300MHz designmethodologyof VU for Emotion Synthesis

TakayukiKamei

Hideki Takeda Yukio Ootaguro TakayoshiShimazawa

KazuhikoTachibana Shin’ichi Kawakami Seiji Norimatsy  Fujio Ishihara

ToshinoriSato Hiroaki Murakami

Nobuhirolde Yukio Endo

Akira Aonott  AtsushiKunimatsu

SystemULSI Engineering.ab. TOSHIBA Corp.
1 EDA andDFT Grp. Micro & CustomLSI DesignDept. Micro & CustomLSI Div. TOSHIBA Corp.
1T SystemLSI developmenGrp. ToshibaMicroelectoronicgCorp.
1 InformationSystemDept. TOSHIBA Microelectoronic<orp.
580-1,Horikawa-cho Saiwaiku,Kawasaki210-8520JAPAN
Tel: +81-44-548-2523 Fax: +81-44-548-8324 Email: kamei@sdel.toshiba.co.jp

Abstract— With advancein silicon technology and system
integrating technology utmost care for RC—delay must be taken
in high performance LSI design. This paper describesthe new
design method applied to the Vector Unit(VU) implemented in
the recently announced high-performance 3D-graphics engine,
‘Emotion Engine’. The key featuresof the designmethod are the
followings:

e careful functional designof the VU architecture

e designhierarchy consistencybetweenRTL descriptionsand
floor plan

e accurate estimation of wire load in pre—layout static timing
analysis

With the above design features, the VU is has achieved the
operating frequency of 300MHz.

|. INTRODUCTION

A new 300MHz 3D-graphicsenginecalled ‘Emotion En-
gine’ (EE) hasbeendevelopedy TOSHIBA andSonyCom-
puter Entertainment,which has 13Mtr. and 15.02mm x
15.04mmdie areawith 0.18&:m CMOS technology[1],[2].
With advancein silicon technologyand systemintegrating
technology specialattentionneedsto be paidto RC delayin
high performancd._SI design.

Severaldesignmethodologiedor estimatingaccuratewire
capacitancesn pre—layoutstageshave beenproposed[3]to
improve speedquality of synthesizedogics and reducethe
time requiredfor designiteration. But they deal with wire
capacitancenly andlackof wire resistancefallsin inaccurate
pre—layoutiming analysis.

We havedevelopeda new methodwhich canestimatenot
only wire capacitancéut alsowire resistanceby predicting
a wire shapeandthe estimatedRC delayis effectively used
for pre—layouttiming analysis. This methodenablesus to
obtainaccuratepre-layouttiming resultandreducethe design
turn-aroundime (TAT). TheimprovedTAT for the pre—layout
timing analysids onesixth the post—layouanalysis.

In this paper we discussthe methodologyemployedfor
the design of the Vector Unit (VU) embeddedin EE, the
next-generatiorvideo gameconsole. First, we describethe
VU architectureandthe outstandingeaturesof VU designin
Sectionll, the basicconceptof our timing designin Section
[ll, the detailsof our timing designin SectionlV, and the
effectivenes®f our designmethodin SectionV.

Il. OVERVIEW OF VU ARCHITECTURE

VU is avector calculationengineimplementedn EE , the
next generationvideo game console. For realizing "Emo-
tion Synthesis”and high quality 3D-graphics,VU hastwo
processingnodes.

Intheco—processanode VU istightly connectedo thecore
processomsaco—processaoy 128bitbus. VU hascapability
of executingenhancedore processotinstructionswhich are
preparedor 4-parallelfloating point vector calculations,and
of processingnassiveloating point calculations.

The othermodeis calledVLIW modein which VU works
as a stand-aloneVLIW processorand all functional units
operatefully in parallel. The modemakeshigh performance
3D-geometrycalculationgossible.

TheVU block diagramis shownin Fig.1

VU has4 fMACs, 1 DIV, LiALU, 32x 128bitfloatingpoint
registers(fGPR)16x 16bit integerregisters(iGPR)a random
numbergeneratounit(RANDU), anda load—storeunit(LSU).
An elementanfunctionunit(EFU) canbe attachedptionally.
Everyfloating point registerconsistf 4 fields(x,yz,w), each
of which storesa 32bit single-precisiorloating—pointnumber
VU hasaflexible bypassin@ndbroadcastingetworkbetween
the fGPR andthe arithmeticunits. Hence,any floating point
operanctanbetransferredo everyfunctionalunit throughthe
bypass(f—Bypassgndbroadcastetb all fMACs.

TheVU pipelineis shownin Fig.2.

Thepipelineconsistof 6 stagedor all operationgxceptfor
thoseof fDIV(9 stages).Thenumbetrof stagess decidedsothat
programmers&ndcompilerscancodeoptimizedprogramsby
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Fig. 1. aVU blockdiagram
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Fig. 2. aVU pipeline

pipeliningmethodeasily The softwarepipeliningis essential
for high quality 3D-graphicsand Emotion Synthesis. The
throughpuiof eachoperationexceptfor thatof EFU andfDIV
is only onecycleandinstructionsareexecutedefficiently. On
geometrytransformation,for example,4 x 4 matrix and 4
elementsrectoraremultipliedin eightcycles.

I11. BASIC CONCEPT OF OUR TIMING DESIGN

In orderto achievethe targetfrequency it is importantto
studythe effectof wire loadingon timing design.

With respectto conventionallogic synthesistools, wire
loading is modeledby static distribution of R factor and C
factor as a function of fanout. This works fine asfar asRC
delay for one fanout is not very dominant. However the
RC delayfactoris becominglargerandlargerasthe process
technologyevolves.

Thisis avital issuebecauseavireswith heavyRC parasitics
havea seriousmpacton timing design,but, at the sametime,
thenumberof suchheavywiresoccupiesonly asmallfraction
of thetotalwirescounts.Eventhoughthe effectof RC delayof
thesewirescannoteneglectedit is notappropriatelyeflected
in wire loadmodelssimply becaus¢hesewiresareminorities.

Fig.3 showsRC distributionin VU, wheregray barsand
white bars standfor the numberof wires inside functional
blocksandthetotalnumberof wires,respectively Most of the
wirestendsto havesmallerresistancealuesastheconnection

White Box: Paths in VU design

Gray Box: Paths of inter-region

‘‘‘‘‘‘

QUM JO JaquInN

Fig. 3. adistributionof wire resistancén VU

count decreaseshut still, a few wires have large resistance
despitethey havepoint-to-pointconnection.

In orderto dealwith this problem, wires are categorized
into two groupsin this schemeby dividing VU into several
functionalblocksandcategorizingntra-blockwiresandinter-
block wires. Each functional block has about 4,000 gates
and logic synthesisis performedby the block basis. This
the functional block is also definedas a modulein RTL so
thattheinter-blockwires canbeidentifiedevenon RTL level
(shownin Fig.4). Upon floor planning,one block is treated
asa unit, so that conventionalwire load modelis applicable
to intra-block wires. Wire load of the inter-block wirings
is estimatedfrom their length separatelyfrom the wire load
modelfor theintra-blockwires,andthewire loadis annotated
to timing analysis.

Moreover by making useof this estimatedwire loadsnot
only for logic synthesisutalsofor pre-layoutiming analysis,
timing canbe predictedin the early stageof the designflow
with higheraccuracyin shortperiodof time.

Thedesignflow detailsis discussedn the nextsection(see
alsoFig.5).

IV. DETAILED TIMING DESIGN

A. RTL designandfloor planning

TheVU pipelineis is designedsuitablyfor 3D floatingpoint
operations.For the high speeddesign,it is importantto take
advantagef the pipelinestructureandto shortenwire length
in partitioningthefunctionalblocks.

Thefetch anddecodeareallowedto consumeonly 1 cycle
eachin the VU pipeline. VU f-Bypassis quite complicated
becausé is notonly bypassingperand$gutalsobroadcasting
themThis meanghatthereis only onecycle assignedachto
bypassingandbroadcastingperands.



HDL Design Hierarchy FloorPlan

TGPMM‘/—\
T
RI' RI' I)I' nl' nl'/
cgion Region  Design sign i
Sy O ] &}

Region Region Region Region  Region chiol/
SeeeS Seee SeeeS

SubModules SubModules SubModules

[T TopModule of Chip
7] TopModule of Design

"] TopModule of each region

Fig. 4. HDL andFloor-Planhierarchycorrespondence

RTIL, source
Boundary (design-top) FloorPlan

I

Comtramts
Estimation of
WireLoad(R,C Custom Block
WireLoad Model

\ | schematic
(in each region)
/ —
Synthesns
Timing
Informatlons Netllst

Repeater
Insertmn

WireLoad(R,C) of
inter-region

Pre-la;
T|mmg a¥|a‘fy515

|

Custom Block
Timing

=

Place & Route
BackAnoota Pre-layout
Informatlons Tlmmg analysis

Insertion
TPO/ECO

[ Tuning Post-layout
Clock Buffers Timing analysis

Fig. 5. DesignFlow

In makingfull useof the pipelinestyle,instructiondecode,
bypasscontrol, hazarddetectionand pipeline stall control
mustbe completedn a cycle. Thus,all bypassesa program
counterunit(PCU) and somebuffer treesof pipeline control
areimplementedn customblocksto decreas¢hedelayof data
transfer andthe PCU and all integerdatapathsare grouped
into onefunctionblock.

To achieveshorterwire length, the functional blocks are
floor-plannedasshownin Fig.6. Thewell-arrangedloor plan
eliminateslengthy interconnectdraveling from one end of
VU to the otherand reduceshe wire load by increasingthe
percentagef thewiresconnectingneighboringblocks.

B. Wire loadestimation

In accordancavith the way the synthesistool and timing
analysistool handlethe delay wire load estimationare made
in two differentways:

¢ Forlogic synthesis
Themostimportantpointisto mapadequatsizeof drivers
atits interfaceto otherblocks. This doesnot requirehigh
accuracyandthereforeonly thecapacitancés handledas
the wire parasitic. The capacitancesstimationis made
by measuringhe distancefrom the interfaceto the most
distant endsof the functional blocks connectedto the
intra-block wires. The estimationtools are codedin
perl language. The inputs of tools are RTL codesand
floor-plangeometryinformation,andthe outputis awire
capacitancdist. It takesabout5 minutesto estimateall
wire loadingsin VU.

¢ Fortiming analysis
Unlike the one for logic synthesisboth resistanceand
capacitancenust be estimatedfrom wire shapeand lo-
cus. Detailedestimationof the wire shapeandlocation,
howeverrequiresealplace-and-routeperatiorandcon-
sumestoo much time. In this scheme,wire load is
estimatedn thefollowing manner(showin Fig.7):

1. locatethe centerof gravity of thewiring from block
positionandblock connectiorinformationassuming
thatall the pinsareplacedatthecenterof theblock.

2. draweithera horizontalor vertical line passinghe
centerof gravity.

3. draw perpendicularine from the centerof each
block until it reachesheaboveline.

4. calculateresistancandcapacitancef eachsegment
of thelines.

In thisway, we canestimatenotonly thewire capacitance
but also the wire resistance. Thuswe canincreasethe
accuracyof estimation.

The wire shape estimation describedabove is well-
researched([4],[5],etl.) and proved to be effective
for the small and high speedchip designs. But we do
not apply the calculationof wire delay in VU design



directly becausevire delayinformationis not necessary
for our repeaterinsertion. Instead,more optimal delay

canbecalculatedby thestaticpathanalysisafterrepeater
insertion(se¢hefollowing subsection).

The estimationtool is codedin C language. The inputs S

of thetool areRTL codesandfloor-plangeometryinfor- r VU i
mation,andthe outputis afile includedconsistingof the
wire informationof resistancegapacitanceandshapefor
statictiming analysis. It only takesabout2 minutesto
estimateall wire loadingsin VU.
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Eachfunctional block is synthesizedndividually, and the
netlistof thewholeVU is built upby combiningthesynthesized
blocks. To reducecomplexity of netlist processingoy tools,
theflattenednetlistof thewhole VU is employed.

In our designflow, repeatebuffersto improveslewlateare
automaticallyinsertedinto inter—regionnetsby Repertory[6]
after the first Place—and—Route(P&RRepertoryinsertsthe
buffers with the wire shapeand load information takeninto
consideration.

Fig. 6. Interconnect®f VU functionblocks

D. Statictiming analysis

The statictiming analysisis appliedto the whole VU after
thesynthesisandalsoafterin placeoptimization(IPO) process.

Net connect Infomation Estimated Wire Shape

Block-2

During the timing analysisafter synthesis(pre—layoutjhe Block.t Block-2 ek
estimatedwire shapeand load (seeSection4.2)is annotated.
Moreover repeaterinsertion is executedaccordingto the D lil @
estimatedvire loadfor thetiming analysisin orderto increase the center of Gravity
theaccuracyof analysis. @

In the analysisafter IPO(post—layout),the wire load is Blocks Block:3
back—annotateffom thefinal P&R result.

In our design, custom blocks are laid out as structured
elementghroughthe designflow. The timing information of
customblocksis givenin the form of a gray modelwhich has
all latch—to—latctiming arcs. RY po rs 1305
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V. EVALUATION OF DESIGN FLOW

The distribution of timing error pathsin VU is shownin
Fig.8. The x-axis indicatesslack valuesand the y-axis the
numberof the errorpaths.

The dataare obtainedfrom the four kinds of pathanalysis
explainedbelow

Fig. 7. Wire shapeestimationfor statictiming analysis

1. Pre—layoutpathanalysiswith thewire load model
Thewire loadis calculatedrom thewire loadmodel



2. Pre—layout path analysis with capacitanceannotation
only
Thewire loadinsidearegionis calculatedrom the wire
load model, while a inter-region area,the wire load is
annotatednly capacitancéorm.

3. Pre—layoutannotatedr,Candrepeater
The wire load in a region is annotatedfrom wire load
model. The wire load is annotatedn the forms of both
capacitanceand resistanceoutside of the region. In
addition,repeatersreinsertedfor theinter-regionwires.

4. Post-layout
The wire load is annotatecentirely from the final P&R
result.

As Fig.8 shows,the threepre-layoutmethodstendto have
the samecharacteristicof path distribution againstthe slack
values. However in the region where the slack is worse
than-0.1ns,analysiswith R/C andrepeaterexactly matches
with thatof post-layout. This extractsthe major critical paths
without proceedingo post-layoutdesignflow.

In the regionwherethe slackis betterthan-0.1nson the
otherhand thedifferenceagainsthepost-layouplotsbecomes
biggerastheothertwo of thepre-layoutresultsdo. Thismeans
that the error getsbigger evenwith R/C, asthe slack of the
pathsgets smaller However this implies that most of the
violation pathshavealreadybeenalmostat the targetspeed.
In this sensethe pre-layoutanalysiswith R/C is effectivein
that, it is almostasaccurateas post-layoutfor major timing
violations,especiallyin the earlyphaseof design.

Theimprovemenbf thetiming erroris shownin Fig.9.

Firstly, the numberof the slack pathsin the post-layout
analysisis greaterthanthat of the pre-layoutone(Fig.9(A)).
The differenceis causedby an inaccurateestimationof wire
loadfor the-layoutpathanalysigesultingfrom usingonly wire
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capacitancén thetiming analysis.By applyingthewire-shape  Fig. 9. theimprovemenof timing errorpathsin VU

estimatiorandrepeateinsertionin the nextiteration,it canbe
reducedo (B) in thefigure.

Next,theworstslackbecomesvorsein the post-layouipath
analysiscomparedwith that of the pre-layoutanalysis(Fig.9
(C)). It is causedby an not-optimizedregion size andinner-
regioncritical paths. After repartitioningregionsto 4K—10K
gatestheerroris reducedo (D).

The time requiredfor eachdesignflow stageis shownin
Tablel. Pre—layouttiming analysisconsumenly one sixth
time of post—layouttiming analysis. This designflow has
beeniteratedover 20 times until the operationfrequencyof
300MHzis achieved andduring a half of the iterations,only
the pre—layouttiming analysishasbeentried andthe further
stagesncluding P&R havebeenskipped. Thus,thetotal time
requiredis reduceddownto half by our designflow.

V1. CONCLUSIONS

Our new designmethodsuccessfullyreducethe wire load
by partitioning functional blocks into appropriatesizeswith

-0.3

H

the worst timing violation(line graph

TABLE |

THE TIME REQUIRED FOR EACH DESIGN FLOW STAGE
stagein designflow pre—layout | post-layout
wire load estimatiorfor synthesis 0.2hours 0.2hours
synthesiandscanpathgeneration 5hours 5 hours
estimationof wire loadfor timing analysis || 0.05hours —
repeateinsertionfor timing analysis 0.15hours —
pre—layoutiming analysis 10 hours —
the 1stPlace—and—Route — 10hours
repeateinsertionandDetail-Route — 2 hours
In—-PlaceOptimization — 54 hours
thefinal Place—and—Route — 4 hours
post-layoutanalysis — 10hours
Total 15.4hours | 85.2hours




VU architecturetakeninto consideration. RTL hierarchyis
matchedexactly with the physical regionsof the floor plan
and it makesfeasibleto categorizethe wire load into inter—
region group and intra—regionone. The pre-layouttiming
analysisgives highly accuratefeedbackto our timing design
by estimatingwire shapeand annotatingboth resistanceand
capacitance.

Theoperatingrequencyof 300MHzhasbeenachievedasa
consequencef ourimproveddesignmethod.
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