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Abstract

An architectural paradigmdesignedo acceleate stream-
ing operationson mixed-widthdatais presentecand eval-

uated. ThedescribedComplex Streamednstruction (CSI)
setcontainsinstructionsthat processdata streamsof arbi-

trary length. The numberof bits or elementghat will be
processedn parallel is, therefore, not visible to the pro-

grammey so no recompilationis neededn order to bene t

froma wider datapath.CSlalsoeliminatesmanyoverhead
instructiong(sud asinstructionsneededor dataalignment
and reorganization)often neededn applicationsutilizing

medialSA extensionssuc as MMX and VIS by replacing
themby a hardware medanism. Simulationresultsusing
several multimediakernelsdemonstatethat CSlprovidesa

factor of up to 9.9 (4.0 on average) performancemprove-

mentwhencompaedto Suns VIS extension.For complete
applications,the performancegain is 9% to 36% with an

average of 20%.

1 Intr oduction

It is anticipatedthat multimedia applicationssuch as
JPEGand MPEG coders/decoderwill becomedominant
workloadsin thenearfuture[7, 14]. Multimediacodestyp-
ically processsmall datatypes (for example, 8-bit pixels
or 16-bit audio samples)and thus are not well-suited for
commongeneral-purpossystemswhich are optimizedfor
processingvord-sizedata (32 or 64 bits). Many vendors
have, therefore,extendedtheir instructionsetarchitecture
(ISA) with instructiongargetedto multimediaapplications.
Thesenstructionsexploit SIMD parallelismatthe subword
level, i.e., they operateconcurrentlyon, e.g.,eightbytesor
four halfwordspacledin one64-bit register Examplesof
suchmedialSA extensionare MMX [21, 22], VIS [27],
MDMX [18], MAX [15, 16], andAltiV ec[9].

Although it hasbeenshowvn that theseextensionsim-
prove the performanceof mary multimedia applications
(seee.q.,[1, 19, 24)), they have severallimitations. Oneis
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thatthenumberof bits or elementshatareprocesseth par
allel, whichis equalto the multimediaregistersize,is visi-
ble to the programmerThisimpliesthatwhenthewidth of
theSIMD datapattlis increasedn orderto processnoreele-
mentsin parallel,eithertheSA hasto bechangedmplying
thatexisting codeshaveto berecompiledor rewritten, or the
issuewidth hasto beincreasedAnotherlimitation is over-
headfor datareoiganization.Thisincludespack/unpachkn-
structionsandalignment-relatednstructions.Furthermore,
SIMD-style instructionsaremosteffective if datais stored
consecutrely. Multimediaapplicationshowever, oftenop-
erateon sub-blocksof a large matrix, which implies that
thereis agapbetweerconsecutie rows.

In this paperwe presentand evaluatean ISA extension
calledCSI (Complex Steamednstructiong thataddresses
theseproblemsaswell asseveral others. CSl instructions
processwo-dimensionaddatastreams. Thereis no archi-
tectural(i.e., programmetvisible) constrainton the length
of the streams.Instead the hardwareis responsibldor di-
viding the streamsnto sectionsvhich areprocesseth par
allel. CSlalsoeliminatesheneedfor pack/unpacknstruc-
tions, becauseconversion betweendifferent pacled data
types(if required)is performednternallyin hardware.Fur
thermore becausetreamsaretwo-dimensionalloop over-
headinstructionsassociatedvith updatingof pointersand
branchingarealsoavoided.

This paperis organizedasfollows. Section2 describes
thelimitationsof currentmedial SA extensionsaindexplains
how the CSl paradignmsolvestheseproblems.The CSIISA
extensionandits implementatioraredescribedn Section3.
Section4 describeghe benchmarksthe modeledarchitec-
tures,andpresentsheexperimentatesults.Relatedvork is
discussedn Section5, andconcludingremarksandtopics
for futureresearctaregivenin Section6.

2 Motivation

In this sectionwe list someof thelimitationsof currentme-
dia ISA extensionsanddescribenow they aresolvedin the
CSlarchitecture.



Ar chitectural Constraint on Section Size. All current
medialSA extensionsaswell asmostvectorarchitectures
have an architectural(i.e., programmetvisible) x ed sec-
tion size. For example,MMX andVIS instructionsoperate
on 64-bit registerswhich canbetreatedeitheras8 bytes,4
halfwords,or 2 words. Becausef this, the sectionsizeap-
pearsxplicitly in thecode.This, however, meanghatif the
width of the SIMD datapathis increasedn orderto exploit
moreparallelismthelSA mayhaveto bechangedo re ect
this. This impliesthat (partsof) the applicationmay have
to berecompiledor evenrewritten in orderto bene t from
thewiderdatapathFor example,if MMX would operateon
128-bitregisters existing MMX codesmustbeadapted.

Anotherway to increaseparallelismis by increasinghe
issuewidth so that more SIMD instructionscan be pro-
cessedn parallel. However, it is generallyacceptedhat
increasingheissuewidth requiresa substantiahmountof
hardwareandmay negatively affectthe cycle time[10, 20].

In CSltheseproblemsareavoidedbecauseCSlinstruc-
tions procesgdatastreamsof arbitrarylength. The imple-
mentationis responsibldor dividing the datastreamsnto
sectionswhich are processedn parallel. Therefore,the
numberof elementshatis processedn paralleldoesnot
appeaexplicitly in thecode.

IncreasingParallelism. A problemrelatedto the previ-
ousis the following. Although it may be possibleto in-
creasehewidth of the datapatrandtheregistersize,it may
not always be bene cial becausemary multimediaappli-
cationsoperateon sub-blocksof a large matrix (represent-
ing, e.g.,animage),andthevectorlengthin bothdirections
is rathershort (typically 8 or 16 bytes). Considey for ex-
ample,Figure 1 which shawvs a C-functiontaken from an
MPEGencoderTherows of thepred andcur blocksare
not storedconsecutiely in memory Consequentlyaswas
alsoobsenedin [6], the amountof parallelismthatcanbe
exploitedby a SIMD extensionis restrictedto a singlerow.
In orderto beableto exploit moreparallelism,CSlinstruc-
tionsoperateon two-dimensionastreams.

Minimizing Overhead. The executionof a multimedia
kerneltypically consistsof the following steps: (1) load
operanddata into registers, (2) rearrangedata so that
operancelementsarestoredconsecutiely, (3) corvertdata
from storageto computationaformat, (4) performthe ac-
tualcomputation(5) corverttheresultsto their storageor-
mat, (6) rearrangehe resultsand, nally, (7) storethemin
memory ISA extensiondike MMX andVIS have explicit
instructionsto performdataconversionandrearrangement,
and, for example,[24] shoved that on average,they con-
stitute 41% of the VIS instructions. In CSl this overhead
is eliminatedby performingdatacorversionandrearrange-
mentimplicitly in hardware and by pipelining it with the
actualcomputationThis is describedn detail below.

static void add_pred(pred,cur,lx,blk)
unsigned char *pred, *cur;

int Ix;

short  *blk;

{.

int 1, |

for (=0; j<8; j++){
for (i=0; i<8; i++)
curfi] = clp[blk]i] + pred[i]];
blk+=  8;
cur+= Ix;
pred+=Ix;

Figure 1. C code for saturating add.

a. Non-Unit Strides. SIMD extensionsare most ef-
fective if the vectorelementsare storedconsecutiely, for
otherwise,they needto be reordered. In somemultime-
dia applicationshowever, consecutie streamelementsare
storedat a x ed but non-unitstride. This happensfor ex-
ample,in JPEGS color corversionroutinewherethe Red,
Greenand Blue componentsre storedat a strideof 3. In
theupsampling/dernsamplingphase®f JPEG datais also
accessevith anon-unitstride.In CSl, consecutie stream
elementpertainingo thesameow donothaveto bestored
in consecutie memorylocation. Thus,we allow ary stride
betweertwo consecutie row elementsaswell asbetween
consecutie rows. The hardwareimplementatioris respon-
sible for aligningthem properly This is one of the differ-
enceswith MOM [6], which allows an arbitrary stride be-
tweenconsecutie rows but requiresa unit-stridebetween
consecutie row elements.

b. Computing with Differ ent Formats. Whenwe con-
siderFigurel again,we obsenethatoneof the blockscon-
sistsof 16-bit (short) elementswhereaghe other consists
of 8-bit elements.Whenthesetwo blocksareaddedusing
SIMD instructionsthe pred block mustbe unpacled (or
promoted to a 16-bit format. Datapromotionmay alsobe
requiredwhenthe input elementshave the samesize, be-
causethe result may not be representabléy this format.
This incursa performancepenaltyof at leasta factorof 2,
dueto thereducedparallelismandthe overheadcausedoy
pack/unpacloperations Becauseof this, mary medialSA
extensionshave instructionsthat automaticallysaturateto
thesmallesbor largestvaluethedatatype canrepresent(in
VIS, saturatioris performedwhile packing.)

In CSlI, theseproblemsare resohed asfollows. When
packing/unpackings necessarnpecausédhe input streams
have different formats (asin the example shown in Fig-
ure 1), it is performedinternally in hardware. No special
opcodesareneededo specifythat,for example,oneof the
inputstreamgonsistof 16-bitelementandtheotherof 8-



bit elementsbecausa controlregisterassociatewvith each
streamspeci es the elementwidth. If packing/unpacking
is not required,the programmeicanspecifythat saturation
arithmetic should be performedinsteadof “wrap-around
arithmetic”by settinga bit in anothercontrolregister This
is anotherdifferencewith MOM [6], which canalso per
form saturationarithmetic, but which still requirespack-
ing/unpackingf theinput streamsave differentformats.

c. Data Alignment and Loop Control. Thereareother
instructionsbesidegpackingandunpackingthat contribute
to the overhead.This includesalignment-relateéndloop
control instructions. For example, VIS needsalignment
instructionsif a vectoris not storedat an 8-byte aligned
address.Loop control instructionsare the instructionsre-
quiredfor breakingthe datastreaminto x ed-sizesections
which areprocessedn parallel. This includesinstructions
neededto advancethe pointersto the next sections,in-
structiongthatcomputethe loop terminationcondition,and
branchinstructions.In the CSlarchitecturethesefunctions
arealsoreplacediy a hardwaremechanismThe hardware
generateslignedaddresseandis responsibldor extract-
ing the bytesthat belongto the datastream. Furthermore,
sinceCSl instructionsprocessstreamsof arbitrarylength,
noloop controlinstructionsareneeded.

Memory-to-Memory Operation. CSI is a memory-to-
memoryarchitecturdor two-dimensionaktreamsThe de-
cisionnotto useregistersfor streamdatawasmotivatedby
the intentionnot to have an architecturalconstrainton the
sectionsize,andby the obsenationthatvectorregistersare
notalwaysableto exploit datareusein multimediaapplica-
tionswhile cachesare. For example,duringthe motiones-
timation phaseof mpeg2encode thebestmatchingblock
is searchedy comparingit with a numberof candidates
in thereferencdrame. The new candidateéblock is usually
shiftedjust a few pixels from the previous one. Candidate
blocks,therefore largely overlap. This resultsin high data
reusglandL1 hit rate),but thereis noobviouswayto exploit
this usingtraditionalvectorregisters.Anotherexamplecan
be found in the JPEGdecoder There,datafrom a large
(severalKbytes)buffer o wsin apipelinedfashionthrough
several kernels. Thereis not much datareusewithin the
kernelshemselesandthebufferis toolargeto bestoredin
avectorregister The cache,ontheotherhand,is likely to
belarge enoughto storethe buffer. We remarkthatwhena
kernelperformsseveraloperation®n eachstreamelement,
one hasto introducetemporariedo storeintermediatere-
sults. However, we obsenedthatwriting andreadingthese
intermediatestreamddid not stressthe memorybandwidth
becausdhey have unit stride and usually were storedand
retrieved from the L1 cachewithout going to lower levels
of thememoryhierarchy

HStride S4Size

BasK

VStrid%

Figure 2. Two-dimensional stream format.
Each box represents a byte. Filled boxes are
stream elements.

3 Architecture and Implementation

In this sectionwe presentthe CSI multimedialSA exten-
sion. A possibleéimplementatioris alsodescribed.

3.1 CSI Overview

CSl is a memory-to-memoryarchitecture. Most CSI
instructionsload two large datainput streamsfrom mem-
ory, operateon themelement-wiseandwrite the resulting
streambackto memory Thereis no architecturatonstraint
on the streamlength. As illustratedin Figure 2, streams
aretwo-dimensional.Eachstreamconsistsof an arbitrary
numberof rows, andthe row elementsarestoredata x ed
stridewhich will bereferredto asHStride (shortfor hori-
zontalstride). Thereis alsoa x edstridebetweerconsecu-
tive rows, whichwill bereferredto asVStride.

Eachstreamis speci ed by a setof streamcontrol regis-
ters (SCR-set)which consistof thefollowing 32-bitregis-
ters,eachof whichis addressetly anumberbetweerD and
5.

0. Base This register containsthe startingor basead-
dressof the stream.For example,if the matrixin Fig-
ure2 is storedin row-majororderandits baseaddress
is 8000,the baseaddres®of the streamis 8018.

1. RLength. Thisregisterholdsthenumberof streamel-
ementdn arow (the numberof elementdelongingto
the stream,not the row length of the erveloping ma-
trix). In theexample,RLength=4.

2. SLength. Thisregistercontainsthe streamlength. In
theexampleillustratedin Figure2, SLength=12.

3. HStride. The stride in bytes betweenconsecutie
streamelementsn arow.

4. VStride. The distancein bytesbetweenconsecutie
rows.

5. S4 This register consistsof four elds: Size Scale
factor, Sign and Saturate The rst eld consists
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Figure 3. S4 register format

of two bits and speci es the size of the streamele-
ments,where00 corresponds$o bytes,01 half-words,
10 words, and 11 double-words. The Sign eld is a
ag thatspeci esif the streamelementsaresignedor
unsignedvalues. The Saturate eld is alsoa ag that
speci esif saturatioror modulararithmeticshouldbe
performed. If this bit is setandthe resultcannotbe
representedby the numberof bytesindicatedby the
Size eld, theresultis clippedto theminimumor max-
imum value. If this bit is not set, the result simply
“wraps-around”.Thefunctionof the Scalefactor eld
is identical to the Scalefactor eld of the Graphics
StatusRegisterof the VIS architecturg30]. It deter
minesthe numberof bits by which theresultis shifted
to the left beforethe leastsigni cant bits (LSBs) are
roundedanddiscarded.The numberof bits discarded
depend®nthesizeof theoperandsandtheresult. For
example,whenpackingfrom 16 to 8 bits, the 7 LSBs
arediscarded.This mechanismallows to specifythe
numberof fractionalbits. The formatof the S4regis-
teris depictedn Figure3.

The CSlinstructionsetis dividedin two cateyories:

1. CSI arithmetic and logical instructions. Thesein-
structionshave thefollowing formats:

op SCRSi, SCRSj, SCRSk
Suchinstructionsprocesgwo datainput streams
and producea dataoutputstream. The streams
arespeci edby thecorresponding CR-setsEx-
amplesare pairwise addition, subtractionand
multiplication of two datastreams.

op SCRSi, SCRSj, GPRk
Theseinstructionsare similar to the previous
oneshut the secondoperands not a datastream
but a scalarvalue. An exampleof suchan in-
structionis themultiplication of a datastreamby
ascalar

op GPRIi, SCRSj, SCRSk
These instructions processtwo input streams
and producea scalarresult. Two examplesare
csi_sad andcsi_dotprod , which compute
the sumof absolutedifferencesanddot product
of two datastreamsrespectiely.

2. CSl auxiliary instructions. Thesenstructionssetthe
individual streamcontrolregisters.

csi_mtscr  SCRSi, j, GPRk

mtscr  stands for move to stream control
register. This instruction loads SCR |j
of SCR-set SCRSi with the contents of
the general purpose register GPRk The
streamcontrol registersare numberedasabove.
For example, the base addressof SCR-set
SCRS2 can be loaded from GPR4 using
csi_mtscr  SCRS2, 0, GPR4
Csi_mtscri SCRSi, j, imm

This instructionsalsoloadsa streamcontrol reg-
isterbut with animmediatevalue.

Note thatsincethe elementsizeandthe Sign and Satu-
rate bits aresetusingcontrol registers,the CSI ISA exten-
sionis quitecompactindactuallysmallerthanSIMD exten-
sionssuchasVIS andMMX. For example servenMMX in-
structiongpadd[b,w,d]  (addwith wrap-aroundn [byte,
word, double-word]), padds[b,w] (addsignedwith satu-
ration)andpaddus[b,w] (addunsignedwith saturation)
correspondo justoneCSlinstructioncsi_add whichcan
addstreamof signedaswell asunsignedytes,halfwords
(wordsin Intel terminology)andwords,andwhichalsoper
formssaturationf the Saturatebit is set.

As an example, Figure 4 shavs the CSI code for the
add_pred routine depictedin Figure1l. For eachdata
stream§ instructionsareneededo setthe controlregisters,
after which the csi_add instructionis triggered. These
18 instructionsneededo setthe SCRsmight seemsignif-
icantat rst but mostly they arenegligible for the follow-
ing reasonskFirst, thesenstructionsareexecutedonly once
andtheir numberis still very small comparedo the num-
ber of instructionsthat mustbe executedby a scalarpro-
cessor In this example,64 iterations(with about10 scalar
instructionseach,dependingon the compiler)arereplaced
by 18 instructionsthat manipulatethe SCRsand a single
csi_add instruction.Secondjn mary casesnotall SCRs
haveto beresetto initiate a new CSlinstruction.For exam-
ple, the add_pred routineis executedon mary different
blocks. This meanghatafterall SCRsaresetthe rst time,
only the baseaddressebave to be reset. The overheads,
therefore amortizedover mary instructions.

We remarkthat the structureof the CSl architectureal-
lows somepowerful instructionsto be constructed For ex-
ample thearithmeticaverageof two 8-bit pixel streamsan
becalculatedusingthecsi_add instructionby settingthe
Scalefactor eld of the SCR-setorrespondingo thedesti-
nationstreanto 6. So,theresultsof thecsi_add instruc-
tion areshiftedto theleft by 6 bit positions afterwhichthe
7 leastsigni cant bits areroundedandthendiscarded.

All CSlinstructionscanbeinterruptedduringexecution.
However, we rst obsenethatarithmeticover ow doesnot
generatean exception,sinceeitherwrap-aroundr satura-
tion arithmeticis performed.Otherexceptionssuchaspage



# GPRi is denoted as $i

# We assume pred=$4, curr=$5, Ix=$6, blk=$7
# Set SCRs for blk stream

csi_mtscr SCRS1,0,$7 # Base
csi_mtscri SCRS1,1,8 # RLength
csi_mtscri SCRS1,2,64 # SlLength
csi_mtscri SCRS1,3,2 # HStride
csi_mtscri SCRS1,4,16 # VStride
#scale=0,saturate=0,sign=1,size=01(ha Ifword )
# So,constant to load in S4 is:

# 00101(base 2) = 5(base 10)

csi_mtscri SCR1,5,5 # S4

# Set SCRs for pred stream

csi_mtscr SCRS2,0,$4 # Base
csi_mtscri SCRS2,1,8 # RLength
csi_mtscri SCRS2,2,64 # SlLength
csi_mtscri SCRS2,3,1 # HStride
csi_mtscr SCRS2,4,$6 # VStride

# scale=0, saturate=0, sign=0, size=00(byte)
# So,constant to load in S4 is 00000=0
csi_mtscri SCRS2,5,0 # S4

# Set SCRs for curr stream

csi_mtscr SCRS3,0,$5 # Base
csi_mtscri SCRS3,1,8 # RLength
csi_mtscri SCRS3,2,64 # SlLength
csi_mtscri SCRS3,3,1 # HStride
csi_mtscr SCRS3,4,$6 # VStride

# scale=0, saturate=1, sign=0, size=00(byte)
# So,constant to load in S4 is 01000=8
csi_mtscri SCRS3,5,8 # S4

# Trigger streamed operation  csi_add
csi_add SCRS3,S5CRS2,SCRS1

Figure 4. CSl code for the add_pred routine .

faults,canbe handledasin theIBM System/37Wectorar
chitecture[2]. A streaminterruption index is maintained
that indicateswhich streamelementsare currently being
processedlf theinstructionis interruptedthis internalreg-
istermarksthepointthathasbeerreachedIf theinstruction
is reissuedexecutionresumedgrom thatpoint.

3.2 Implementation

In this sectionwe describethe hardware implementa-
tion of the CSI architecturewhich will be referredto as
the streamunit. The datapathof the experimentalstream
unit is depictedin Figure5. Its main hardwareentitiesare
the streamcontrolregistersets(SCR-sets)the memoryin-
terfaceunit, the pack and unpackunits, one or more CSl
functional units which perform SIMD parallel operations,
and the accumulatorACC. For clarity, someof the paths
have beenomitted. For example,one of the inputs of the
CSlfunctionalunitscanbeageneral-purposeegisteror an
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Figure 5. Datapath of the Stream Unit

immediatevalue,andthereis alsoa pathfrom the general-
purposeaegistersto the streamcontrolregisters.

Thememoryinterfaceunit is responsibldor transferring
databetweerthe memoryhierarchyandthe streambuffers.
In addition, if the datais not storedconsecutely, it must
alsoextractnon-consecutie datafrom the cacheandalign
themin the properorder Its operationwill be describedn
moredetailbelow.

The unpackunits corvert streamdatafrom storagefor-
matto computationaformat (if required). For this, they
usethe valuesof the Sizeand Sign elds of the SCR S4.
For example,if onedatainput streamconsistsof unsigned
bytesandthe otherconsistf signedhalfwords,the rst is
corvertedto 16-bit halfwordsby paddingwith zeroes.

The CSlfunctionalunits performsubword paralleloper
ationsonthedatacontainedn theinputregisters.Currently
two CSl unitsareused:oneCSI MULT unit that performs
parallel multiplication and division, and one SIMD ALU
that performsparallel addition and subtractionas well as
thesumof absolutedifferencegSAD) operation.Thesetup
logic is alsousedin the computationof the SAD opera-
tion. Following the schemepresentedhn [28], it determines
the smallestof eachpair of correspondingixels contained
in the input registers,and controlsthe CSI ALU so thatit
negateghe smallesipixel of eachpair. Thesizeof theinput
registerss ,where isimplementatiordependentandthe
sizeof the outputregisteris  sothatno over ow occurs
duringcomputation.

Fromthe outputregister data o ws eitherto the stream
outputbuffer via the packunit or to the accumulatar The
packunit corvertsthe datafrom computationaformat to
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storageformat. It alsoperformstruncationandsaturation,
similar to the VIS packinstructions.For this, it usesScale
factor, Sign, SaturateandSize elds of the S4registercor-

respondingo theoutputstream.

Theaccumulatois  bitswide. It is usedin reduction
operationsuchasthe SAD andDOTPROD. It enableghe
accumulationof up to productswithout having
to promotethe operanddo a larger format[18]. As men-
tioned,datapromotionincursa performanceenaltydueto
thereducedparallelismanddueto the cyclesneededor ex-
ecutingpack/unpachnstructions.Notethatthe streamunit
performsdatapromotiononly if theinput streamshave dif-
ferentformats,not whenthe resultmay becometoo large.
Finally, the adderbetweerthe accumulatoandthe register
le sumsup the componentgontainedn the accumulatar
The accumulatorcancontaineither , , ,
or components.

Memory Interface Unit. We now describethe memory
interfaceunit (MIU). Oneimportantissueis the following:
shouldthe MIU be connectedo thelevel-1 (L1) cacheor
shouldit bypassthe L1 cacheand go directly to the L2
cacheor even main memory? In this studywe decidedto
connectthe MIU to a 3-ported(2 read, 1 write) L1 cache
for the following reasons. First, Ranganathaet al. [24]
obsenedthatwith realisticL1 cachesizes,multimediaap-
plicationsachiese high hit rates. Our simulationssupport
this obsenation. For example,with a 32K direct-mapped
L1 datacacheall benchmarksxhibitedhit ratesover 99%.
Anothermotivationis thatsincethe L1 cacheis on-chip,it
will not be expensve to widenthe pathbetweerthe cache
and the streamunit, so that a whole cacheblock can be
broughtto the streamunit in a singlecycle. In the future,
however, we intendto look at othermemoryorganizations.

The memoryinterfaceunit is depictedin Figure6. It
consistsof the following hardware entities: threeaddress
generatorAGs), a load queue(LQ) and a store queue
(SQ),andextractandinserthardware.

The AGs generatethe addresse®f the cacheblocks
that mustbe fetched. After a CSl instructionhasbeenis-
suedeachAG alignstheBaseaddres®f its associatedata
streamto cacheblock boundariesand insertsthe aligned
addresdnto the load queue. Furthermorewith eachLQ

entry, a maskof CBShbits is associatedwhereCBSis the
cacheblock sizein bytes. This maskmarkswhich bytesin
the cacheblock belongto the stream.It is computedbased
onthevaluesof the controlregistersHStride, VStride and
RLength, andtheSize eld of theS4register EachAG also
updatesomeinternalcontrol registersin orderto compute
theaddres®f the next block to fetch.

The load queuesubmitsthe load addresgso the cache
readport. Whenthedataarrives,it setstheready ag of the
correspondingntry. The storequeueoperatesimilarly.

Theextractunit monitorstheentryattheheadof the LQ.
Whentheready ag of this entryis set,it extractsthe use-
ful bytesfrom it (basedon the correspondingnask),and
placesthemconsecutiely in aninput streambuffer. It op-
eratessimilarto a collapsingbuffer [5]. Theinsertunit per
formstheinverseoperation,.e., it “scatters”the streamel-
ementssothatthey arein their correctposition,andplaces
thecacheblockin thestorequeue.The SQthenperformsa
partialstore,similarly to the VIS partial storeinstruction.

4 Evaluation

In order to evaluatethe performanceof the proposed
ISA, we simulateda superscalaprocessowithout a multi-
medialSA extension,a superscalaprocessowith the VIS
extension,anda processoextendedwith CSlinstructions.
We studiedfour benchmarksrom the MediaBench[13]
test suite: mpeg2enc (MPEG-2 encoder),mpeg2dec
(MPEG-2decoder)cjpeg (JPEGencoder),anddjpeg
(JPEG decoder). Theseprogramsare representatie of
video and image processingapplications. For the MPEG
benchmarkswe usedthe testbitstream,which consistsof
three frames.For theJPEGbenchmarkgherose
inputwasusedwhichis a pixelimage.

4.1 Simulation Methodology and Tools

We usedthe sim-outorder simulator of the Sim-
pleScalartoolset(releases3.0) [3] to simulatea superscalar
processowithoutandwith VIS or CSl extensions.Thisis
anexecution-drvensimulatorthat supportsout-of-orderis-
sueandexecution.lts architecturéPortabld SA or PISA)is
derivedfrom the MIPS-IV ISA [23]. CSlandVIS instruc-
tions were synthesizedisingannotationgo instructionsin
theassemblyles. We useda correctedversionof the Sim-
pleScalamemorymodelbasedon SDRAM speci cations
givenin [8].

To our knowledge, thereis no compiler that generates
VIS code.We, therefore hadto write VIS (aswell asCSl)
codeoursehes, but usedcodefrom the VIS Software De-
velopersKit (VSDK) whenpossible We remarkthatDCT
routinesare not available in the VSDK. They are avail-
ablein the SUN mediaLib, but this library consistsof bi-



Table 1. Processor con guration.

Clockrate 500MHz
Issuewidth 4
Registerupdateunit size 16
Load-storgqueuesize 8
Brand Prediction
Bimodalpredictorsize 2K
Branchtargetbuffer size 2K
Return-addresstacksize 8
Functionalunit types,number
andcycles(latency recovery)
IntegerALU 4 (2/1)
IntegerMULT 1
multiply (3/1)
divide (20/19)
Cacheports 2 (/1)
Floating-pointALU 4 (212)
Floating-pointMULT 1
FP multiply (4/1)
FPdivide (12/12)
sqrt (24/24)
VIS adder 2 (/1)
VIS multiplier 2
multiply andpdist (3/1)
other (2/2)

naryroutines.The mosttime-consumingoutineswere rst
identi ed by pro ling. After that, the functionsthat con-
taineda substantialamountof data-level parallelismand
whosekey computationcould be replacedby VIS andCSI
instructionswere rewritten manually The loopswereun-
rolled so that the loop bodiescould be replacedby a set
of equivalentVIS instructions. The selectedkernelsare:
Add_Block (MPEG2 frame reconstruction)Saturate
(saturatiorof 16-bitelementgo 12-bitrangein MPEG de-
coder),distl (sumof absolutedifferencedor motiones-
timation), ycc _rgb _convert andrgb _ycc _convert
(color corversionbetweenYCC and RGB color spacesn
JPEG),andh2v2 downsample (  horizontalandver-
tical downsamplingof a color componentin JPEG),and
idct (inversediscretecosinetransform).

4.2 Modeled Ar chitecture

It is importantto note that the baselinearchitectureis
SimpleScalafi.e., PISA), not UltraSFARC. We have cho-
senVIS insteadof the MIPS medialSA extensionMDMX
because,rst, VIS is representatie of mary currentme-
diaextensiong24], and,secondMDMX hasnoinstruction
thatcomputeghe sumof absolutedifferencegSAD). The
SAD is usedin motion estimationwhich is the mosttime-
consumingpart of the MPEG encoder With MDMX one
shouldusethe sumof squarediifferenceg18] instead but
thiswould have requiredto modify thebenchmarks.

Table 2. Memory con guration.

Instructioncache ideal
Datacades
L1 line size 32bhytes
L1 associatiity direct-mapped
L1 size 32KB
L1 hit time 1lcycle
L2 line size 128bytes
L2 associatiity 2-way
L2 size 1MB
L2 replacement | LRU
L2 hit time 6 cycles
Main memory
type SDRAM
row accessgime 20ns
row activatetime | 20ns
prechagetime 20ns
busfrequeny 100MHz
buswidth 64bits

The basesystemis a 4-way superscalaprocessomwith
out-of-orderissueandexecutionbasedon the RegisterUp-
date Unit (RUU). The processomparametersre listed in
Table 1, andthe parameter®f the memorysubsystenare
listedin Table2. Becaus¢hebenchmarksisedn this study
have small instructionworking sets,a perfectinstruction
cacheis assumedVIS instructionsoperateon the oating-
point register le andhave alateng of 1 cycle, exceptfor
thepdist  (whichcomputeghe SAD) andthe packedmul-
tiply instructions poth of which have alateng of 3 cycles.
Therearetwo VIS adderghatperformpartitionedaddand
subtractmemge,expandandlogical operationsandtwo VIS
multipliersthatperformthepartitionedmultiplication,com-
pare,packand pixel distanceoperations.This is modeled
after the UltraSFARC [27] with the following exceptions.
In theUltraSFARC, thealignaddr  instructioncannotbe
executedn parallelwith otherinstructiond30] but thislim-
itation is not presentin the architectureve modeled. Fur-
thermore the UltraSFARC hasonly one 64-bit VIS multi-
plier. We assumedwo becausehe width of the datapath
of the streamunit is assumedo be 128 bits. The degree
of parallelismof the VIS-enhancedindthe CSl-enhanced
architecturesire,thereforecomparable.

All sub-unitgi.e.,pack/unpackextract/insertCSladder
etc.) of the streamunit requirel cycle, exceptfor the CSI
multiplier, which requires3 cyclesbut is fully pipelined.
The datapathof the streamunit is 128 bits wide. So, the
CSI functional units processeither 16 bytes, 8 halfwords,
4 words,or 2 double-wordsin parallel. The input registers
arethereforel28bitswide, the outputregister256 bits, and
theaccumulatoB84bits (cf. Figure5).

Becausene CSl instructioncanreplacetwo embedded
loops,therequirementsor the machines fetch,decodeand
issuebandwidthwill be greatlyreduced.In orderto evalu-
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Figure 7. Kernel-le vel speedups (w.r.t. the 2-way super scalar processor).

atethis effect, we alsosimulateda 2-way superscalapro-
cessoiin additionto a 4-way system.

SinceVIS instructionsareregisterto-registerand oper
ateon the oating-point register le, they do not interfere
with the existing processolpipeline. CSl instructionsare
memory-to-memonandrequireextra care. Onemusten-
surethat CSl instructionsdo not overlapwith scalarmem-
ory instructions.We, therefore took the following conser
vative approach:whena CSI instructionis detectedthe
pipelineis stalleduntil all memoryinstructionshave com-
mitted. After that,the CSlinstructionis issuedandfetching
resumesvhenit has nished.

4.3 Experimental Results

In this sectionwe presenthe speedupsttainedby the
two multimedialSA extensiongVIS andCSl) considered.
Speedupwvill be givenwith respectto the 2-way system.
We rst presentesultsfor severalkernelsfrom our bench-
marks. After that, we analyzehow kernel-level speedup
translatego applicationspeedup.

Figure7 depictsthe speedupsattainedfor the sevenker-
nelsselectedrom thebenchmarksWhentheissuewidth is
2,theVIS-enhancedrchitectureachieresa speedupf 1.4
to 5.9 with an averageof 3.1, whereasthe CSl-enhanced
architecturattainsspeedupsangingfrom 4.0t0 22.7(12.3
onaverage) Whentheissuewidthis 4, theaveragespeedup
(w.r.t. to the 2-way system)of the VIS-enhancedrchitec-
tureis 4.4 (2.3to 7.2) andthe averagespeedupf the CSI-
enhancedrchitecturds 15.0(4.2to 28.3). So,CSl clearly
outperformsVIS.

Especiallyon the Saturate  kernelthe CSl-enhanced
architectureperformsmuchbetterthanthe architectureex-
tendedwith VIS instructions. Whereashe VIS-enhanced
processoattainsspeedupsf (2-way issue)and

(4-wayissue) the CSl-enhancegrocessoattainsspeedups
of and , respectiely. The reasonis thatin this
kernel 16-bit valueshave to be clippedto a 12-bit range
and, simultaneouslythe clipped valueshave to be accu-
mulated. BecauseCSl instructionshave saturationto ary
desiredrangeas a feature(by settingthe Saturatebit and
adjustingthe Scalefactor eld of the S4register),andbe-
causethe accumulatoaccumulatesll results,the body of
the Saturate  kernelis essentiallyreplacedby one in-
struction. In the VIS-enhancedrchitecturesaturationrand
accumulatiorhave to be performedexplicitly in software.

It can be obsered that the smallestperformanceim-
provementof the CSl-enhancearchitectureover the VIS-
enhancedarchitectureoccursfor theidct kernel. Therea-
sonis thatthe VIS versionis basedon the scalarversion,
whichin turnis basedn ahighly optimizedDSPalgorithm
proposedn [4]. However, this DSPalgorithmdoesnot op-
erateon long vectorsand can thereforenot be ef ciently
implementedusing CSl instructions. The CSI versionof
theidct isbasednthestandardie nition of theIDCT as
two matrix multiplications. Thus,the CSl versionof idct
executesmary more operationghanthe VIS version, but
nevertheless speedups obtained.

The resultsfor completeapplicationsare depictedin
Figure 8. For a 2-way issuemachine,the VIS-enhanced
architectureachieves speedupsof 1.42 (on the djpeg
benchmark),1.17 (cjpeg ), 1.40 (mpeg2dec) and 1.93
(mpeg2enc), whereasthe CSl-enhancedrchitectureat-
tains speedup®f 1.94,1.28,1.70 and 2.28, respectiely.
Whentheissuewidth is 4, therespectre speedupsare2.08,
1.59, 2.13 and 2.37 for the VIS-enhancedrocessqrand
2.75,1.74,2.48and 2.77 for the CSl-enhancegrocessar
Of coursedueto Amdahl's Law, thespeedup$or complete
programsarelessimpressve thanthosefor kernels. Nev-
erthelesswhenthe issuewidth is two, the CSl-enhanced
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architectureyields an averageperformancegain over VIS
of 20% on average(rangeof 8% to 36%),andwhentheis-
suewidth is four, the averagespeedumf CSl over VIS is
18% (rangeof 8% to 32%).

Finally, we remarkthat when the issuerate is 2, the
CSl-enhancedrchitecturattainshigherspeedupsv.r.t. the
VIS-enhancedrchitecturehanwhenthe basesystemis a
4-way processar This meansthat the performanceof the
streamunit is ratherinsensitve to the processorssuewidth.
This makesthe CSl architecturehighly suitablefor embed-
dedsystemswherehigh issueratesand out-of-orderissue
andexecutionaretoo expensve. The sameobsenationhas
beenmadein [6] for theMOM ISA extension.

5 RelatedWork

The CSl architecturaparadigmwasintroducedin [29].
Sincethenwe modi ed the architecturén orderto accom-
modatemoreinstructionsusingfewer opcodes.This is ac-
complishedisingthestreancontrolregisters.Furthermore,
we signi cantly extendthe work describedn [29] by pro-
viding resultsfor several other benchmarkspy including
a detailedsimulationof the memoryhierarchyandby pro-
viding a comparisorwith VIS. In [29], justonebenchmark
applicationwasconsideredan MPEG encoderandthe ef-
fect of cachemisseswasimitated by varying the latencies
of the CSlinstructions.

CSlinstructionseliminatetheneedfor vectorsectioning,
i.e.,bookkeepingnstructioneededor processingectors
of arbitrarylengthin sections.An early proposalaimedat
hiding the actualsectionsize (which is implementatiorde-
pendent)s the load vectorcountandupdate(VLVCU) in-
structionof the IBM/370 vectorarchitecturg?2].

Therearemary SIMD-stylemultimedial SA extensions,
for example, MMX [21, 22], VIS [27], MDMX [1§],
MAX [15, 16], AltiVec[9] andSSE[26]. They mainly dif-
ferin thenumberandtypesof thenewly addednstructions.
All of theselSA extensionsoperateon 64-bit registers,ex-
ceptAltiV ec and SSE,which operateon 128-bit registers.
However, aswasarguedin this paper it is questionablef

increasingheregistersizefurtherprovidesary bene t, be-
causeoften, the numberof streamelementsstoredconsec-
utively in memoryis rathersmall.

The differencesbetweenCSI and the Matrix Oriented
Multimedia(MOM) extension[6] have beendiscussegbre-
viously. MOM instructionscan be viewed as vector ver-
sionsof subword parallelinstructions;.e., they operateon
matriceswhereeachrow correspondso apacleddatatype.

Anotherrelatedproposalis the Imagineprocessof12],
which has a load/storearchitecturefor one-dimensional
streamsof datarecords. It is centeredarounda large,
128KB streamregister le, and consistsof 48 functional
units groupedin 8 arithmeticclusters. Imagineis suited
for applicationsperformingmary arithmeticoperationson
eachelementof a long, one-dimensionastream. It seems
lesssuitedwhenonly a few operationson eachrecordare
performedor whenthevectorlengthis small.

CSlis amemory-to-memongarchitecturej.e., thereare
no programmevisible registers.Therehave beenmemory-
to-memoryvector architecturedn the past(for example,
the TexasInstrumentsTlI ASC andCDC's Star100[11]),
but they sufferedfrom high startupcostwhich wasmainly
dueto long memorylateng. Our experimentsshav, how-
ever, that all benchmarksonsideredexhibit very high L1
hit rates,andthereforethe startupcostis lessof a problem.

6 Conclusions

In this paper we have presentedan architectural
paradigmdesignedto acceleratestreamingoperationson
mixed-width data. The describedComplex Streamedn-
struction(CSI) sethasbeenevaluatedusingfour multime-
dia benchmarks. On a numberof importantkernels,we
have obsered averagespeedupf 4.0 relative to an ar
chitectureextendedwith VIS instructions.Theselocal im-
provementshave resultedin applicationspeedup®f up to
36%.

One of the distinct featuresof the CSI architectureis
that the numberof byteswhich are processedn parallel
(the sectionsizeof processingvidth) is not determinedby



the architecturebut solely by the implementation.This en-
suresthat no recompilationis neededin orderto benet
from awiderdatapathTheCSlarchitecturalsoeliminates
overheadhssociatewith dataalignmentandcorversionbe-
tweenstorageandcomputationaformat.

Thereareseveralimportantresearclissuegegardingthe
memorysubsystemAn interestingoptionto investigates
thedirectinterfacingof the CSlunit to themainmemory In
recentwork [25] we have showvn thatin mary mediaappli-
cations,the main memorybandwidthis the critical perfor
mancefactorwhile lateng is lessimportant. Contemporary
DRAM devicessuchasSDRAM andRAMBUS canpoten-
tially supplydataat high bandwidth.A controlleris respon-
siblefor issuingrequestso utilize this bandwidthpotential.
The designand evaluationof sucha controllerfor stream-
ing accessewasperformedby McKeeetal.[17, 31]. These
studiesshaved thata controllerwith simple heuristicsand
modesthardware cost can supply dataat high bandwidth
andef ciently exploitthepotentialof contemporarnfDpRAM
devices. Sucha streamcontroller ts well into the CSI
paradigmbecausall informationaboutthe datastreamss
availablein the streamcontrol registersand can be easily
communicatedo the controller
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