed.

16
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2.2.3. Open speci cation model

Eile | Edit Miew Project Synthesis Yalidation Windows Help
[ ew.. Cre iy @ | NI L I
. = Dpen... Crl+0 freees
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Exit Cirl+ G

X Compile | sinulate | Analyze | Refne | shell |

Open design (Ctrl+0) 4

We startwith thespeci cationthatwasalreadycapturecasamodel.We openthis model
to seeif it meetsthe desiredbehaior. Oncethe modelis validatedto be "golden”,we
will startre ning it andaddingimplementatiordetailsto it. We openthe speci cation
modelfor the Vocoderexampleby selectingFile  Open from the menubar.

17
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2.2.3.1. Open speci cation model (cont'd)

Eile Edit Miew Project Synthesis Yalidation Windows Help
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SIR files (".5ir) 4

SpecC files (*.5c)

Freprocessed SpecC files (".si)

File type:

Select design to open... 4

A le Open window popsup shaving the SpecCnternalrepresentatio(SIR) les. The
internalrepresentatiorles area collectionof datastructuresusedby the toolsin the
environment.They uniquelyidentify a SpecCmodel. At this time however, the design
is availableonly in its sourceform. We thereforeneedto startwith the sourcesSelect
"SpecCles (*.sc)"to view thesourceles.
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2.2.3.2. Open speci cation model (cont'd)

Eile Edit Miew Project Synthesis Yalidation Windows Help
D/ ml & 06| XK@ | X[ |2 B
--------------------------------------------------------------------------------------------------------- &
Design
Laok in: |aa’h0mefspeccfdemn.-’
@..
[
& SCE_Tutarial
=i
P& testbench.sc
File name: |testbench.sc Il Open
|~
Models File type:  SpecC filas {*.sc) _l| Cancel |
7|
_ﬂ Compile |
Select design to open... 4

The Open is updatedto shav the available source les of the GSM Vocoderdesign
speci cation.Selectthe le containingthe top hierarchyof the model.In this casethe
le is "testbench.sc"The testbenchinstantiateghe design-undetest (DUT) andthe
correspondingnodulesfor triggeringthe testvectorsandfor observingthe outputs.To

openthis le Left click onOpen.
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2.2.3.3. Open speci cation model (cont' d)

Note that a new window pops up in the design managementarea. It has two
sub-windavs. The sub-windav on the left shavs the Vocoderdesignhierarchy The
leaf behaiors are shovn with a leaf icon next to them. For instance,we seetwo
leaf behaviors: "stimulus”, which is usedto feed the test vectorsto the design,and
"monitor”, which validatesthe response’coder" is the top behaior of the Vocoder
model. It can be seenfrom the icon besidesthe "coder" behaior thatit is an FSM
composition. This meansthe Vocoder speci cation is capturedas a nite state
machine.Also note in the logging window that the SoC designhas beencompiled
into an intermediateformat. Upon openinga source le into the designwindow, it is
automaticallycompiledinto its uniqueinternalrepresentatiodes (SIR) whichin turn
is usedby thetoolsthatwork onthe model.
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2.2.3.4. Open speci cation model (cont' d)

The modelmaybe browsedusingthe designhierarchywindow. Parallelcompositionis
shavn with || shapedconsandsequentiatompositiorwith "' shapedcons.On select-
ing abehaior in thedesignhierarchywindow, we canseethebehaior's characteristics
in theright sub-windav. For instancethe behaior "vad_|Ip"hasportsshovn with yel-
low icons,variableswith grayiconsandsub-behgiors with blueicons.
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2.2.3.5. Open speci cation model (cont' d)

Beforemakingary synthesiglecisionsit is importantto understandhe compositionof
the speci cationmodel.lt is usefulbecausdhe compositionreally tells us which fea-
turesof the modelmay be exploited to gainmaximumproductvity. Naturally, the most
intuitive way to understanda model's structureis througha graphicalrepresentation.
Sincesystemmodelsaretypically very complg, it is more corvenientto have a hier-
archicalview which may be easilytraversed. SCE providesfor sucha mechanismTo
graphicallyview the hierarchyfrom thedesignhierarchywindow, select'coder”.Right
click andselectHierarchy. Notice thatthe menuprovidesfor a variety of serviceson
individual behaiors. We shallbe usingoneor moreof thesein duecourse.
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2.2.4. Browse speci cation model

A new window popsup shaving theVVocodemodelin graphicaform. As notedearliet
the speci cationis an FSM at the top level with threestatesof pre-processinghe bulk
of the coderfunctionalityitself and nally post-processing.
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2.2.4.1. Browse speci cation model (cont'd)

At this stage,we would like to delve into greaterdetail of the speci cation. To view
themodelgraphicallywith higherdetail,selectView  Add level. Performthis action
twice to getamoredetailedview. As canbeseentheView menuprovidesfeaturedike
displayingconnectvity of behaiors, modifying detail level andzoomingin andout to
getabetterview.
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2.2.4.2. Browse speci cation model (cont'd)

Zoomoutto getabetterview by selectingview  Zoom out
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2.2.4.3. Browse speci cation model (cont'd)

Scroll down the window to seethe FSM and sequentialcompositionof the Vocoder
model.Note that the speci cation model of the GSM Vocoderdoesnot containmuch
parallelismlinsteadmary behaiors aresequentiallyexecuted Thisis dueto theseveral
datadependencies thecode.For ourimplementationthisis animportantobsenation.

Sincethereis not muchparallelismin the codeto exploit, speeduganbeachiezedonly

by useof fastercomponentsOneway to speedupis to usededicatechardwareunits.

Exit the hierarchybrowserby selectingWindow  Close
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2.2.5. View speci cation model sour ce code

We canalsoview the sourceof the modelsconvenientlyin SCE.For example,to check
the sourcefor behaior "coder",just click ontherow in the hierarchyto selectit. Then
right click to bring up amenuandclick on Source.
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2.2.5.1. View speci cation model sour ce code(cont' d)

The SpecC Editor pops up containingthe sourcecode for the selectedbehaior.
Changedo the sourcecodecanbe madeusingthe editor. After reviewing the source
code,closetheeditorby selectingFile  Close from its menubar.
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2.3. Simulation and Analysis

Oncewe have capturedhe speci cationasa modelandbrowsedthroughits behaioral

hierarchyandconnectwity, we needto ensurethatour speci cationis correct.We also
needto analyzeour speci cationmodelto derive interestingobsenationsaboutthe na-

ture of the computation.The checkfor correctnesss doneby simulatingthe model.
Note that the modelis purely functional, so the simulationruns very quickly. This is

alsoa goodtime to delug themodelfor functionalerrorsthatmight have creptin while

writing it.

After themodelis veri ed to be functionally correct,we proceedo the analysisphase.
For this, we needto pro le the modelusingthe pro ling tool availablein SCE.The
pro le givesus usefulinformationlik e the aboutof computationjts distribution over
the variousbehaiors in the model andits nature.This informationis needto make

crucialarchitecturathoicesaswe will seeasthedemoproceeds.

29



Chapter2. Systenpeci cationAnalysis

2.3.1. Simulate specication model

We mustnow proceedto validatethe speci cation model. Remembethat we have a
"golden” output for encodingof the 163 framesof speech.The speci cation model
would meetits requirementsf we cansimulateit to producean exact matchwith the
goldenoutput.In practice,a morerigorousvalidationprocesss involved. However, for
the purposeof the tutorial, we will limit oursehesto one simulationonly. Startwith
addingthe currentdesignto our Vocoderprojectby selectingProject ~ Add Design
from themenubar.
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2.3.1.1. Simulate speci cation model (cont'd)

Theprojectis now addedasseenn theprojectmanagemenworkspaceontheleft in the
GUI.
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2.3.1.2. Simulate speci cation model (cont'd)

We mustnow renamethe projectto have a suitablename.Remembethat our method-
ology involved 4 modelsat differentlevels of abstraction As thesenev modelsare
producedwe needto keeptrack of them.Right click on "testbench.sirandselectRe-

name to renamethe designto "VocoderSpec"This indicatesthat the currentmodel
correspondso thetopmostievel of abstractionpnamelythespeci cationlevel. Notethat
the extension".sir" would be automaticallyappendedAlso notethat a modelmay be
madeactivated,deleted renamedandandits descriptionmodi ed by right click on its

namein the projectmanagementindow.
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2.3.1.3. Simulate speci cation model (cont'd)

After the projectis renamedo "VocoderSpec.sir've needto compileit to producean
executableThis may be doneby selectingvalidation =~ Compile from the menubar.
Note thatthe validationmenualsoprovidesfor codeinstrumentatiorwhich is usedfor
pro ling. Moreover, we have choicesfor simulatingthe model, openinga simulation
terminal,killing a runningsimulation,viewing the log, pro ling, analyzingsimulation
results,modelevaluation,displayingmetricsand estimatesetc. All thesefeatureswill
be usedin duecourseof our systemdesignprocess.
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2.3.1.4. Simulate speci cation model (cont'd)

Notethatin the loggingwindow we seethe compilationmessageandan outputexe-
cutable"VocoderSpecls created.
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2.3.1.5. Simulate speci cation model (cont'd)

The next stepis to simulatethe modelto verify whetherit meetsour requirementsor
not. This maybedoneby selectingvalidation  Simulate from themenubar.
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2.3.1.6. Simulate speci cation model (cont'd)

Note thatan xterm popsup showving the simulationof the Vocoderspeci cationmodel
onal63framespeectsampleThesimulationshould nish correctlywhichisindicated
by the exit statusbeing'0’. It canbe seenthat 163 speectframeswerecorrectlysimu-

latedandtheresultingbit le matchegheonegivenwith thevocoderstandardlt maybe

notedthateachframehasanencodingdelayof O ms.Thisis abecaus®urspeci cation
modelhasno notion of timing. As explainedin the methodologythe speci cationis a
purely functionalrepresentationf the designandis devoid of timing. For this reason,
all behaiors in the modelexecutein 0 time therebygiving an encodingdelayof O for

eachframe.PressRETURNTo closethis window andproceedo the next step.

36



Chapter2. SystenSpeci cationAnalysis

2.3.2. Prole specication model

In orderto selecttheright architecturor implementingthe model,we mustbegin by
pro ling thespeci cationmodel.Pro ling providesuswith usefuldataneededor com-
paratve analysisof variousmodulesn thedesignlt alsocountsthevariousmetricslike
numberof operationsclassandtype of operation,dataexchangedetweenbehaiors
etc. Thesestatisticsarecollectedduring simulation.Pro ling maybe doneby selecting
Validation  Prole fromthemenubar
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2.3.2.1. Prole specication model (cont' d)

Theloggingwindow now shaws the resultsof the pro ling commandNote thatthere
is a seriesof stepsfor computingstatisticsfor individual metricslik e operationstraf c,
storageetc. Oncethesestatisticsare computedthey are annotatedo the model and
displayedn the designwindow.
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2.3.2.2. Prole specication model (cont' d)

It mayalsobe notedthatthe designmanagemenwindow now hasnewn columnentries
thatcontainthe pro le data.Maximize this window andscroll to the right to seevari-

ousmetricsfor behaiors selectedn thedesignhierarchy Thecurrentscreershotshovs

Computation, Data, Connections andTraf ¢ for thetoplevel behaior "coder".Com-

putation essentiallymeansthe numberof operationsn eachof the behaiors. Data

refersto the amountof memoryrequiredby the behaiors. Connections indicatethe
presencef inter-behaior channelor connectiorthroughvariablesTraf ¢ refersto the
actualamountof dataexchangedetweerbehaiors. The metricsmayalsobe obtained
for otherbehaiorsin thedesignbesidescoder".
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2.3.3. Analyze pro ling results

Oncewe have the pro ling results,we needa comparatre analysisof the variousbe-
haviors to enablesuitablepartitioning. Here we analyzethe six mostcomputationally
intensive behaiors namely'lp_analysis","open_loop","closed_loop",'codebook_cn",
"update"and "shift_signals."They may be multi-selectedin the designhierarchyby
pressingCNTRL key andleft clicking onthem.Theseparticularbehaiorswereselected
becausdhesearethe major blocksin the behaior "coder_12k2"whichin turnis the
centralblock of theentirecoder Thusthe selectedehaiors shav essentialljthe major
partof the actiity in the coder We ignorethe pre-processingndthe post-processing

blocks,becausé¢hey areof relatively lowerimportance.

40



Chapter2. SystenSpeci cationAnalysis

2.3.3.1. Analyze proling results (cont'd)

In orderto selecta suitablearchitecturefor implementingthe system,we must per

form not only an absolutebut also a comparatre study of the computationrequire-
mentsof the selectedbehaiors. SCE providesfor graphicalview of pro ling statistics
which may be usedfor this purpose After the multi-selectionwe right click andselect

Graphs  Computation from themenubar
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2.3.3.2. Analyze proling results (cont'd)

We now seea bar graphshawving the relative computationalintensity of the various
behaiors in the selectedbehaiors. Essentiallythe graphshaws the numberof opera-
tionson the Y-axisfor theindividual behaiors on the X-axis. Doubleclick on the bar
for codebook_crio view the distribution of its variousoperationsNote that we select
"codebook_cnbecausdt is the behaior with the mostcomputationatompleity.

Note thatthe barsrepresentinghe computationfor "codebook_cn'and"closed_loop"
have two sectionsThelower sectionis lled with redcolorandtheuppersectionis par
tially shadedEachspeechrameconsistsof four sub-framesandthe behaiors "code-
book _cn"and"closed_loop"areexecutedor eachsubframean contrasto otherbeha-
iorsin thegraph,which areexecutedonce.Hencethe lled sectionof thebarrepresents
computatiorfor eachexecutionof behaior andthe completebar (includingthe shaded
section)representsomputatiorfor theentireframe.
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2.3.3.3. Analyze pro ling results (cont'd)

A new window popsup showving a pie chart. This pie chartshaws the distribution of
variousoperationdike ALU, Control, MemoryAccess etc.We areinterestedn seeing
thetypesof ALU operationfor this design.To do this doubleclick onthe ALU (green)
sectorof the pie chart.
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2.3.3.4. Analyze proling results (cont'd)

A new window popsup shaving anotherpie chart.This pie chartshavs the distribution

of ALU operationslt canbe seenthatall the operationsareinteger operationsyhich

is typical for signalprocessingpplicationlik e the Vocoder Sinceall the operationsare
integral, it doesnot make senseo have ary oating point unitsin the design.Instead,
we needa componentvith fastintegerarithmeticlike a DSP To seethe distribution of

theseintegeroperationsagaindoubleclick on the pie chart.
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2.3.3.5. Analyze pro ling results (cont'd)

A new window popsup shaving anotherpie chart.This pie chartshavs the distribution
of thetypeof integeroperationsWe canseethatthe majority of theoperationss integer
arithmetic.To view thedistribution of thearithmeticoperationtypes,againdoubleclick
onthesectorfor "Int Arith".
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2.3.3.6. Analyze pro ling results (cont'd)

We cannow obsenre the distribution of arithmeticoperationdik e "multiplication”, "ad-
dition", "increment","decrement”etc. on a new pie chart. Note that 3 quartersof the
operationsare additionsor multiplications,thusit would be a goodideato have these
two operationgirectly supportedy a speci ¢ hardwareunit.

The combinationof visual aidslik e bar graphsand pie chartsgivesa goodideaof the
natureof intendedsystem Pleasecloseall the pop-upwindows to concludethe speci -
cationanalysisphase.
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2.4. Summary

In this chapterwe looked at how to startwith the systemspeci cationandanalyzeits
characteristicaMe werefamiliarizedwith the SCEgraphicaluserinterfaceandthe pro-
ling, analysisandsimulationtools. By meansof graphicaltools, we wereableto tra-
versethe hierarchyof the systemspeci cation model. Graphicalrepresentationalso
provideduswith informationon connectvity betweerbehaiorsin thedesign.Theuser
friendlinessof theserepresentationallows usto analyzeour designbetterwhich would
otherwisebe very cumbersome.

Pro ling andstatisticaldataaboutthespeci cationmodelalsogivesusinterestinghints.
For instancethe natureof computationn the modelshows us the appropriatecompo-
nentsto considerfor the systemarchitectureSimilarly, pie chartsandbargraphgor the
distribution of computatiorshown usthe critical behaiors andtheir nature As we move
forwardin the systemdesignprocessyve will have to make designdecisionsat various
stagesandsuchstatisticalanalysiswill be of greatvalue.In futureimplementation®n
thetool, theseanalysisresultsmay even be fed to automatictools to generateoptimal
systemarchitectures.
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Chapter 3. System Level Design

3.1. Overview

Figure 3-1. Systemlevel designphaseusing SCE
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Systemdesignis increasinglybeing performedat higherlevels of abstractionto deal
with a variety of issuesin this chapterwe look at systemlevel designtaskswith SCE
ashighlightedin gure 3-1. Firstly, we needto dealwith both HW and SW in a sin-
gle model.Secondlyandmoreimportantly compleity becomesinmanageablén this
chaptemwe will look atthesystemlevel designphaseasshavnin theabove gure. This
phasecomprisesf architectureexploration,serialization/ROS insertionandcommu-
nicationsynthesisArchitectureexplorationdealswith comingupwith a suitablesystem
architecturenddistributingthesystentasksin thespeci cationontothosecomponents.
Sinceeachcomponentasa singlecontrol, we needto serializethe tasksin eachcom-
ponent.Tasksthat are mappedtio SW canbe dynamicallyscheduledn the processor
by insertingan RTOS model.Finally, we performcommunicatiorsynthesigo comeup
with acommunicatiorarchitectureandre ne the datatransferandinterfacesto usethe
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communicatiorarchitectureThe goalof this phasas to comeup with amodelthatcan
sene asaninputto RTL synthesidor HW componentand SW generatiorfor proces-
sors.
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3.2. Architecture Exploration

Architectureexplorationis thedesignstepto nd thesystemlevel architectureandmap
differentpartsof thespeci cationto theallocatedsystemcomponentsinderdesigncon-
straintslt consistof thetasksof selectinghetargetsetof componentanappingoeha-
iors to the selecteccomponentandimplementingcorrectsynchronizatiorbetweerthe
componentsNotethatthe componentshemselesareindependengntitiesthatexecute
in a parallelcomposition.In orderto maintainthe original semanticof the speci ca-
tion, the componentsieedto be synchronizedisnecessaryArchitectureexplorationis
usually aniterative processwheredifferentcandidatearchitectureand mappingsare
experimentedo searchor a satishctorysolution.

As indicatedearliet the timing constraintfor the Vocoderdesignis the real time re-
sponseaequirementij.e., the time to encodeanddecodethe speectshouldbe lessthan
the speechtime. The testspeechhasa 3.26 secondsluration.Therefore the nal im-
plementatiormust meetthis time constraint.In this chapterwe seehow we arrive at
a suitablearchitecturewith keepingthis requiremenin mind andusingthe re nement
tool.
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3.2.1. Try pure software implementation

Thegoalof ourexplorationprocesss to implementhegivenfunctionalityonaminimal
costarchitectureandstill meetthetiming constraintThe rst approachs to implement
everythingin softwaresothatwe do nothave the overheadf addingextrahardwareand
associatedhterfaces.To accomplistthis, we rst selecta processoput of our compo-
nentdatabaserlhereafterwe mapthe entirespeci cationonto this processarOncethe
mappingis done,weinvoke theanalysigool to seeif the processoaloneis sufcient to
implementthe system.
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3.2.1.1. Try pure software implementation (cont'd)

Beforewe move on, thetop level behaior of the designneedsto be speci ed. Thisis
necessarypecausehe speci cationmodelmay have sometestbenchbehaiors, which
arenot goingto beincludedin the nal design.lt may be recalledthatthe projectwe
areworking with involvesnot only the design-undetest(DUT) but alsothe behaiors
that drive it. For example,the behaiors "Monitor" and"Stimilus" are just testbench
behaiors while the behaior "Coder"representshereal design.To specify"Coder"as
thetoplevel behaior, right click on"Coder"to bring upadropbox menuthenleft click
on Set As Top-Level.
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3.2.1.2. Try pure software implementation (cont'd)

As shawn in the gure, whenthetop level behaior "Coder"is speci ed, the namesof

all its child behaiors areitalicizedto distinguishthemfrom thetestbenchbehaiors. In

generalarny behaior which needgo betestedcanbe setastop level. So,in a generic
sensethedesignundertestcanbeidenti ed by theitalicizedfont.
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3.2.1.3. Try pure software implementation (cont'd)

We beagin by exploring the availablesetof componentsn the databaseThis s required
to selecta suitableprocessarTo view all availablecomponentandselectthe desired
processarselectSynthesis  Allocate PEs... from themenubar.
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3.2.1.4. Try pure software implementation (cont'd)

Now a PE Allocation window popsup. Thiswindow includesatableto displayimpor-
tant characteristice®f componentselectedor the design.In addition,it alsoprovides
a numberof buttons(on the right side) for useractions,suchasaddinga component,
removing a componentandso on. Sincewe have not allocatedany componentt this
point, thetablehasno entry.

To view the componentdatabaseand selectthe desiredcomponentpressthe Add...
button.
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3.2.1.5. Try pure software implementation (cont'd)

Now a PE Selection window is broughtup. Theleft sideof thewindow (Categories)
lists ve catggoriesof componentstoredin the databaseTheright sideof the window
displaysall componentsvithin a speci ¢ category alongwith their characteristicsAs
showvn in theabove gure, sincethe Processor catayory is selectedn the left side,15
commonlyusedprocessocomponentsredisplayedn detailontheright side.

The Componentescriptionincludesfeatureslike maximumclock speed measureof
the numberof instructionsper seconda costmetric, cachesizes,instructionand data
widthsandsoon. Thesemetricsareusedfor selectingthe right componentRemember
thatthepro ling datahasgivenusanideaof whatkind of componentvould be suitable
for theapplicationat hand.
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3.2.1.6. Try pure software implementation (cont'd)

Now if we gotothe Mem category, anumberof memorycomponentsvill bedisplayed
in detail on theright side of the window. If the memoryin the processors insufcient
for the applicationwe canaddexternalmemorycomponent$rom thistable.
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3.2.1.7. Try pure software implementation (cont'd)

Now if we go to the Controller category, a numberof widely usedmicro-controller
componentsvill bedisplayedn detailontheright sideof thewindow.
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3.2.1.8. Try pure software implementation (cont'd)

Throughearlierpro ling andanalyzing,we found out thatinteger multiplicationis the

mostsigni cant operationsn the original speci cation. Therefore,a x ed-pointDSP
would bedesirablefor this design.

UndertheDSP category, anumberof commerciallyavailableDSPsaredisplayedThese
DSPcomponentaremaintainedaspartof thecomponentibrary andmaybeimported
into the designuponrequirementSincethe Vocoderdesignprojectwas supportedoy

Motorola,our rst choiceis DSP5660Grom Motorola.

Left click the "Motorola_DSP56600row to selectit. Thenclick OK buttonto con rm
theselection.

60



Chapter3. Systenievel Design

3.2.1.9. Try pure software implementation (cont'd)

Now the PE Selection window goesaway andthe PE Allocation table hasonerow
thatcorrespondso ourselectedcomponentwhichhasatypeof "Motorola_ DSP56600".
This new componentvasnamedas"PEQ" by default. To make it moredescriptve for

laterreferenceit is desirablego renamait.

To renamat, justleft click in theName columnof therow. The cursorwill beblinking
to indicatedthatthetext eld is readyfor editing.
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3.2.1.10. Try pure software implementation (cont'd)

We will simply namethe componentas"DSP" sinceit is the only componenusedin
thedesignat thisinstanceProceedy typing "DSP"in thetext eld andpressreturnto
completethe editing. Thenpressthe OK to nish componengllocation.

62



Chapter3. Systenievel Design

3.2.1.11. Try pure software implementation (cont'd)

As mentionedearlier we will mapthe whole designto the selectedorocessarThis is
doneby assigrnthetop level behaior "Coder"to "DSP". Left click in the PE columnin
therow for the "Coder"behaior. A drop box containingallocatedcomponentgomes
up. Left click on"DSP"to mapbehaior "Coder"to "DSP".

It shouldbe notedthatary kind of mappingis allowed. However, sincewe areinves-
tigating a purely softwareimplementationgverythingin the designgetsmappedo the
"DSP".
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3.2.1.12. Try pure software implementation (cont'd)

As we canseenow, thedescendarbehaiors areall highlightedin redto indicatedthat
they aremappedo the"DSP" component.
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3.2.2. Estimate performance

The next stepis to analyzethe performanceof this architectureRecallthatwe have a
timing constrainto meet.We mustthereforecheckif a purely softwareimplementation
would still sufce. If not,wewill try someotherarchitectureNow we canestimatethe
performanceof this pure software mappingby selectingvalidation ~ Evaluate from
themenubar.
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3.2.2.1. Estimate performance (cont'd)

As we canseein theloggingwindow, are-tagetedpro ling is beingperformedNotice
in thelog informationthatraw statisticgeneratedluringpro ling areusedhere.Theraw
statisticsaretake asaninput to the analysistool thatgeneratestatisticsfor the current
architectureSince,we know the parametersf the DSRE the analysistool canprovide a
moreaccurataneasur@f actualtiming. Whenthatis done thepro led datais displayed
in thedesignwindow with the"DSP"tah Noticethatthistabhasappeare@tthebottom
of thedesigndata.Thetotal computatiortimeis shavn in termsof numberof DSPclock
cycles.
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3.2.2.2. Estimate performance (cont'd)

Thenumberof computatiorcyclesis arelevantmetricfor obsenation.However, it must
be corvertedto anabsolutemeasuref time sothatwe maydirectly verify if this archi-
tecturemeetsthe demandsTo nd outtherealexecutiontime in termsof secondsye
turn ontheoptionfor estimationby selectingvalidation ~ Show Estimates from the

menubar.
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3.2.2.3. Estimate performance (cont'd)

As seenin the designwindow, the computatiortime is in unit of "us". As we canseein
therow of behaior "Coder",the estimatedxecutiontime (~ 4.00secondsgxceedghe
timing constraintof 3.26seconds.
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3.2.2.4. Estimate performance (cont'd)

We canalsoview the designguality metricssuchasthe executiontime by selecting
View  Quality Metrics from the menubar.
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3.2.2.5. Estimate performance (cont'd)

A Design Quality Metrics table popsup, shaving that the estimatedexecutiontime
to be 4.02 secondswhich exceedsthe timing constraintof 3.26 secondsTherefore,
the pure software solution with a single "Motorola_ DSP56600'Hoesnot work. We,
therefore needto experimentwith otherarchitecturesTo proceedglick OK to closethe
Design Quality Metrics table.
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3.2.3. Try software/har dware implementation

Fromwhatwe obseredwhile studyingthe vocoderspeci cation, the designis mostly
sequentialThereis not muchparallelismto exploit. Whatwe needto reducethe execu-
tion time is a muchfastercomponenthanthe DSPwe used.Someof the critical time
consumingasksmaybe mappedo afasthardware.In thisiteration,we will try to add
onehardwarecomponenalongwith the DSPto implementhe design As we foundout
earlier oneof thecomputationallyintensve andcritical partin theVVocoderis the Code-
book behaior. We hopeto speedt up by mappingit to a customhardwarecomponent
andexecutetheremainingbehaiors onthe DSP

71



Chapter3. Systenievel Design

3.2.3.1. Try software/har dware implementation (cont'd)

As wedid earlief while selectingheprocessqrgoto Synthesis  Allocate PEs... on
themenubar.
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3.2.3.2. Try software/har dware implementation (cont'd)

This time, the PE Allocation table popsup. As we cansee,the previously allocated
"DSP" components displayed.To insertthe hardwarecomponentpressAdd... button
to goto componentlatabase.

73



Chapter3. Systenievel Design

3.2.3.3. Try software/har dware implementation (cont'd)

In the Custom Hardware cateyory, two generaltypesof hardware componentsare
displayed Herewe will usethe standarchardwaredesignwith a datapattanda control
unit. Selectthe"HW _Standard'andpressOK to con rm theselection.
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3.2.3.4. Try software/har dware implementation (cont'd)

Now the "HW_Standard'components addedto the PE Allocation table.In the same
way we did for the "DSP" componentwe simply renameit to "HW" to distinguishit.
Notice that for the hardware componentsomemetricsare e xible. For instance the
clock periodmaybe changedHowever, we staywith the currentspeedof 100 Mhz for
demopurpose.
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3.2.3.5. Try software/har dware implementation (cont'd)

After we renamedt, pressOK buttonto completecomponengllocation.

76



Chapter3. Systenievel Design

3.2.3.6. Try software/har dware implementation (cont'd)

Remembewe have alreadyspeci edthetop level behaior andmappedll behaiorsto
"DSP"in the rst iteration.Thatinformationis still thereandwe do nothaveto specifyit

again.We only needto mapbehaior "Codebook'to the"HW" componentassuggested
earlier

Browsethe hierarchytreeto locatebehaior "Codebook".Click on "Codebook"in the
PE column.Click on "HW" in thedropbox to map"Codebook'to "HW". Thiswould
mapthe entiresubtreeof behaiors under'Codebook'to customhardware.
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3.2.3.7. Try software/har dware implementation (cont'd)

After the mapping,we will seethe subtreerootedat"Codebook'is highlightedin blue
in contrasto therestbehaiorsin redthataremappedo "DSP".
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3.2.4. Estimate performance

It mayberecalledthatwe abandonethepuresoftwareimplementatiorbecausd failed
on meetingthe timing constraintlt is now time for usto verify if thetiming is metby
usingthe combinedsoftware/hardware design.To evaluatethis softwareandhardware
implementationgoto Validation  Evaluate onthemenubar.
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3.2.4.1. Estimate performance (cont'd)

As we canseein theloggingwindow, apro ling re-tagetedatthe DSPandHW archi-
tectureis beingperformedWhenit nishes, thepro led datais presentedn the design
window. In orderto nd out the executiontime of the Coder selectCoderbehaior in
thehierarchytree.By clicking onthe DSP tabof theview-panejnformationof the DSP
partof "Coder"behaior is displayed For example,the executiontime of the software
parton DSPis around2.68seconds.
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3.2.4.2. Estimate performance (cont'd)

To nd outtheinformationon hardwareside,click the HW tah The view-paneshowvs
that the executionof hardware part, behaior "Codebook",takes 0.54 secondsSince
"Codebook"was executedin sequentialcompositionwith the rest of the design,the
lateng of the designis the sumof DSPandHW executiontime, whichis 3.22(2.68+
0.54)secondsRecallthatthetiming requirements to belessthan3.26 seconddor the
givenspeecldata.Thereforethe currentarchitectureandmappingareacceptable.
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3.2.4.3. Estimate performance (cont'd)

Like we did earlier we canalsoview theexecutiontime in the Design Quality Metrics
table.To doso,selectView  Quality Metrics from themenubar.
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3.2.4.4. Estimate performance (cont'd)

As shavnin the gure, theDesign Quality Metrics tableincludinga numberof design
guality metricsis displayed.lt con rms that the total executiontime is 3.22 seconds,

sameaswhatwe gured outearlier After reviewing the quality metrics,click on OK to
closethetable.
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3.2.5. Generate architecture model

Now we canre ne thespeci cationmodelinto anarchitecturenodel,whichwill exactly

re ect thethis architectureandmappingdecisionsThis canbe doneeithermanuallyor

automatically As we mentionedearlier an architecturere nementtool is integrated
in SCE.To invoke thetool, goto Synthesis  Architecture Re nement... . Thetool

changeshemodelto re ect thepartitionwe createdandalsointroducessynchronization
betweenthe parallely executingcomponentsNote that we have not decidedto map
variablesexplicitly to componentsi-or demopurposesywe will leave this decisionto be

madeautomaticallyby the re nementtool. However, it needso be mentionedthatthe

designemaychooseo mapvariablesn thedesignasdeemedsuitable.
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3.2.5.1. Generate architecture model (cont'd)

A dialogbox popsup for selectingspeci ¢ re nementtasksof architecturee nement.
By default, all taskswill be performedn onego.Now pressthe Start buttonto startthe
re nement.lt mustbenotedthattheuserhasanoptionto dothearchitecturge nements
onestepat atime. For instance a designemmay wantto stopat behaior re nementif

heis not primarily concernedboutobservinghe memoryrequirementsr theschedule

oneachcomponentNeverthelessin ourdemowe performall stepsto generatehe nal
architecturanodel.
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3.2.5.2. Generate architecture model (cont' d)

As displayedin the logging window, the architecturere nementis being performed.
After there nement,the newly generatedrchitecturanodel"VocoderSpec.arch.sir$
displayedo thedesignwindow. It is alsoaddedo the currentprojectwindow, underthe
speci cation model "VocoderSpec.sirto indicatethat it was derived from "Vocoder
Spec.sir' Pleasenotethat, while thearchitecturae nementonly took afew secondgo
generateawhole new modelhasbeencreated.
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3.2.6. Browse architecture model

In this sectionwe will look atthearchitecturanodelto seesomeof its characteristics.

Sincethetop level behaior is "Coder",thetestbenchbehaiors arenot changediuring
architecturae nement. Thereforelet's select'Coder"by clicking in the corresponding
row in thedesignwindow. We would lik e to seehow thedesignlookswhenit is mapped
to the selectedarchitectureTo view the hierarchyof the new "Coder" behaior, go to
View  Hierarchy....
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3.2.6.1. Browse architecture model (cont'd)

A window popsup, shaving all sub-behwiors of the"Coder"behaior. As we cansee,
this new top level behaior Coderin the architecturemodelis composedf two new
behaiors, "DSP" and"HW", which were constructedandinsertedduring architecture
re nement.Thesebehaiors atthetop level indicatethe presencef two componentse-

lectedin thearchitectureNotethatthey arealsocomposedn parallel,whichrepresents
theactualsemanticof thearchitecturenodel.
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3.2.6.2. Browse architecture model (cont' d)

We would now like to seehow the "DSP" and "HW" behaiors are communicating.
This will verify if the re nement process was correctly executed. Go to

View  Connectivity to seethe connecwity betweenthe "DSP" and the "HW"
components.
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3.2.6.3. Browse architecture model (cont'd)

Enlage the new window and scroll down to view the connectity of the two com-
ponentsWe canseethat"DSP" and"HW" componentsre connectedhroughglobal
variablechannelswhich wereinsertedduring the architecturee nement. This is dif-
ferentfrom the original speci cationmodel,whereonly globalvariableswereusedfor

communication.

After checkingthe new architecturemodel, we can closethe pop up window and go
backto thedesignwindow by selectingwindow  Close from themenubar.
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3.2.6.4. Rename architecture model

Likewhatwe did for thespeci cationmodel,we alsochangeghe nameof thenew model
to be"VocoderArch.sir'in the projectwindow. The renamings just for the purposeof
maintaininga nomenclaturschemaandto correctlyidentify theindividual models.
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3.2.7. Simulate architecture model (optional)

This sectionshaws the simulationof the generatedrchitecturemodel.If the readeris
not interestedsheor he canskip this sectionandgo directly to Section3.3 Softwae
Sdedulingand RTOSModel Insertion(page95).

So far we have graphically visualizedthe automaticallygeneratedarchitecture We
have seenthat in termsof its structuralcomposition,the model meetsthe semantics
of an architecturelevel modelin our SoC methodology However, we also needto
con rm thatthe modelhasnotlost ary of its functionalityin there nementprocessin
other words the nev model must be functionally equivalentto the speci cation. We
will validatethe architecturemodelthroughsimulation.But rst we needto compile
the modelinto an executable.To compile the architecturemodelto executable select
Validation = Compile from themenubar.
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3.2.7.1. Simulate architecture model (optional) (cont'd)

The messages the logging window show that the architecturemodel is compiled
successfullywithout any syntaxerror Now in order to verify thatit is functionally
equivalent to the speci cation model, we will simulate the compiled architecture
modelon the samesetof speechdatausedin the speci cationvalidationby selecting
Validation  Simulate from themenubar.
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3.2.7.2. Simulate architecture model (optional) (cont'd)

The simulationrunis displayedn a new terminalwindow. As we cansee thearchitec-
turemodelwassimulatedsuccessfullyfor all 163framesspeectdata.Theresultbit le
is alsocomparedwith the expectedgoldenoutputgivenwith the VocoderstandardWe
have thusveri ed thatthe generatedrchitecturanodelis functionally correct.In addi-
tion, the simulationof the architecturemodel shavs that the processingime for each
frameis 16.35ms, which wasnot availablewhensimulatingthe speci cationmodel.

It mustbenotedasbeforethatthetestingprocessequiredairly intensive execution,but
for thedemopurposesve will omit multiple simulationsandjustshow theconceptThis
concludeghe stepof architecturesxploration.
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3.3. Software Scheduling and RTOS Model Insertion

Thenext stepin thesystemevel designprocesss theserializatiorof behaior execution
on the processinglementsProcessinglementgPEs)have a singlethreadof control
only. Therefore behaiors mappedto the samePE canonly executesequentiallyand
have to be scheduledSoftwareschedulingandRTOS modelinsertionis the designstep
to schedulehebehaiorsinsideeachPE.

Dependingnthenatureof the PEandthedatainter-dependencie®ehaiors aresched-
uledstaticallyor dynamically In a staticschedulingapproachbehaiors areexecutedn
a x edandpredeterminedrder, possibly attening partsof thebehaioral hierarchyIn
adynamicschedulingapproacton the otherhand,the orderof executionis determined
dynamicallyduring runtime. Behaviors are arrangednto potentially concurrentasks.
Insideeachtask,behaiors areexecutedsequentiallyA RTOS modelis insertednto the
design.The RTOS model maintainsa pool of task behaiors and dynamicallyselects
ataskto executeaccordingto its schedulingalgorithm.In this chapterwe seehow we
make schedulingdecisionsusingSCE.
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3.3.1. Serializ e behavior s

To startbehaior schedulingselectSynthesis  Schedule behaviors from themenu
bar
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3.3.1.1. Schedule software

A Scheduling window will pop up. This window includesschedulingoptionsfor two
PEs(DSPandHW). We begin by selectingthe schedulingalgorithmfor the software.
We cando eitherstaticschedulingor dynamicschedulingfor the software.In caseof
dynamicschedulinga RTOS modelcorrespondingo the selectedschedulingstratey
is importedfrom the library andinstantiatedn the PE. The RTOS modelprovidesan
abstractiorof the key featuresthat de ne a dynamicschedulingoehaior independent
of any speci ¢ RTOS implementationSCE providestwo RTOS modelswith different
dynamicschedulingalgorithms:round-robinandpriority based.

97



Chapter3. Systenievel Design

3.3.1.2. Schedule software (cont'd)

Behavior schedulings doneby converting all concurrentSpecC'par” or "pipe" state-
mentsinto sequentiaktatementsThis conversionis achieved by performingthe "seri-
alize" operation®ontheintendedoehaiors. For example,assumehatbehaior "A" is a
"par" compositionof behaior "B" and"C". With a"serialize"operationbehaior "A"

will be changedo a sequentiakxecutionof "B" and"C" by default. Anotherkind of
operations;' atten" areoften performedduring behaior schedulingto changethe be-
havior hierarchy Continuingwith ourexample if behaior "B" itselfis composeaf "D"

and"E" in parallel,a" atten" operationon"B" removes"B" from"A" while promoting
its sub-behwaiors,"D" and"E" onelevel up. As theresult,behaior "A" becomes "par”
compositionof "D", "E" and"C". Note thatthe hierarchyrelationamongbehaiorsis
mostcorvenientlyrepresentedsatree,operations'serializetree"and" atten tree"are
alsoprovidedby SCEto serializeor atten behaiors of a subtreeecursvely.

In our design,for example,to serializethe sub-behwdiors of behaior "seql”,in the
designhierarchytree, selectbehaior "seql".Right click to bring up a menuwindow
andselectSerialize Tree from themenu.
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3.3.1.3. Schedule software (cont'd)

Now thatthetwo parallelchild behaiors of behaior "seql":behaior " nd_az_1"and
behaior " nd_az_2" arecornvertedinto two sequentiabehaiors. We canseethat be-
havior " nd_az_1"is executedbeforebehaior " nd_az_2". Thisexecutionorderis cre-
atedby thetool. Thedesignecanmodify the executionorder
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3.3.1.4. Schedule software (cont'd)

Selectbehaior " nd_az_2". Left click and move behaior " nd_az_2" beforebeha-
ior"nd_az_1". Now behaior "nd_az_2"is executedbefore" nd_az_1". In general,
the designercanspecifyarny "par"” or "pipe" statements$o be schedulecand manually
specifythe executionorderof ary parallelbehaiors in the samelevel. The remaining
parallelbehaiors caneitherbedynamicallyscheduledy the RTOS modelor statically
serializedby thetool.

Sincewe wantthetool to scheduleall thebehaiors automaticallywe restorethe execu-
tion ordercreatedy thetool. Selectbehaior " nd_az_1".Left click andmovebehaior
"nd_az_1" beforebehaior " nd_az_2".
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3.3.1.5. Schedule software (cont'd)

For ourexample sincetherearenotmary parallelbehaiorsin DSR we staticallysched-
ulethebehaiorsin DSR In thedynamicschedulingoox, click andselectNone.

Also, we will leave the decisionof behaior executionorderto be madeautomatically
by thetool. In the designhierarchytree,selectbehaior "Motorola_ DSP56600"Right
click andselectSerialize Tree.
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3.3.1.6. Schedule software (cont'd)

As shawvn in the gure, all the child behaiors of behaior "Motorola_DSP56600are
serialized Behaviorsthataremodi ed asaresultof serializatioraremarkedwith a"™*"
symbolnext to them.
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3.3.1.7. Serializ e behavior s in HW

The next stepis to serializebehaiorsin HW. Sincecustomhardwarecanonly be stati-
cally scheduledthedynamicschedulingpoxis disabledor HW. Click andselectHW in

the Scheduling window. In the designhierarchytree,selectbehaior "HW_Standard".
Right click andselectSerialize Tree.
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3.3.1.8. Serializ e behavior s in HW (cont' d)

Asshawnin the gure, all thechild behaiorsof behaior "HW_Standard'areserialized.
Click OK buttonto con rm the schedulingdecision.
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3.3.2. Generate serializ ed model

Oncethe schedulingdecisionshave beenmade we canre ne thearchitecturanodelto
re ect thechangesA softwareschedulinggndRTOS modelinsertiontool is integrated
in SCE.Thetool will generatéhemodelto re ect theschedulingalgorithmwe selected.
In caseof dynamicschedulinga RTOS modelis insertedinto the designandbehaiors
are corvertedinto taskswith assignedriorities. To invoke the tool, go to Synthesis
menuandselectScheduling Re nement .
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3.3.2.1. Re ne after serialization

A dialogbox popsupfor selectingspeci ¢ re nementtasks By default, all taskswill be
performedn onego. Presghe Start buttonto startthere nement.

It mustbe notedthatthe userhasanoptionto dothere nementtasksonestepatatime.
For instance a designemay selectonly staticschedulingf he or sheis not concerned
aboutobservingthe dynamicschedulingoehaior onthecomponent.
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3.3.2.2. Re ne after serialization (cont'd)

Theloggingwindow shonvsthere nementprocessAfter there nement,thenewly gen-
eratedserializedmodel"VocoderArch.sched.siis displayedto the designwindow. It
is also addedto the currentprojectwindow, underthe architecturemodel "Vocoder
Arch.sir"to indicatethatit wasdervedfrom "VocoderArch.sir".
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3.3.2.3. Re ne after serialization (cont'd)

As we did for previousmodels we changehenameof the serializedarchitecturanodel
to "VocoderSched.siiith the projectwindow.
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3.3.3. Simulate serializ ed model (optional)

This sectionshavs the simulationof thegeneratednodel.lf thereadetlis notinterested,
sheor he canskip this sectionandgo directly to Section3.4 CommunicatiorSynthesis
(pagell2)

Serializatiorre nementis now completewith the generatiorof anev model.However,
we alsoneedto con rm thatthe modelhasnot lost ary of its functionality in the re-
nement processin otherwordsthe new modelmustbe functionally equivalentto the
architecturemodel.

We will validatethe serializedarchitecturanodelthroughsimulation.But rst we need
to compilethemodelinto anexecutableTo compilethe serializedarchitecturenodelto
executablegoto Validation menuandselectCompile.
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3.3.3.1. Simulate serializ ed model (optional) (cont'd)

Themessagem theloggingwindow shavs thatthere ned modelis compiledsuccess-
fully withoutary errors.Now in orderto verify thatit is functionally equivalentto the

architecturanodel,we will simulatethe compiledmodelonthe samesetof speechdata

usedin the speci cationvalidation.Go to Validation menuandselectSimulate.
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3.3.3.2. Simulate serializ ed model (optional) (cont'd)

Thesimulationrunis displayedn a new terminalwindow. As we cansee theserialized
architecturemodelwas simulatedsuccessfullyfor all 163 framesof speechdata.The
resultbit le is alsocomparedvith the expectedgoldenoutputgivenwith the Vocoder
standardWe have thusveri ed thatthe generatede ned modelis functionally correct.
Notethatthe executiontime for eachframenow becomed9.77ms.Recallthatthe ex-

ecutiontime was16.35msfor eachframebeforethe softwareschedulings performed.
Theincreasef executiontimeis reasonablsincetheconcurrenyg in thepreviousmodel
is removedby the softwarescheduling.
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3.4. Communication Synthesis

Communicatiorsynthesigs the secondpart of the systemlevel synthesigprocessilt re-

nes theabstractommunicatiorbetweercomponenti thearchitecturenodel.Specif-
ically, the communicatiorwith variablechannelds re ned into anactualimplementa-
tion overwiresof the systembus. The stepsinvolvedin this processareasfollows.

We begin with allocationof systembusesandselectiornof busprotocols A setof system
busesis selectedout of the bus library and the connecwity of the componentawith
systembusess de ned. In otherwords,we determinea busarchitecturgor our design.

Thisis followedby groupingof abstractariablechannelsThecommunicatiorbetween
systemcomponentdasto be implementedwith bussesinsteadof variablechannels.
Thusthesechannelsare groupedand assignedo the chosensystembussesOncethis

is done,the automaticre nementtool produceghe requiredbus driversfor eachcom-

ponent.lt alsodividesvariablesinto sliceswhosesizeis the sameaswidth of the data
bus. Thereforethateachslice canbe sentor receved usingthe busprotocol. The entire

variableis sentor receved usingmultiple transfersf theseslices.
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3.4.1. Select bus protocols

As explainedearlier we begin by selectinga suitablebus for our system.Note thatin

the presencef only two componentspne bus would sufce. However, in generalthe
usermay selectmultiple busesif the needarises.Bus allocationis doneby selecting
Synthesis  Allocate Busses from themenubar.
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3.4.1.1. Select bus protocols (cont'd)

A Bus Allocation window popsup shaving the busallocationtable.Sincethereareno
busseselectedtthetime,thistableis empty We now click on Add to addbus(es)rom
the protocoldatabase.
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3.4.1.2. Select bus protocols (cont'd)

A Bus Selection window popsup shaving the contentsof the protocoldatabaseThe
columnontheleft shavsthethreecateyoriesof protocols.During componentselection
for architectureexploration,we hada classi cationof componentsLik ewise, the clas-
si cation hereshavs usthe availabletypesof bussesOn selectinga particularcateyory
with left click, thebussesinderthatcateyory aredisplayed For our demopurposeswe
selectthe Processobus"Motorola_DSP56600_PortAdndclick OK.

Notethatthearchitectureehoserfor thedesignhasanimpactontheselectiorof busses.
More often that not, the primary componentn the designdictatesthe bus selection
processin this case,we have a DSP with an associatedus. It makes sensefor the
designerto selectthatbusto avoid going throughthe overheadof generatinga custom
busadapter
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3.4.1.3. Select bus protocols (cont'd)

The selectionis now displayedin the bus allocationtableasshawn in the screenshot.
A default nameof "Bus0" is givento identify this systembus. In orderto includethis
busin the design,we needto specifywhich componenis going to be the masteron
the bus. This is doneby Left click underMasters column. Sincethis bus is for the
Motorola56600processothatwe have chosenthe masteris the processarRecallthat

the namegivento the processocomponentvas"DSP" We thusenterthe name"DSP"
underMasters columnandpressRETURN.
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3.4.1.4. Select bus protocols (cont'd)

Thebusselections now completeandwe can nish off with theallocationphaseby left
clicking on OK.
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3.4.2. Map channels to buses

Oncethebusallocationhasbeendone we needto groupthechannel®f thearchitecture
modelandassigrthemto thesystembusesRecallthatin thearchitecturanodel ,we had
communicatiorbetweencomponentsvith abstractvariablechannelsWe now have to
assignthosevariablechannelgo the systembus.

Expandthe designhierarchywindow andscroll to therightto nd anew columnentry
Bus.
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3.4.2.1. Map channels to buses (cont' d)

Like componentnapping,bus mappingmay be doneby assigningvariablechanneldo
buses However, to speedhings,we may assignthe top level componento our system
bus. Sincewe have only one systembus, all the channelswill be mappedo it. Thisis
doneby left clicking in therow for the "Coder"behaior underthe bus column.Select

thedefault"Bus0"andpressRETURN.
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3.4.3. Generate comm unication model

Now thatwe have completedusallocationandmapping we mayproceedvith commu-
nicationre nement. Like architecturee nement, this processautomaticallygenerates
a new modelthatre ects our desiredbus architecture.To invoke the communication
re nementtool, selectSynthesis  Communication Re nement from themenubar.
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3.4.3.1. Generate comm unication model (cont'd)

A new window popsup giving the userthe option to perform various stagesof the
re nement.Theusermaychooseo partially re ne themodelwithoutactuallyinserting
thebus,andonly selectingthe channelre nementphaseThis way, he canplay around
with different channelpartitions. Likewise, the usermight want to play aroundwith

differentbus protocolswhile avoiding "Inlining” theminto componentsThis way he
canplug and play with differentprotocolsbeforegeneratingthe nal inlined model.
By default all the stagesareperformedto producethe nal communicatiorre nement.
Sincewe have only onebus, andhencea default mapping,we opt for all threestages
andleft click on Start to proceed.
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3.4.3.2. Generate comm unication model (cont'd)

During communicatiorre nement, notethe varioustasksbeing performedby the tool
in theloggingwindow. Thetool readsin channelpartitions,groupsthemtogetheyim-
portsselectecbussesandtheir protocols,implementsvariablechannelcommunication
on bussesand nally inlinesthebusdriversinto respectre componentsOncecommu-
nicationre nementhas nished, a nevw modelis addedin the projectmanagemwindow.
It is named'VocoderArch.comm.sir/Also notethatwe have anew designmanagement
window ontheright sidein the GUI.
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3.4.3.3. Generate comm unication model (cont'd)

We now needto give our newly createccommunicatioomodelareasonabl@eame.To do
this, right click on "VocoderArch.comm.sirlh the projectmanagemwindow andselect
Rename from the pop-upmenu.Now renamehemodelto "VocoderComm.sir".
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3.4.4. Browse comm unication model

Likewe did afterarchitecturee nement,we browsethroughthe communicatiormodel
generatedy the re nementtool. We have to rst checkwhetherit is semanticallyand
structurallyrepresentinga modelasdescribedn our SoCmethodologyTo obsere the
model transformationgoroducedby communicationre nement, we needa graphical
view of the model. This is doneby left clicking to choosethe "Coder" behaior in the
designhierarchywindow andselectingview  Hierarchy from themenubar.

124



Chapter3. Systenievel Design

3.4.4.1. Browse comm unication model (cont'd)

A new window popsup shaving the modelwith DSPandHW componentsWe have
to obsene the bus controllersgeneratediuringre nementandthe addeddetailsto the
model.Hence we selectView  Add level from themenubarto view the modelwith
greaterdetail.
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3.4.4.2. Browse comm unication model (cont'd)

In the next level of detail, we cannow seetheinterrupthandler'sO_HW _handler'be-
havior addedin the masterto sene interruptsfrom the HW slave. To view the actual
wire connection®f the systembus, enlage window andselectView  Connectivity

from themenubar.

126



Chapter3. Systenievel Design

3.4.4.3. Browse comm unication model (cont'd)

The wire level detail of the connectionbetweencomponentsannow be seenin the
window. Notethatthe systenbuswiresaredistinguishedy greenboxes.Hencewe see
thatthe bus is introducedin the designandthe individual componentsare connected
with the bus insteadof the abstractvariable channels.On observingthe hierarchical
view further, we canseethedriversin eachcomponentsThesedriverstake the original
variablesandimplementthe high-level send/receie methodusingthebus protocol.

We have thusseenthatthe structureof communicatiormodelfollows the semanticof
the model explainedin our methodology We may completethe browsing sessionby
selectingwindow  Close from themenubar.
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3.4.5. Simulate comm unication model (optional)

This sectionshavs the simulationof the generatedommunicatiormodel.If thereader
is notinterestedsheor he canskip this sectionandgo directly to Section3.5 Summary
(pagel3l)

As a directanalogyto the validationof the architecturenodel,we have a stepfor val-

idating the communicationrmodel. The newly generatednodel hasalreadybeenver-

i ed to adhereto our notion of a typical communicatiormodel. We mustnow verify

that the communicationmodel generatedafter the re nement processis functionally
corrector not. Toward this end,the modelis rst compiled.This is doneby selecting
Validation  Compile from themenubar
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3.4.5.1. Simulate comm unication model (optional) (cont'd)

The modelshouldcompilewithout errorsandthis maybe obseredin theloggingwin-
dow. Oncethe modelhassuccessfullycompiled,we mustproceedo simulateit. Thisis
doneby selectingvalidation ~ Simulate from the menubar.
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3.4.5.2. Simulate comm unication model (optional) (cont'd)

An xtermnow popsup shaving the simulationin progressNotethatsimulationis con-
siderablyslower for the communicatiormodelthanfor the architectureandcommuni-
cationmodel.Thisis becausef thegreaterdetailandstructureaddedduringthere ne-
ment processAlso, it may be notedthat the executiontime for encodingeachframe
goesupto 19.89msfrom 19.77ms,which we hadfor the modelbeforecommunication
synthesisThisis becauseommunicatiorsynthesigeplacedheabstractintimedtrans-
actionswith detailed,timed bus protocols,which introducesnon-zerocommunication
delay However, the executiontime is still well within the 20 msconstrainfor encoding
eachframe.

With the completionof correctmodelsimulation,we aredonewith the phaseof com-
municationsynthesisOur new modelnow hastwo componentgonnectedy a system
bus. Themodelis now readyfor implementatiorsynthesis.
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3.5. Summary

In this chapterwe coveredthe systemlevel designphaseof our methodologyWith the
risein level of abstractionn systemspeci cation,it is nolongerfeasibleto startdesigns
atcycle accuratdevel. Insteadthe speci cationshouldbe graduallyre ned to derve a
cycle accuratanodel.We saw threemajorstepsn the systemlevel designandsynthesis
process.

Architecturere nementtook in the systemspeci cationmodelasinput. Basedon the
pro le of thespeci cation,we chosethe appropriatecomponent$o implementthe de-
siredsystemWe alsodelvedinto designspacesxplorationby seekinga purely software
solution.Whenthe softwaresolutionturnedout to be infeasible we addeda HW com-
ponentto meetthereal-timeconstrainof thedesign We alsodemonstratethe power of
automatiae nementto quickly comeupwith modelsandevaluatethem therebygreatly
enhancinglesignspaceexploration.In the future,we will look at how to automatehe
decisionmaking processso that the tool can proposean optimal systemarchitecture
basedn systemconstraintsandavailablecomponents.

Architecturere nementwasfollowed by software schedulingandthe RTOS insertion
step.Although, for this demo,we did not needto insertary RTOS, it is a featureavail-
ablein SCE.It allows for inclusion of usefultask schedulingalgorithmsfor dynamic
schedulingWe alsoprovide for staticschedulingof taskson bothHW andSW.

The nal majorstepof systemevel designis communicatiorsynthesisWe shovedhow

thedesignercanusethe databasef a variety of bus modelsto constructa communica-
tion architecturgor the design.Oncethe communicatiorarchitecturas complete the

designerganassignabstractiatatransferso acommunicatiomoutein thearchitecture.
Usingautomatiae nementin SCE,we shovedhow thedesignercouldquickly produce
a bus functionalcommunicatiormodelandseeif it ts the systemrequirementsThis

busfunctionalmodelsenesasaninputto thetasksof customHW generatiorandSW

codegenerationwhich aredescribedn the next two chapterIn the future, we would

like to enhancehe capabilitiesof our tool to performautomaticcommunicatiorsyn-

thesis,wherebythetool cangeneratea goodcommunicatiorarchitectureandstill meet
systemspeci cationconstraints.
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Chapter 4. Custom Hardware Design

4.1. Overview

Figure 4-1. Custom hardware generationusing SCE
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In this chapterwe look at customHW generatiorstepashighlightedin gure 4-1. The
bus functionalmodelderived from the systemlevel designphasemustnow be usedto
generateustomhardwarefor HW componentdn this phaseof RTL synthesispurgoal
is to generat@anRTL modelthatcanbefedinto industrystandardynthesigools.In this
chapterwe will dealexclusively with behaiors mappedo HW componentandshowv
how a cycle accuratenodelis derivedfrom a busfunctionalone.

First, super nite statemachinewith data(SFSMDWwill be generatedrom thecommu-
nicationmodel.Eachsuperstatein SFSMDcorrespond$o a basicblockin communica-
tion modelandwill have only data o w information.The control o w informationwill
be describedamongsuperstatesof the behaior. Superstatesn SFSMDwill be split
into multiple statesduring RTL synthesis.

133



Chapter4. CustomHardware Design

Secondthe RTL units for the customhardware are allocated.To get someinforma-
tion like numberof operationsnumberof variablesandnumberof datatransferan the
SFSMDfor the RTL allocation,thedesigneihasto run RTL analysistool.

Third, schedulingandbindingis doneby designeior by tools. The schedulingandbind-
ing informationwill beinsertednto the SFSMDmodel.

Finally, the SFSMD modelwith schedulingand binding informationis re ned into a
cycle-accurat&SMD modelby RTL re nementtool. There nementtool will alsoger
erateacycle accuratanodelin hardwaredescriptionanguages$ik e VerilogandHandel-
C. Thecycle accuratamodelin Verilog HDL canbe usedasinputto commerciallogic
synthesistools like SynopsysDesign Compiler We also generatethe cycle-accurate
modelin Handel-Cwhich canbefed into CeloxicaDesignKit.
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4.2. RTL Preprocessing

In our designmethodologyRTL designis modeledby Finite StateMachinewith Data
(FSMD) which nite statemachinemodelwith assignmenstatement@addedto each
statesThe FSMD cancompletelyspecifythebehaior of anarbitraryRTL design.

In this tutorial, we usean intermediaterepresentationsuper nite statemachinewith
data (SFSMD), where eachstatemay take more than one cycle to execute.The SF-
SMD will beautomaticallyre ned into cycle-accuraté&SMD afterRTL schedulingand
binding.
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4.2.1. View behavioral input model

Beforewe shav how to generateSFSMD ,we take alook athow input modelof custom
hardwaredesign.Selectthe behaior "Build_Code"by left clicking onit. We cantake a
look atthebehaioral inputmodelby selectingview  Source from themenubar.
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4.2.1.1. View behavioral input model (cont'd)

The SpecC Editor window pops up shaving the source code for behaior
"Build_Code".
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4.2.1.2. View behavioral input model (cont'd)

Scrollingdown thewindow, we canseethatthe behaior codehasloopsandconditional
branchconstructs.Therefore,our RTL synthesistool hasto handletheseconstructs.
Closethe SpecC Editor window by selectingFile  Close from its menubar.
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4.2.2. Generate SFSMD model

Now, we will shav how to generatesuper nite statemachinewith data(SFSMD).

To demonstratehe featuresof the our customhardware synthesistool, we will use

a particularbehaior called"Code_10i40_35bits"Browse the hierarchyin the design

hierarchywindow andselectbehaior "Code_10i40_35bits'We will be demonstrating
RTL designexplorationwith this behaior in therestof the chapter

In the SCE ,the stepof generatinghe SFSMDfrom thebehaioral inputmodelis called
RTL preprocessingwhich is necessaryor RTL synthesisRTL preprocessinganbe
invokedby selectingSynthesis  RTL Preprocessing from themenubar.
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4.2.2.1. Generate SFSMD model (cont'd)

An RTL Preprocessing dialog box popsup for selectingthe behaior andits clock
period. Select"Code_10i40_35bitsasthe behaior to be preprocessednd leave the
default clock period of the behaior as 10 ns. Note that the clock period hereis used
only for generatinga simulatable=SMD constructin SpecClt doesnot meanthateach
statein the SFSMDmodelwill eventuallytake 10 nsto execute.

In the dialog box, the option Keep original behavior meansthat the original beha-
ior de nitions for "Code_10i40_35bitsandits sub-behwaiors will be preseredin the
model. Their instanceswill, however, be replacedby the generatedSFSMD behaior
instancesn the hierarchy

Now click Start to begin preprocessing.
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4.2.2.2. Generate SFSMD model (cont'd)

Note that RTL preprocessingtepgeneratesiev SFSMDsfor 6 sub-behaiors in the
behaior "Code_10i40_35bits"as seenon the logging window. Also note thata new
model "VocoderComm.fsmd.sirls addedin the project managerwindow. This nev
model containsSFSMD behaiors mappedto HW componentwhich can be seenin
thedesignhierarchytree.

Again,we mustgive our nev modela suitablename We cando this by right clicking on
"VocoderComm.fsmd.sirdnd selectingRename from the pop up menu.Renamehe
modelto "VocoderFsmd.sir".

141



Chapter4. CustomHardware Design

4.2.3. Browse SFSMD model

Selectthebehaior "Build_Code FSMD'from the hierarchyby left clicking onit. The
generatedbFSMDleaf behaiors maybeviewedby selectingSynthesis  Schedule
& Bind RTL from the menubar.
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4.2.3.1. Browse SFSMD model (cont' d)

TheRTL Scheduling & Binding window popsup shaving all the statesn thebehaior
"Build_Code_FSMD".It alsoshaws all statementdgor the selectedstatein the right-
mostcolumn.We cango insideeachstateby clicking onthe correspondingircle in the
left-mostcolumn.In this screenshot, stateS9is selectedWe canseeall assignments
with operationsandstatetransitionsderivedfrom "if" statements.

Left click on Cancel to close RTL Scheduling & Binding window.
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4.2.4. View SFSMD model (optional)

We browsedthroughthe newly createdmodelin the RTL Scheduling & Binding win-
dow. In addition,we canalsoview the sourcecodeof the model. Note that if reader
is not interestedsheor he canskip this sectionto go directly Section4.2.5 Simulate
SFSMDmodel(optional) (pagel4?).

Selectbehaior "Build_Code FSMD'y left clicking onit. We now take alook atthe
sourcecodeto seeif the RTL preprocessingool hascorrectlygeneratedhe SFSMD
model.Do thisby selectingview  Source from themenubar.
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4.2.4.1. View SFSMD model (optional) (cont'd)

The SpecC Editor window pops up shaving the source code for behaior
"Build_Code FSMD".
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4.2.4.2. View SFSMD model (optional) (cont'd)

The behaioral input modelis changedo the SFSMD modelwith clock period10 ns.
Scrolldownthewindow to nd loopsandconditionalbranchconstructsn thebehaioral
inputmodelarechangedo statetransitions Still, eachstatehasalot of assignmentand
operationswhich have to be schedulecindbound.

Closethe SpecC Editor window by selectingFile  Close from the menubar.
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4.2.5. Simulate SFSMD model (optional)

For demopurposeswe will skip the SFSMD generationof thoseotherbehaiors as-
signedto HW componentEventhis partially re ned modelis actuallysimulatableTo
show this, rst compilethe modelby selectingvalidation =~ Compile from the menu

bar

If readeris not interestedsheor he canskip this sectionto go directly Section4.2.6
AnalyzeSFSMDmodel(pagel50).
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4.2.5.1. Simulate SFSMD model (optional) (cont'd)

Note that the SFSMD model compilescorrectly into executable"VocoderFSMD"as
seenin the logging window. We now proceedto simulatethe model by selecting
Validation  Simulate from themenubar.
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4.2.5.2. Simulate SFSMD model (optional) (cont'd)

Thesimulationwindow popsup shoving theprogressandsuccessfutompletionof sim-
ulation.We arethusensuredhatthe SFSMD generatiorstephastaken placecorrectly
Also notethatwe canperformthe SFSMD generatioron ary behaior of our choice.
This indicateghatthe userhascompletefreedomof delvinginto onebehaior atatime
andtestingit thoroughly Sincethe otherbehaiors areathigherlevel of abstractionthe
simulationspeeds muchfasterthanthe situationwhenthe entiremodelis synthesized.
Thisis abig advantagewith our methodologyandit enablegpartialsimulationof thede-
sign.Thedesignedoesnothaveto re ne theentiredesignto simulategjustonebehaior
in RTL.

In thissimulationwe seethedelayperframein the SFSMDmodeldecreaset® 17.05ns
from 19.89nscomparedo thecommunicatiormodel.Becauseachstatein the SFSMD
modelis arti cially assigned 10nsclockperiodeventhoughit hasalot of assignments
andoperationgo be split into multiple statesby schedulingandbinding.
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4.2.6. Analyze SFSMD model

Oncethe SFSMD modelis generatedywe needto allocateRTL componentsFor al-
location, we needto get somestatisticalinformation on design.The statisticalinfor-
mationcontainsthe numberof operationdor functionalunit allocation,the numberof
live variablesfor storageunit allocationandthe numberof datatransfersfor bus allo-
cationandthe numberof operationdn critical pathin eachstate.Thesekind of useful
information can be obtainedby performingRTL analysis.First we selectthe beha-
ior "Code_10i40_35bits'pf which we wantto getthe statisticalinformation. The RTL
analysiss performedby selectingvalidation ~ Analyze RTL from themenubar.
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4.2.6.1. Analyze SFSMD model (cont' d)

RTL analysigool goesoverall sub-behwgiorsin thebehaior "Code_10i40_35bits'and
generategheir statisticalinformationfor the allocation.
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4.2.6.2. Analyze SFSMD model (cont' d)

In orderto look at RTL analysisresultfor the behaior "Build_Code FSMD" select
Synthesis  Schedule & Bind RTL from the menubatr.
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4.2.6.3. Analyze SFSMD model (cont' d)

The RTL Scheduling & Binding window popsup showing the statisticalinformation
for the selectedbehaior. Fromleft to right in the left panelof the RTL Scheduling&

Binding window, it shavs numberof operationgOperations column)in eachstate,
numberof variablegVariables), numberof datatransferg Transfers), numberof oper

ationsin critical path(Delay), andpower dissipation(Power).
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4.2.6.4. Analyze SFSMD model (cont' d)

Moving the mouseover the barsin the graphgives us detailedinformation on each
catgyory. For instancejf we putthe mouseover the Operations columnin eachstate,
the operationswvhich areexecutedin the statewill be shovn like mult, L_mult, L_shr,

extract_|,suband> in stateS9.
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4.2.6.5. Analyze SFSMD model (cont' d)

If we move the mouseover the Variables columnin eachstate the variableswvhich are
live atthe endof the statewill beshown like code,i, index, indices,k, andtrackin state
S9.
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4.2.6.6. Analyze SFSMD model (cont' d)

If we move the mouseover the Transfers columnin eachstate the datatransfershap-
pensat the statewill be shavn. In stateS9,the numberof readtransferss 15 andthe
numberof write transfersg8.

Left click on Cancel to closetheRTL Scheduling & Binding.
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4.3. RTL Allocation

RTL allocationis one of importantstepsfor customhardware design.It is to select
numberof RTL component$or the designwhile meetingvariousconstraintsFor RTL
allocation,we needto geta statisticalinformationon the design.

The statisticalinformation containsthe numberof operationgor functional unit allo-
cation,the numberof live variablesfor storageunit allocationandthe numberof data
transferdor busallocationandthenumberof operationsn thecritical pathin eachstate.
Thesekindsof informationcanbe obtainedby performingRTL analysis.
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4.3.1. Allocate functional units

After we producea valid SFSMD modelduring preprocessingtep,the next stepis to
allocateRTL component$or HW partof the system.The allocationwill be guidedby

RTL statisticalinformation. To performthe allocation,selectSynthesis  Allocate
RTL Units from the menubar.
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4.3.1.1. Allocate functional units (cont'd)

An RTL allocationwindow popsup just like for componentandbussesleft click on
Add to seetheincludeunitsfrom the databasénto the design.
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4.3.1.2. Allocate functional units (cont'd)

A RTL Unit Selection window popsup for RTL unit selection.Therearevariouscate-
goriesfor theRTL componentdistedontheleft-mostcolumn.Left click on"Functional
Unit" to seethe functionalunits andtheir parametersn the right-mostcolumn.In this
tutorial, we will select3 functional units: "L_unit" and "op_unit" for saturatedarith-
metic operationsand"alu” for the otheroperationsTo selectanalu, left click on "alu”
andclick on OK to addit to RTL Unit Selection window.
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4.3.1.3. Allocate functional units (cont'd)

A new propertybox for thealu componenpopsup andshonvs thecon gurableparame-
ters.In caseof alu, bit width is the con gurable parameterLeft click on OK to usethe
default valueof 32 bits.
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4.3.1.4. Allocate functional units (cont'd)

Theallocatedalucomponenwill beshovnin theRTL Component Allocation window.
Left click on Name columnof theallocatedalu to renamdt to ALU1.

We mayrepeathelastprocedurdo allocatemoreRTL component$rom the database.
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4.3.1.5. Allocate functional units (cont'd)

In this way, we canallocatean"L_unit" andan "op_unit" andrenamethemto ALU2

andALU3 respectiely.
All desirablefunctional units for hardware implementationhave now beenselected.
However, we alsoneedstorageunitslik e register les andmemory Left click on Add.
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4.3.2. Allocate stora ge units

Left click on "RegisterFile" to seethe variousregister les andtheir propertiesLeft
click on "RF" to selectregister le andclick on OK to addit to RTL Unit Selection
window.
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4.3.2.1. Allocate storage units (cont'd)

A new propertybox for RF componenipopsup and shows the con gurable parame-
ters.In caseof RF, addressvidth andsize of register le aswell asbit width arethe
con gurableparameterd.eft click on"Addresswidth" to changes bitsto 5 bits.
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4.3.2.2. Allocate storage units (cont'd)

Sincetheaddressvidth is changedo 5 bits, theallowedaddresspacds 32 words.Left
click onsize to changel6 wordsto 32 words.

Left click on OK to addRFto RTL allocation.
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4.3.2.3. Allocate storage units (cont'd)

TheselectedRF componentwill beshovnin theRTL Component Allocation window.
Left click on Name columnof theallocatedRF to renamet to RF1.

167



Chapter4. CustomHardware Design

4.3.2.4. Allocate storage units (cont'd)

For the purposeof this designwe will need3 register les to performRTL synthesis.
To addmoreregister les in theallocationtable,simply Left click on Copy by 2 times.
Thisis a usefulway to replicatecomponentgor large sizedallocations.

Now, we have allocated3 register les. In the similar way, we canallocatea memory
component.
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4.3.2.5. Allocate storage units (cont'd)

In the"Memory" catgory, we selecthe"mem"typememory Its sizeis 256 words,and
thenits addressvidth is 8 bits. Also its bit width is 32 bits.

We are now donewith storageunit allocationandwe have to allocatebussedor data
transferdetweerstoragaunitsandfunctionalunits.Left click on Add to addmoreRTL

components.
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4.3.3. Allocate buses

Left click on "Bus" to seeits propertiesn the left-mostcolumn.Left click on "bus" to
selectthebusandpressOK.
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4.3.3.1. Allocate buses (cont' d)

A new propertybox for buscomponenpopsup andshovsthecon gurableparameters.
In caseof bus, bit width is the con gurable parameterLeft click on OK to addbusto
RTL allocation.
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4.3.3.2. Allocate buses (cont' d)

Theselectedbuscomponenwill beshavnin theRTL Component Allocation window.
Left click on Name columnof theallocatedbusto renamet to BUS1.

172



Chapter4. CustomHardware Design

4.3.3.3. Allocate buses (cont' d)

For the purposeof this designwe will need6 busesto performRTL synthesisTo add
morebusesn theallocationtable,simply left click on Copy by 5 times.Thisis auseful
way to replicatecomponentsor large sizedallocations.
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4.3.3.4. Allocate buses (cont' d)

We arenow donewith RTL componengllocation.Left click on OK to save the alloca-
tion informationin themodel.
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4.3.3.5. Analyze allocated SFSMD model

Before schedulingand binding, we may checkhow RTL allocationwill affect perfor
mancearea,andpowerin thedesign.To do so,we cango over RTL analysisagain.we
selectthe behaior "Code_10i40_35bitsfor which we wantto getthe statisticalinfor-
mation.The RTL analysiss performedby selectingvalidation  Analyze RTL from

themenubar
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4.3.3.6. Analyze allocated SFSMD model (cont'd)

RTL analysistool will go over all sub-behwiors in behaior "Code_10i40_35bits"and
generatehe more accuratestatisticalinformationwith the help of allocationinforma-
tion.
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4.3.3.7. Analyze allocated SFSMD model (cont'd)

Now, we will look atRTL analysisresultbecauseve allocatedRTL component$or the
designby selectingSynthesis  Schedule & Bind RTL from the menubar. Choose
thebehaior "Build_Code_FSMD'from the hierarchy
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4.3.3.8. Analyze allocated SFSMD model (cont'd)

TheRTL Scheduling & Binding window popsup shaving all the statesn thebehaior
"Build_Code_FSMD".In the left-most columns,we can seethe estimateddelay and

powersfor eachstate.For example,stateS9will take 41.80nsto executeandconsume
180.0mW.
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4.4. RTL Scheduling and Binding

Themostimportantstepsduring RTL synthesisareschedulingandbinding.Scheduling
is to decidethestarttime of operationsn adesign Bindingis to mapoperationgo func-
tional units (function binding) andto mapvariablesto storageunits (storagebinding),
andto map datatransfersto buses(connectionbinding). Due to the interdependence
of schedulingand binding, the order of thesestepsmay be interchangedo get better
design.

In our RTL designmethodologywe providesmanualschedulingandbindingfor thede-
signergo make decisionfor schedulingandbinding.But manualkchedulingandbinding
takestoo muchtime for the designerdo do andis tediousanderrorpronetask.We will
provide automaticschedulingandbindingtoolsby RTL plugins.

Note thatif readeris not interestedn how to do manualschedulingand binding, she
or he canskip this sectionto go directly Section4.4.2 Stheduleand bind automatically
(pagel9?2)
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4.4.1. Schedule and bind manually (optional)

SCEallowsfor thedesigneto manuallyschedulendbind theoperationsHowever, this

is atedioustaskandcanbe doneby automatedools. To performautomaticscheduling
and binding, the designercan skip the manualstepand go directly to Section4.4.2

Sdeduleandbind automatically(pagel92).

If RTL Scheduling & Binding window is not openyet, we have to openit againby
selectingSynthesis  Schedule & Bind RTL from themenubar. Choosdhebehaior
"Build_Code_FSMD'from the hierarchy

wewill shav how to specifycontrolstepfor eachstatemenin astateln RTL Schedul-
ing and Binding window, we select'S9" to do manualschedulingandbinding.In the
right sidepanelof theRTL Scheduling & Binding window, left checksonright sideof
thelabel”"L_S9 0".ThenCycle columnfor "L_S9 0"is activated.We canspecifythe
controlstepfor it. In this way, we canspecifycontrol stepfor all statemenin the state
S9.

Note thatif readeris not interestedn how to do manualschedulingand binding, she
or he canskip this sectionto go directly Section4.4.2 Stheduleand bind automatically
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(pagel9?2)
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4.4.1.1. Schedule and bind manually (optional) (cont'd)

To performmanuabindingfor operationsn thestateS9,right click onLabel,"L_S9_2".
It will popup amenufor the bindingoptions.SelectFull binding.
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4.4.1.2. Schedule and bind manually (optional) (cont'd)

Eachcolumnin astatemenin right sideof thewindow is now expandedo allow manual
binding. We will bind a function call, mult (Operation column),to "ALU3". To do so,
left click on 2nd blank row of the Operation column.Then pull-down menupopsup
andshaows all functionalunits which can performfunction call mult. In this case,one
possiblefunctionalunit, "ALU3" is shawvn in the pull-down menu.
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4.4.1.3. Schedule and bind manually (optional) (cont'd)

Wewill bindatargetvariableindex (Destination column)to RF1[7]. To doso,left click
on 2ndblankrow of the Destination column.Thenpull-down menupopsup andshavs
all storageunits In this case,four storageunits suchas"MEM1", "RF1", "RF2" and
"RF3" areshownn in the pull-down menu.Click on"RF1"to select'RF1".
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4.4.1.4. Schedule and bind manually (optional) (cont'd)

For storageunit binding,the addres®f thevariablein the memoryshouldbe speci ed.
Left click on right side of the 2nd row of Destination column. Specify the memory
addresdo 7 for variable"index". The-1 in addresseld for amemoryis default value

which meanghatthe addresgor the memoryis notboundyet.
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4.4.1.5. Schedule and bind manually (optional) (cont'd)

Likewise,sourcevariable,"i" is boundto RF2[3].
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4.4.1.6. Schedule and bind manually (optional) (cont'd)

So for, we performedfunctional unit and storageunit binding. We can specify more
informationon binding, suchasportsof the functionalunit andstorageunit andbuses
for datatransfersFor the outputportbindingof the functionalunit, left click on 1strow

of the Operation columnwhichwill show all outputportsin ALU3 unit.
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4.4.1.7. Schedule and bind manually (optional) (cont' d)

For theinput port binding of the functionalunit, left click on 3rd row of the Operation
columnwhichwill shavsall input portsin ALU3 unit.
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4.4.1.8. Schedule and bind manually (optional) (cont'd)

In this way, we canselectwrite portfor thewrite storageunit (RF1[7]) andreadportfor
thereadstorageunit (RF2[3]).
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4.4.1.9. Schedule and bind manually (optional) (cont'd)

For the bus binding, left click on 1strow of the Destination columnwhich shaws all
allocatedbuses For tamgetvariable"index”, "BUS3" is selectedor write.
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4.4.1.10. Schedule and bind manually (optional) (cont'd)

In this way, we can performall binding in the RTL Scheduling and Binding win-
dow. However manualbindingtakestoo muchtime andis anerrorpronetask. Theeasy
alternatve is to useautomaticschedulingandbindingtools.

Left click on Cancel. Otherwise the schedulingand binding informationwill be in-
sertedandthenusedby automaticschedulingandbindingtools. It maygeneratencor-
rectRTL model.
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4.4.2. Schedule and bind automaticall y

As alreadydiscussedmanualschedulingandbindingtakestoo muchtime for designer
to doandalsois errorpronetask.We will now performschedulingandbindingwith the
help of tools which implementschedulingandbinding algorithms.In our design o w,
an automaticdecisionmakingtools for system-lgel designarecalleda "Plug in". For
RTL schedulingand binding, we call "RTL Plugins"by selectingSynthesis  RTL

Plugins  scrtl_bind from the menubar. Before that, we have to selecta behaior
"Code_10i40_35bits".
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4.4.2.1. Schedule and bind automaticall y (cont' d)

An RTL Synthesis dialogbox popsup. In the middle of the dialog box, a pull-down
list is available to selectthe desiredbehaior. The default behaior in the list is the
onethatis highlightedin the behaior hierarchytree. For our demo, selectbehaior
"Code_10i40_35biteHW)" from thelist. By default, the clock periodof the behaior is
10ns.Now click on Startto begin "scrtl_bind".
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4.4.2.2. Schedule and bind automaticall y (cont' d)

Notethat"scrtl_bind" annotateschedulingandbinding informationinto SFSMDsfor
all 6 sub-behwiors of thebehaior "Code_10i40_35bits'gsseenn theloggingwindow.
Thetool nally generateshe SFSMDmodelfor thebehaior "Code_10i40_35bits".
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4.4.2.3. Browse scheduling and binding result (optional)

To checkthe schedulingand binding resultgeneratedyy "scrtl_bind", we have to go
over RTL Scheduling & Binding window again by selectingSynthesis  RTL
Scheduling & Binding from the menubar Beforethat, we have to selecta behaior
"Build_Code FSMD".

If readeris notinterestedn detailsof theschedulingandbindingresults sheor heskips
this sectionandgo directly Sectionrd.5 RTLRe nementpagel98).
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4.4.2.4. Browse scheduling and binding result (optional) (cont'd)

In theRTL scheduling and Binding window, Cycle columnshaws the control stepof
eachstatementTo seethe binding information,we activate Full binding by selecting
Full binding in the binding pop-upmenu.
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4.4.2.5. Browse scheduling and binding result (optional) (cont'd)

This is the schedulingand binding resultfor theL_S9 2andL_S9 3statementThe
statement._S9 2is scheduleactontrol stepl relative to the startof stateS9. Thefunc-
tion call "mult" is performedby ALU3. The variable"index" in statement._S9 2is
boundto RF1[2] which storesthe result of the function call "mult" throughthe bus

"BUS3".

Left click on Cancel.
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4.5. RTL Re nement

Sofar, we performedallocation,schedulingandbinding of which informationis anno-
tatedinto SFSMDmodel. Thenthe SFSMDmodelshouldbere ned into cycle-accurate
RTL modelwhichis representetty nite statemachinewith data(FSMD). The cycle-
accuratenodelwill re ect all schedulingandbindinginformation.

Basically this stepwill split the stateto the multiple statesre ecting schedulingnfor-
mation.Now eachstatewill take oneclock periodexactlyto perform.

TheRTL re nementtool cangenerateycle-accuraté-SMD modelin varioushardware
descriptionlanguagesuchas Verilog HDL and Handel-Cin additionto SpecC.The
Verilog HDL modelwill beusedto beinputof thecommercialogic synthesigool like
DesignCompilerfrom SynopsysAlso the Handel-Cmodelwill be fed into Celoxica
DesignKit to generateyate-level netlist.

198



Chapter4. CustomHardware Design

45.1. Generate RTL model

We re ne the SFSMD modelto cycle-accuratenodelby selectingSynthesis  RTL
Re nement from themenubar.

The re nement stepwill split the stateinto multiple statesre ecting the scheduling
information.Also, eachstatewill take exactly oneclock periodto execute.
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4.5.1.1. Generate RTL model (cont'd)

The RTL Re nement dialog box popsup shaving us all optionswhich canbe used
for re nementtool. At thetop of the dialog box, a pull-down list is availableto select
the desiredbehaior to be re ned. The default behaior is the onethatis highlighted
in the behavior hierarchytree.For our demo,select"Code_10i40_35bit§HW)" from

thelist thenleft click on Start to begin RTL re nement. Notice thatlike in the earlier
re nementphaseswe have optionsfor partial re nementsteps.The usermight avoid

somebinding stepsif he wantsto look at intermediatemodels.Also notethatwe have

selectedclockperiodof 10ns,correspondingo thespeedf our customhardwareunit.

It mayberecalledthatwhile selectinghe hardwarecomponentywe speci edahardware
componentvith clock speedf 100Mhz, whichimposesa clock periodof 10 ns.

TheRTL re nementtool cangenerateycle-accuraté-SMD modelin varioushardware
descriptionlanguagesuchas Verilog HDL and Handel-Cin additionto SpecC.The
Verilog HDL modelwill be usedto be input of the commerciallogic synthesistools
suchas Design Compiler from SynopsysAlso the Handel-Cmodel will be fed into
CeloxicaDesignKit to generatayate-level netlist.In thisdemo,we will generat&SpecC
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RTL andVerilog HDL modelfor thedesign.

Changeoutput le namefor the Verilog HDL modelto "VocoderRL.v".
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4.5.1.2. Generate RTL model (cont'd)

Note that RTL re nementstepgeneratesiewv RTL modelfor 6 sub-behaiors of the
behaior "Code_10i40_35bits"as seenon the logging window. Also note thata new
model"VocoderFsmd.rtl.sirls addedn the Projectmanagemwindow.
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4.5.1.3. Generate RTL model (cont'd)

Lik e before we mustgive our nev modela suitablename We cando this by right click-
ing on"VocoderFsmd.rtl.sirandselectingRename from thepopup menu.Renamehe
modelto "VocoderR L.sir".
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4.5.2. Browse RTL model

In order to look at RTL model for the behaior "Build Code RL", select
Synthesis  Schedule & Bind RTL from the menubatr.
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4.5.2.1. Browse RTL model (cont'd)

In theright-mostcolumnof theRTL Scheduling and Binding window, somestatesare
splitto multiple statesFor example stateS9is split to 6 statesS9,S9 _1.,...,S9_5.Note
thatthedelayof thesestateds lessthan10nsin Delay in theright-mostcolumn.

Left click on Cancel.
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4.5.3. View RTL model (optional)

We now browsethroughthe newly creatednodelin the Designhierarchywindow. Note

thatthetypeof theinstancé'build_code"hasnow changedo "Build_Code RL" after
RTL re nement.

Selectthebehaior "Build_Code RL" by left clicking onit. We now take alook atthe
synthesizedourcecodeto seeif the RTL re nementtool hascorrectly generatedhe
RTL model.Do thisby selectingview  Source from themenubar.

Notethatif readerlis notinterestedsheor he canskip this sectionto go directly Section
4.5.4View Verilog RTLmodel(optional) (page209).
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4.5.3.1. View RTL model (optional) (cont'd)

The SpecC Editor popsup shaving the RTL codefor behaior, "Build_Code R'L."
Scrollingdown the editorwindow shows severalfunction declarationsn this behaior.
It is to be notedthatthesedeclarationsorrespondo the functionsimplementedor the
allocatedRTL componentsAlso, we canobsene a FSMD constructwith 10 ns clock
period.
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4.5.3.2. View RTL model (optional) (cont'd)

Scrolling down further shavs the assignmentgor the statevariables.Recallthat the

RTL synthesigproducedl12 states.Thesestatesare enumeratedherefrom 0 through

111.Notethe nal assignmen{S_EXIT = 111). Furtherobsenationsof the generated
codeshav read/writeoperationson the register les. For instance RF1is the register

le writtenin thestatemenRF1[0] = BUS1;asshown in stateS9.
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4.5.4. View Verilog RTL model (optional)

Checkout the Verilog codegeneratedn the le VocoderRL.v. This codeis generated
by theRTL re nementtool. Thedesignemaygo theshellandlaunchhis favorite editor
to browsethroughthe generated/erilog code.

If readeris not interestedsheor he canskip this sectionto go directly Section4.5.5
SimulateRTLmodel(optional) (page211)

Note that the Verilog code has correspondingmodules for 6 sub-behwaiors of
Code_10i40_35bits.
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4.5.4.1. View Verilog RTL model (optional) (cont'd)

In theVerilogcode we use"case'constructo represenESMD. All statesarede nedby
parameteconstructlf "_start_"signalis activated,FSMD beginsto executeandthenif
FSMDreachestateS _EXIT, " _done_"signalis asserte@andFSMD will endto execute
andwill wait for next entry of execution.
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4.5.5. Simulate RTL model (optional)

Now, we have to createan executablefor the generated=SMD model by selecting
Validation  Compile from themenubar

If readeris not interestedsheor he canskip this sectionto go directly Chapter5 Em-
beddedSoftwae Design(page215).
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4.5.5.1. Simulate RTL model (optional) (cont'd)

Note that the RTL model compilescorrectly generatingthe executableVocoderR'L
as seenin the logging window. We now proceedto simulatethe model by selecting
Validation  Simulate from themenubar.
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4.5.5.2. Simulate RTL model (optional) (cont'd)

The simulationwindow popsup showving the progressand successfucompletionof
simulation.We arethusensuredhatthe RTL re nementstephastakenplacecorrectly
Also notethatwe canperformthe RTL re nementon ary behaior of our choice.This
indicatesthatthe userhascompletefreedomof delvinginto onebehaior atatime and
testingit thoroughly Sincethe otherbehaiors areat a higherlevel of abstractionthe
simulationspeeds muchfasterthanthe situationwhenthe entiremodelis synthesized.
Thisis abig advantagewith our methodologyandit enablegpartialsimulationof thede-

sign.Thedesignedoesnothaveto re ne theentiredesignto simulategjustonebehaior
in RTL.

In this simulation,we seethe delayperframein RTL modelincreaseso 18.13nsfrom
17.05nscomparedo SFSMDmodel.Becauseeachstatein the SFSMDmodelis split
into multiple statedy schedulingandbinding.
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4.6. Summary

In this chapterwe shaved the task of customHW designfor the behaiors mappedo
HW componentWe startedfrom a bus functionalmodelof the systemandisolatedthe
behaiors that we want to implementin HW. Thesebehaiors underwenta seriesof
transformationso arrive ata FSMD stylemodelthatcansene asinputto industrystan-
dardlogic synthesidools.Besidesgeneratinghe SpecOnodels SCEis alsocapableof
generatingHW modelsin standardHDL like Verilog andHandel-C which canbe used
by the CeloxicaDesignKit.

We alsosawv variousadvantage®of working with SCEduring RTL synthesisThe ervi-
ronmentandlanguageallow the userto concentratenly on one behaior if he or she
needsto. Thatis, the designemay chooseto perform cycle accurateamplementation
of a critical behaior andkeepthe remainingbehaiors at a higherlevel of abstraction
for fastsimulation.The RTL synthesigprocesstself allows the designeito performthe
schedulingand binding stepsmanually However, we also shoved the automaticRTL
synthesigapabilities The designelis freeto tweakthe synthesigesultsandgeneratea
new modelatary time.
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5.1. Overview

Figure 5-1. SW codegenerationwith SCE
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In this chapter we look at software codegenerationas highlightedin gure 5-1. The
bus functionalmodelderived after systemlevel designcontainsa behaioral hierarchy
of tasksmappedto SW componentsSincethe SpecCcodeis not a naturalinput for
generatinghe processos instruction-sespeci ¢ code,we needto produceC codethat
canbecompiledfor theprocessarin this phasenve usethe SW generatioriool to atten
the hierarchicalSpecCcodeand produceC code.We thus enablethe designero use
an off the shelf processowith C compilerandproducecycle accurateSW for it. The
instructionsetsimulatorfor the processorcanbe usedin conjunctionwith the SpecC
simulatorto performcycle accuratesimulationof bothHW andSW.
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5.2. SW code generation

Oncewe are donewith HW and have obtaineda RTL model, we will generatesoft-
ware for the DSP For our designexample,we needto generateC codefor behaior
"Motorola_DSP56600andall its child behaiors. We startby selectingoehaior "Mo-
torola_DSP56600ih thedesignhierarchytree.
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5.2.1. Generate C code

To generateC codefor behaior "Motorola_ DSP56600"selectSynthesis  C Code
Generation... from themenubar.
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5.2.1.1. Generate C code (cont'd)

A dialog box popsup for the userto input the nameof the C andHeader le of the
generatedgoftware.Now pressthe Start buttonto startthe C codegeneratiorprocess.
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5.2.1.2. Generate C code (cont'd)

As displayedin the logging window, the software generations being performed.The
newly generatedoftwaremodel"VocoderRL.C.sir"is displayedo thedesignwindow.

It is alsoaddedto the currentprojectwindow, underthe RTL model"VocoderR L.sir"
to indicatethatit wasderivedfrom "VocoderR L.sir"
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5.2.1.3. Generate C code (cont'd)

Like in the previous sectionswe needto changethe designnameto follow the same
namingstylein this tutorial. In the projectwindow, selectdesign"VocoderRL.C.sir".
Right click andselectRename... Changehedesignnameto "VocoderR LC.sir"
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5.2.2. Browse and View C code

Checkout the C codegeneratedn the le "Motorola_DSP56600.c'This codeis gen-
eratedby the softwaregeneratiortool. The designemaygo to the shellandlaunchhis
favorite editorto browsethroughthe generatedC code.

The codegeneratiorprocessorvertsthe SpecCdescriptionof tasksinto ANSI C code.
The mainideais thatwe corvert the behaiors andchanneldnto C structandcorvert
thebehaioral hierarchyinto the C structhierarchy Variablesde ned insidea behaior
or channelndportsof behaiors arecornvertedinto datamemberf the corresponding
C struct.Finally, functionsinsidea behaior or channelarecorvertedinto globalfunc-
tionswith anadditionalparameteaddedepresentinghebehaior to whichthefunction
belongs.
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5.2.3. Simulate C model (optional)

Sofarwehave nished theC codegenerationHowever, we alsoneedto con rm thatthe
generate codeis correctfor thedesignln otherwordstheC codemustbefunctionally
equialentto the SpecCmodel. The simulationstepis optional,so if the designeris

not interestedn it, he or shemay skip it andgo directly to Section5.3 Instructionset
simulation(page225).

We will validatethegenerated codethroughsimulation.But rst we needto importC
codeinto the designand compilethe modelinto an executableTo compilethe C code
modelto executablegoto Validation menuandselect Compile .
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5.2.3.1. Simulate C model (cont'd)

Themessagem theloggingwindow shaws thatthe C codemodelis compiledsuccess-
fully withoutary syntaxerror Now in orderto verify thatit is functionallyequivalentto
the previousmodel,we will simulatethe compiledmodelonthe samesetof speectdata
usedin the speci cationvalidation.Goto Validation menuandselect Simulate .
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5.2.3.2. Simulate C model (cont'd)

Like in the earliercasesa simulationwindow popsup. The simulationresultis correct
andwe have thusveri ed thatthe generated codeis functionallycorrect.
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5.3. Instruction set simulation

After we generatedC codefor the DSR we compilethe C codeinto DSP's instruction
setandimport the instructionsetsimulator(ISS) for the Motorola DSP56600To start
importing,selectFile  Import from themenubar.
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5.3.1. Impor t instruction set simulator model

Selectdirectory"IP" from the le selectiormenuby doubleLeft click.
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5.3.1.1. Impor t instruction set simulator model (cont'd)

InsidedirectorylP, select'Dsplss.sir"andLeft click on Open.

The SIR le containsthe instructionsetsimulatorfor our chosenDSP The behaior
loadsthe compiledobjectcodefor the tasksthatwere mappedo DSP andexecutest
ontheinstructionsetsimulator
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5.3.1.2. Impor t instruction set simulator model (cont'd)

Once"Dsplss.sir'is imported,we cannoticebehaior "DsplSS"asanew root behaior
in thedesignhierarchytree.Thisis becauséehaior "DsplSS"hasnotbeeninstantiated
yet.
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5.3.1.3. Impor t instruction set simulator model (cont'd)

In the designhierarchytree, selectbehaior "DSP". Right click and selectChange
Type.
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5.3.1.4. Impor t instruction set simulator model (cont'd)

Thetypeof behaior "DSP" maynow be changedy selectingDsplSS.

By doingthis, we have now re ned the software part of our designto be implemented
with the DSP5660(rocessos instructionset.Recallthatthe software partmappedo
DSPhasalreadybeencompiledfor the DSP5660(rocessoandtheobject le isready
As mentionedearliet the new behaior will load this object le andexecuteit on the
DSP5sinstructionsetsimulator Thusthe modelbecomeglock cycle accurate.
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5.3.2. Simulate cycle accurate model

We now have the clock cycle accuratemodel readyfor validation. We begin asusual
with compilingthe modelby selectingvalidation =~ Compile from the menubar.
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5.3.2.1. Simulate cycle accurate model (cont'd)

The model compilescorrectly as shavn in the logging window. We now proceedto
simulatethemodelby selectingvalidation  Simulate from themenubar.
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5.3.2.2. Simulate cycle accurate model (cont'd)

Like in the earliercasesa simulationwindow popsup. The DSP Instructionsetsimu-
lator canbe seento slow down the simulationspeedconsiderablyThis is becausehe
simulationis beingdoneoneinstructionatatime in contrasto the highlevel simulation

we hadearlier
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5.3.2.3. Simulate cycle accurate model (cont'd)

It may take hoursfor the simulationto complete.The simulationmay be killed by se-
lecting Validation  Kill simulation from the menubar.
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5.3.2.4. Simulate cycle accurate model (cont'd)

Thedemohasnow concludedTo exit theSoCervironmentselectProject  Exit from
themenubar.
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5.4. Summary

In this tutorial, we performedthe SW synthesigaskafter RTL synthesisof HW. Note
thatthesetwo tasksare orthogonalandmay be donein ary order We shoved C code
generatiorfor thebehaiors mappedo SWcomponentThisis a usefulfeatureof SCE,
sincewe cangenerateC codewhich canbe compiledonto arny processoto generate
assemblyThe code canthenusedfor aninstructionset simulatorto run on a cycle-
by-cycle basiswith the RTL HW. All thesebuilt in featuresof SCEallow the designer
to move acrossabstractiorlevels evenfor partsof a design.The e xibility anddesign
capablitythatis thusprovidedto thedesignelis enormous.
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In thistutorial we presentedhe Systemon Chip designmethodologyThe SoCmethod-
ology de nesthe 4 modelsand3 transformationshatbring aninitial systemspeci ca-
tion down to an RTL-implementationln additionto validationthroughsimulation,the
well-de ned natureof the modelsenablesautomaticnodelre nement,andapplication
of formal methodsfor examplein veri cation.

The completedesign o w was demostratedn an industrial strengthexample of the
VocoderSpeechencodeiVe have shavn how SCE cantake a speci cation modeland
allow the userto interactvely provide synthesiddecisionsln going from speci cation
to RTL/Instruction-setmodelfor the GSM Vocodey we notedthat comparedo tradi-
tional manualre nement,theautomatiace nementprocesgjivesusmorethana 1000X
productvity gainin modeling,sincedesignerslo not needto rewrite models.

Table 6-1.VVocoderRe nement Effort

Re nement Step |Modied Lines Manual Automated
Re nement Re nement
Spec-> Arch 3,275 3~4months ~1 min.
Arch -> Comm 914 1~2months ~0.5min.
Comm->RTL/IS |6,146 5~6months ~2 min.
Total. 10,355. 9~12months. ~4mins.

To draw the conclusion SCEenableghe designetto usethefollowing powerful advan-
tageshathave never beenavailablebefore.

1. Automatic model generation.

New modelsaregeneratethy AutomaticRe nemenbof abstractmodels.Thismeans
thatthe designemay startwith a speci cationandsimply usedesigndecisionso
automaticallygeneratenodelsre ecting thosedecisions.

2. Eliminates SLDL learning.

SCE eliminatesthe needfor system-leel designlanguagesto be learnt by the
designerOnly theknowledgeof C for creatingspeci cationis required.

237



Chapter6. Conclusion

3. Enablesnon-expertsto design.

This also enablesnon-epertsto design systemsThereis no needfor thedesigner
to worry aboutdesigndetailslik e protocoltiming diagrams|ow level interfacesetc.
Consequently softwae developes candesignhardware and hardware designes
candevelopsoftwae.

4. Supports platforms.

SCEis greatfor platformbaseddesign. By limiting thechoiceof componentand
bussesdesignersnay selecttheir favorite architectureandthen play aroundwith
differentpartitioningschema.

5. Customizedmethodology

SCEcanalsobe customizedo any methodolgy asperthe designers choiceof
componentssystemarchitecturemodelsandlevelsof abstraction.

6. EnableslP trading.

SCEsimpli es IP trading to a greatextentby allowing interoperabilityat system
level. With well de ned wrappersthe designercanplug andplay with suitablelPs
in the designprocesslif an IP meetsthe designrequirementsthe designermay
chooseo plugthatIP componentin thedesignandnotworry aboutsynthesizingr
validatingthatpartof the design.
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1.What is SCE?

SCEis anacrorym for System-on-Chifcnvironementlt is a designenvironement
basedon a model re nement methodology The ernvironmentconsistsof several
toolsanduserinterfacesto helpthe designettake a functionalsystemspeci cation
to its cycle accuratémplementatiorwith minimal effort.

2. What are the supported platforms for SCE ?

SCE2.2.0betais currentlysupportedn Linux RedHat7.3. The public distribution
of the operatingsystemis includedon the CD-ROM. SCEhasalsobeentestedfor
RedHat8.0 andSuSES8.2 distributionsof Linux. Otherplatformswill be supported
in thefutureastheneedarises.

3. What is the level of expertiseneededto designwith SCE ?

SCEis designedvith the goal of allowing evennon-epertsto performsystemde-
sign.A verybasicknowledgeof SWandHW designequialentto anundegraduate
degreein computerengineeringis requiredto work with SCE.

4. What is the differ encebetweenbehavior and model ?

A modelis a descriptionof the designin a machinereadableform (like SpecC).
Theremaybe severalmodelsusedin a systemdesigneffort. Thesemodelscapture
thedesignwith varyinglevelsof abstractionA behaior, in context of SCE,is aunit
of computationA modelis madeup by a hierarchyof behaiors thatcommunicate
with eachotherusingvariablesor channels.

5.What are the modelsthat | need?

In SCE,the designemay startwith only a speci cation model. This modelcap-
turesthe functionality of the designwithout any implementatiordetails.As we go
throughthe designprocessyariousmodelswith greateiimplementatiordetailsare
generatedautomaticallyusing the built in toolsin SCE. The designeronly needs
to guidethe modelgeneratiorwith decisionsThefour primarymodelsin the SCE
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methodologyare Speci cationmodel,Architecturemodel, Communicatiormodel
andCycle-accuratenodel. Thedesignemaychooseo startwith any modelasper
his or herchoice.

.What do | needto do with all thesemodels?

Eachof the modelsneedto be compiledto generatean executable Oncethey are
compiled,they needto be simulatedto make surethat they work correctly The
designemaychooseo view themodelsin graphicaform to understan@ndverify
theimplementatiordetailsaddedasa resultof re nement. The speci cationmodel
alsoneeddo bepro led to getusefuldatafor makingarchitecturablecisions.

.How do | geta cycleaccuratemodel of my design?

The designemay startwith any of the systemlevel modelsnamelyspeci cation
model,architecturanodelor communicatiormodel.With the help of designdeci-
sions,SCEwill generatesubsequentlye ned modelsof thedesign.The nal model
generatea@fterRTL re nementandSW compilationwill bea cycle accuratenodel
of thedesign.

.Why isproling relevant ?

Pro ling is performedto gatherusefuldataaboutthe speci cation.It givesbotha
guntitatve anda qualitatve measureof the computationinside eachbehaior or a
setof behaiors. This informationis usedto choosethe right type and numberof
componentgor thesystemarchitecture.

.How do | discover the "computationally intensive" behaviors in my model ?

A straightforvard approachs to producebar chartsfor eachleaf behaior in the
model.For a reasonablycomplex design,the designercanusethe hierarchicalna-
ture of the behaiors to displaycomparisiorbetweencompositebehaiors. Behar-
iors with low computationmay be eliminated.For a behaior with high compu-
tation, the designercan display its child behaiors and so on. The authorof the
speci cationmodelcanalsosupplythis informationupfront,sincehe or shewould
bewell corversanwith themodel.
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10.Why should| evaluate an architecture beforere nement ?

Mostdesigndhave constraint®n executiontime. Thearchitecturexplorationphase
requiresthe designerto comeup with the bestsetof componentgandthe distri-

bution of computationover them) to meetthis constraint.One way would be to

generatehe architectureanodelandthensimulateit. Thisis time consumingf the

designerhasto go over several architecturalchoices.Evaluationof a modelis a

static analysisfeaturethat allows the designerto checkif an architecturalchoice
meetsthe designconstraints.

11.1f my architecture modelsimulation shonvsan encodingdelay of "0.0ms", what
did I dowrong?

Thismaybebecaus¢hespeci cationwasnotpro led beforeanarchitecturenodel
wasgeneratedPro ling generatesnformationthatallows architecturee nement
to inserttheappropiatelelaysfor thetamgetcomponent.

12.Can |l re ne any behavior in amodel ?

The behaior which is setasthe "top level" of the designis consideredor archi-
tectureandcommunicatiorre nementby the tools. Typically, the behaior repre-
sentingthe designundertest(without thetestbenchjs setasthe"top level" beha-
ior. However, for RTL re nement, the designemay choosea particularbehaior
mappedo HW. This will allow the designeito examineonly aninterestingpart of
thedesignwithout having to simulatethe entiremodelat cycle accuratdevel.

13.Why do | needto renameall the generatedmodels?

Renamings doneto avoid overwriting of modelsduringexploration.Automatically
generatednodelsareread-onlyfor thesamereasonRenamingalsogivesasuitable
nameto themodelsothatit canbe easilyrecognizedn the projectwindow.

14.1 want multiple bussesn my design.How do | map channelsto busses?

The designexamplein the tutorial hasonly one bus. The shortcutfor mapping
all channelsto one bus is to map the top level behaior to that bus. In caseof
multiple bussesselectSynthesis ~ Show Channels afterallocatingthe busses.

241



AppendixA. FrequentlyAslked Questions

This would exposeall the channeldbetweenthe componentsindividual channels
canthenbe mappedo respectre busses.

15.Can | usepoint to point wir e connectionsinstead of bussesn my design?

Bussedn SCErepresengenericconnectionelementslt is possibleto have point
to point connectiondetweencomponentsThis canbe donesimply by including
sucha point to point protocolin the protocollibrary andselectingit duringcom-
municationsynthesisDuring channelmappingthe designemusttake careto map
channelsbetweenonly the relevant componentgo the point to point "connection
element.”

16.Why do | needto do RTL preprocessing?

Preprocessings neededo generatea super nite statemachinemodelof the de-
sign,which senesasaninputto RTL re nement.The preprocessingtepsplitsthe
behaiorsinto superstateswith eachsuperstatecomprisingof a basicblock.

17.Why doesRTL schedulingand binding display work only for leaf behaviors ?

During preprocessingachleaf behaior underthe selectedoehaior for HW im-
plemetationis convertedto a super=SM. Displayingonly onesuperFSM atatime
avoidsovercravdingin thedisplayandstatenamecon icts.

18.How do | know which RTL units to choose?

The designerchooseghe RTL units that can perform the operationsrequiredin
the model. RTL analysisgives statisticalinformation on the numberandtype of
operationsn eachsuperstate.Structuralconstraintscan put lower boundon the
numberof units. For example,if aunitwith 3 inputsand1l outputis allocatedthen
atleast4 bussesnustbeallocatedfor feasiblebinding.

19.How do | view sourcecodegeneratedby SCE ?

TheSpecCsourcecodefor thebehaior de nition canbeseernby clicking onthebe-
havior in thehierarchytreeandselectingview  Source. Thecodefor thebeha-
ior instancecanbe seenby right clicking on theinstancean hierarchyandclicking
Source. However, SCE also produce<C, Verilog andHandel-C les. Sincethese
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les donotshav upin thehierarchythey have to be openedexternallyfrom ashell
usingstandarcdeditors.

20.What is the current statusof SCE ?
SCEis currentlyademoversionthatworksfor selectexamplesin thefuture, it will
beenhancedo a prototypetool.

21.What other featuresare plannedin the immediate futur e for SCE ?

In theimmediatefuture,we planto expandthelibrarieswith morecomponentsiPs
andbus protocols.Improvementsare plannedfor communicatiorsynthesidrame-
work to handlecomple« communicatiorarchitecturesThereis alsowork planned

for OStamgettingandgeneratiorof RTOS models.
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