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Abstract

An architectural paradigmdesignedto accelerate stream-
ing operationson mixed-widthdata is presentedandeval-
uated. ThedescribedComplex StreamedInstruction(CSI)
setcontainsinstructionsthat processdatastreamsof arbi-
trary length. Thenumberof bits or elementsthat will be
processedin parallel is, therefore, not visible to the pro-
grammer, sono recompilationis neededin order to bene�t
froma widerdatapath.CSIalsoeliminatesmanyoverhead
instructions(such asinstructionsneededfor dataalignment
and reorganization)often neededin applicationsutilizing
mediaISA extensionssuch as MMX and VIS by replacing
themby a hardware mechanism. Simulationresultsusing
several multimediakernelsdemonstratethatCSIprovidesa
factor of up to 9.9 (4.0 on average) performanceimprove-
mentwhencomparedto Sun'sVISextension.For complete
applications,the performancegain is 9% to 36% with an
averageof 20%.

1 Intr oduction

It is anticipatedthat multimedia applicationssuch as
JPEGand MPEG coders/decoderswill becomedominant
workloadsin thenearfuture[7, 14]. Multimediacodestyp-
ically processsmall datatypes(for example,8-bit pixels
or 16-bit audio samples)and thus are not well-suitedfor
commongeneral-purposesystemswhich areoptimizedfor
processingword-sizedata(32 or 64 bits). Many vendors
have, therefore,extendedtheir instructionsetarchitecture
(ISA) with instructionstargetedto multimediaapplications.
Theseinstructionsexploit SIMD parallelismatthesubword
level, i.e., they operateconcurrentlyon,e.g.,eightbytesor
four halfwordspacked in one64-bit register. Examplesof
suchmediaISA extensionare MMX [21, 22], VIS [27],
MDMX [18], MAX [15, 16], andAltiVec[9].

Although it hasbeenshown that theseextensionsim-
prove the performanceof many multimedia applications
(see,e.g.,[1, 19, 24]), they haveseveral limitations.Oneis

thatthenumberof bitsor elementsthatareprocessedin par-
allel, which is equalto themultimediaregistersize,is visi-
ble to theprogrammer. This impliesthatwhenthewidth of
theSIMD datapathis increasedin ordertoprocessmoreele-
mentsin parallel,eithertheISA hasto bechangedimplying
thatexistingcodeshaveto berecompiledor rewritten,or the
issuewidth hasto beincreased.Anotherlimitation is over-
headfor datareorganization.This includespack/unpackin-
structionsandalignment-relatedinstructions.Furthermore,
SIMD-style instructionsaremosteffective if datais stored
consecutively. Multimediaapplications,however, oftenop-
erateon sub-blocksof a large matrix, which implies that
thereis agapbetweenconsecutiverows.

In this paperwe presentandevaluatean ISA extension
calledCSI (Complex StreamedInstructions) thataddresses
theseproblemsaswell asseveral others. CSI instructions
processtwo-dimensionaldatastreams.Thereis no archi-
tectural(i.e., programmer-visible) constrainton the length
of thestreams.Instead,thehardwareis responsiblefor di-
viding thestreamsinto sectionswhichareprocessedin par-
allel. CSIalsoeliminatestheneedfor pack/unpackinstruc-
tions, becauseconversion betweendifferent packed data
types(if required)is performedinternallyin hardware.Fur-
thermore,becausestreamsaretwo-dimensional,loop over-
headinstructionsassociatedwith updatingof pointersand
branchingarealsoavoided.

This paperis organizedasfollows. Section2 describes
thelimitationsof currentmediaISA extensionsandexplains
how theCSIparadigmsolvestheseproblems.TheCSI ISA
extensionandits implementationaredescribedin Section3.
Section4 describesthebenchmarks,themodeledarchitec-
tures,andpresentstheexperimentalresults.Relatedwork is
discussedin Section5, andconcludingremarksandtopics
for futureresearcharegivenin Section6.

2 Moti vation

In thissectionwelist someof thelimitationsof currentme-
dia ISA extensionsanddescribehow they aresolvedin the
CSIarchitecture.



Ar chitectural Constraint on Section Size. All current
mediaISA extensionsaswell asmostvectorarchitectures
have an architectural(i.e., programmer-visible) �x ed sec-
tion size.For example,MMX andVIS instructionsoperate
on 64-bit registerswhich canbetreatedeitheras8 bytes,4
halfwords,or 2 words.Becauseof this, thesectionsizeap-
pearsexplicitly in thecode.This,however, meansthatif the
width of theSIMD datapathis increasedin orderto exploit
moreparallelism,theISA mayhaveto bechangedto re�ect
this. This implies that (partsof) the applicationmay have
to berecompiledor evenrewritten in orderto bene�t from
thewiderdatapath.For example,if MMX wouldoperateon
128-bitregisters,existingMMX codesmustbeadapted.

Anotherway to increaseparallelismis by increasingthe
issuewidth so that more SIMD instructionscan be pro-
cessedin parallel. However, it is generallyacceptedthat
increasingthe issuewidth requiresa substantialamountof
hardwareandmaynegatively affect thecycle time [10, 20].

In CSI theseproblemsareavoidedbecauseCSI instruc-
tions processdatastreamsof arbitrarylength. The imple-
mentationis responsiblefor dividing the datastreamsinto
sectionswhich are processedin parallel. Therefore,the
numberof elementsthat is processedin parallel doesnot
appearexplicitly in thecode.

Incr easingParallelism. A problemrelatedto the previ-
ous is the following. Although it may be possibleto in-
creasethewidth of thedatapathandtheregistersize,it may
not always be bene�cial becausemany multimediaappli-
cationsoperateon sub-blocksof a largematrix (represent-
ing, e.g.,animage),andthevectorlengthin bothdirections
is rathershort (typically 8 or 16 bytes). Consider, for ex-
ample,Figure1 which shows a C-function taken from an
MPEGencoder. Therowsof thepred andcur blocksare
not storedconsecutively in memory. Consequently, aswas
alsoobservedin [6], theamountof parallelismthatcanbe
exploitedby a SIMD extensionis restrictedto a singlerow.
In orderto beableto exploit moreparallelism,CSI instruc-
tionsoperateon two-dimensionalstreams.

Minimizing Overhead. The executionof a multimedia
kernel typically consistsof the following steps: (1) load
operanddata into registers, (2) rearrangedata so that
operandelementsarestoredconsecutively, (3) convertdata
from storageto computationalformat, (4) performthe ac-
tualcomputation,(5) converttheresultsto theirstoragefor-
mat,(6) rearrangetheresultsand,�nally , (7) storethemin
memory. ISA extensionslike MMX andVIS have explicit
instructionsto performdataconversionandrearrangement,
and, for example,[24] showed that on average,they con-
stitute41% of the VIS instructions. In CSI this overhead
is eliminatedby performingdataconversionandrearrange-
ment implicitly in hardwareandby pipelining it with the
actualcomputation.This is describedin detailbelow.

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

int i, j;

for (j=0; j<8; j++){
for (i=0; i<8; i++)

cur[i] = clp[blk[i] + pred[i]];
blk+= 8;
cur+= lx;
pred+= lx;

}
}

Figure 1. C code for saturating add.

a. Non-Unit Strides. SIMD extensionsare most ef-
fective if the vectorelementsarestoredconsecutively, for
otherwise,they needto be reordered. In somemultime-
dia applications,however, consecutive streamelementsare
storedat a �x ed but non-unitstride. This happens,for ex-
ample,in JPEG's color conversionroutinewherethe Red,
GreenandBlue componentsarestoredat a strideof 3. In
theupsampling/downsamplingphasesof JPEG,datais also
accessedwith a non-unitstride.In CSI,consecutivestream
elementspertainingto thesamerow donothaveto bestored
in consecutivememorylocation.Thus,we allow any stride
betweentwo consecutive row elements,aswell asbetween
consecutiverows. Thehardwareimplementationis respon-
sible for aligning themproperly. This is oneof thediffer-
enceswith MOM [6], which allows an arbitrarystridebe-
tweenconsecutive rows but requiresa unit-stridebetween
consecutiverow elements.

b. Computing with Differ ent Formats. Whenwe con-
siderFigure1 again,weobservethatoneof theblockscon-
sistsof 16-bit (short)elements,whereasthe otherconsists
of 8-bit elements.Whenthesetwo blocksareaddedusing
SIMD instructions,the pred block mustbe unpacked(or
promoted) to a 16-bit format. Datapromotionmayalsobe
requiredwhenthe input elementshave the samesize,be-
causethe result may not be representableby this format.
This incursa performancepenaltyof at leasta factorof 2,
dueto thereducedparallelismandtheoverheadcausedby
pack/unpackoperations.Becauseof this, many mediaISA
extensionshave instructionsthat automaticallysaturateto
thesmallestor largestvaluethedatatypecanrepresent.(In
VIS, saturationis performedwhile packing.)

In CSI, theseproblemsare resolved as follows. When
packing/unpackingis necessarybecausethe input streams
have different formats (as in the exampleshown in Fig-
ure 1), it is performedinternally in hardware. No special
opcodesareneededto specifythat,for example,oneof the
inputstreamsconsistsof 16-bitelementsandtheotherof 8-



bit elements,becauseacontrolregisterassociatedwith each
streamspeci�es the elementwidth. If packing/unpacking
is not required,theprogrammercanspecifythatsaturation
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/unpackingif theinput streamshavedifferentformats.

c. Data Alignment and Loop Control. Thereareother
instructionsbesidespackingandunpackingthatcontribute
to the overhead.This includesalignment-relatedandloop
control instructions. For example, VIS needsalignment
instructionsif a vector is not storedat an 8-byte aligned
address.Loop control instructionsare the instructionsre-
quiredfor breakingthedatastreaminto �x ed-sizesections
which areprocessedin parallel. This includesinstructions
neededto advancethe pointers to the next sections,in-
structionsthatcomputetheloop terminationcondition,and
branchinstructions.In theCSIarchitecture,thesefunctions
arealsoreplacedby a hardwaremechanism.Thehardware
generatesalignedaddressesandis responsiblefor extract-
ing the bytesthat belongto thedatastream.Furthermore,
sinceCSI instructionsprocessstreamsof arbitrary length,
no loop controlinstructionsareneeded.

Memory-to-Memory Operation. CSI is a memory-to-
memoryarchitecturefor two-dimensionalstreams.Thede-
cisionnot to useregistersfor streamdatawasmotivatedby
the intentionnot to have an architecturalconstrainton the
sectionsize,andby theobservationthatvectorregistersare
notalwaysableto exploit datareusein multimediaapplica-
tionswhile cachesare.For example,duringthemotiones-
timationphaseof mpeg2encode thebestmatchingblock
is searchedby comparingit with a numberof candidates
in thereferenceframe.Thenew candidateblock is usually
shiftedjust a few pixels from thepreviousone. Candidate
blocks,therefore,largely overlap. This resultsin high data
reuse(andL1 hit rate),but thereis noobviouswaytoexploit
this usingtraditionalvectorregisters.Anotherexamplecan
be found in the JPEGdecoder. There,datafrom a large
(severalKbytes)buffer �o wsin apipelinedfashionthrough
several kernels. Thereis not much datareusewithin the
kernelsthemselvesandthebuffer is too largeto bestoredin
a vectorregister. Thecache,on theotherhand,is likely to
belargeenoughto storethebuffer. We remarkthatwhena
kernelperformsseveraloperationsoneachstreamelement,
onehasto introducetemporariesto storeintermediatere-
sults.However, we observedthatwriting andreadingthese
intermediatestreamsdid not stressthememorybandwidth
becausethey have unit strideandusuallywerestoredand
retrieved from the L1 cachewithout going to lower levels
of thememoryhierarchy.

Base HStride

VStride

SizeS4.

Figure 2. Two­dimensional stream format.
Each box represents a byte . Filled boxes are
stream elements.

3 Ar chitecture and Implementation

In this sectionwe presentthe CSI multimediaISA exten-
sion.A possibleimplementationis alsodescribed.

3.1 CSI Overview

CSI is a memory-to-memoryarchitecture. Most CSI
instructionsload two large datainput streamsfrom mem-
ory, operateon themelement-wise,andwrite the resulting
streambackto memory. Thereis noarchitecturalconstraint
on the streamlength. As illustratedin Figure 2, streams
aretwo-dimensional.Eachstreamconsistsof an arbitrary
numberof rows,andtherow elementsarestoredat a �x ed
stridewhich will bereferredto asHStride (shortfor hori-
zontalstride).Thereis alsoa �x edstridebetweenconsecu-
tive rows,whichwill bereferredto asVStride.

Eachstreamis speci�edby a setof streamcontrol regis-
ters(SCR-set),whichconsistsof thefollowing 32-bit regis-
ters,eachof which is addressedby anumberbetween0 and
5.

0. Base. This registercontainsthe startingor basead-
dressof thestream.For example,if thematrix in Fig-
ure2 is storedin row-majororderandits baseaddress
is 8000,thebaseaddressof thestreamis 8018.

1. RLength. Thisregisterholdsthenumberof streamel-
ementsin a row (thenumberof elementsbelongingto
the stream,not the row lengthof the envelopingma-
trix). In theexample,RLength=4.

2. SLength. This registercontainsthestreamlength. In
theexampleillustratedin Figure2, SLength=12.

3. HStride. The stride in bytes betweenconsecutive
streamelementsin a row.

4. VStride. The distancein bytesbetweenconsecutive
rows.

5. S4. This registerconsistsof 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 correspondsto bytes,01 half-words,
10 words,and11 double-words. The Sign �eld is a
�ag thatspeci�esif thestreamelementsaresignedor
unsignedvalues.TheSaturate�eld is alsoa �ag that
speci�esif saturationor modulararithmeticshouldbe
performed. If this bit is setand the result cannotbe
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 theScalefactor �eld
is identical to the Scalefactor �eld of the Graphics
StatusRegisterof the VIS architecture[30]. It deter-
minesthenumberof bits by which theresultis shifted
to the left beforethe leastsigni�cant bits (LSBs) are
roundedanddiscarded.Thenumberof bits discarded
dependson thesizeof theoperandsandtheresult.For
example,whenpackingfrom 16 to 8 bits, the7 LSBs
arediscarded.This mechanismallows to specify the
numberof fractionalbits. Theformatof theS4regis-
ter is depictedin Figure3.

TheCSI instructionsetis dividedin two categories:

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

� op SCRSi, SCRSj, SCRSk
Suchinstructionsprocesstwo datainput streams
andproducea dataoutputstream. The streams
arespeci�edby thecorrespondingSCR-sets.Ex-
amplesare pairwise addition, subtractionand
multiplicationof two datastreams.

� op SCRSi, SCRSj, GPRk
These instructionsare similar to the previous
onesbut thesecondoperandis not a datastream
but a scalarvalue. An exampleof suchan in-
structionis themultiplicationof adatastreamby
a scalar.

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

2. CSI auxiliary instructions. Theseinstructionssetthe
individualstreamcontrolregisters.

� 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 registersarenumberedasabove.
For example, the base address of SCR-set
SCRS2 can be loaded from GPR4 using
csi_mtscr SCRS2, 0, GPR4.

� csi_mtscri SCRSi, j, imm
This instructionsalsoloadsa streamcontrolreg-
isterbut with animmediatevalue.

Note thatsincetheelementsizeandtheSign andSatu-
rate bits aresetusingcontrol registers,theCSI ISA exten-
sionis quitecompactandactuallysmallerthanSIMD exten-
sionssuchasVIS andMMX. For example,sevenMMX in-
structionspadd[b,w,d] (addwith wrap-aroundon[byte,
word,double-word]),padds[b,w] (addsignedwith satu-
ration)andpaddus[b,w] (addunsignedwith saturation)
correspondto justoneCSI instructioncsi_add whichcan
addstreamsof signedaswell asunsignedbytes,halfwords
(wordsin Intel terminology)andwords,andwhichalsoper-
formssaturationif theSaturatebit is set.

As an example, Figure 4 shows the CSI code for the
add_pred routine depictedin Figure 1. For eachdata
stream,6 instructionsareneededto setthecontrolregisters,
after which the csi_add instructionis triggered. These
18 instructionsneededto settheSCRsmight seemsignif-
icant at �rst but mostly they arenegligible for the follow-
ing reasons.First, theseinstructionsareexecutedonly once
andtheir numberis still very small comparedto the num-
ber of instructionsthat mustbe executedby a scalarpro-
cessor. In this example,64 iterations(with about10 scalar
instructionseach,dependingon thecompiler)arereplaced
by 18 instructionsthat manipulatethe SCRsand a single
csi_add instruction.Second,in many cases,notall SCRs
haveto beresetto initiateanew CSI instruction.For exam-
ple, the add_pred routineis executedon many different
blocks.Thismeansthatafterall SCRsaresetthe�rst time,
only thebaseaddresseshave to be reset.The overheadis,
therefore,amortizedovermany instructions.

We remarkthat thestructureof theCSI architectureal-
lows somepowerful instructionsto beconstructed.For ex-
ample,thearithmeticaverageof two 8-bit pixel streamscan
becalculatedusingthecsi_add instructionby settingthe
Scalefactor �eld of theSCR-setcorrespondingto thedesti-
nationstreamto 6. So,theresultsof thecsi_add instruc-
tion areshiftedto theleft by 6 bit positions,afterwhich the
7 leastsigni�cant bitsareroundedandthendiscarded.

All CSI instructionscanbeinterruptedduringexecution.
However, we �rst observethatarithmeticover�ow doesnot
generatean exception,sinceeitherwrap-aroundor satura-
tionarithmeticis performed.Otherexceptions,suchaspage



# GPRi is denoted as $i
# We assume pred=$4, curr=$5, lx=$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 # SLength
csi_mtscri SCRS1,3,2 # HStride
csi_mtscri SCRS1,4,16 # VStride
#scale=0,saturate=0,sign=1,size=01(ha lfword )
# 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 # SLength
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 # SLength
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,SCRS2,SCRS1

Figure 4. CSI code for the add pred routine .

faults,canbehandledasin theIBM System/370vectorar-
chitecture[2]. A streaminterruption index is maintained
that indicateswhich streamelementsare currently being
processed.If theinstructionis interrupted,this internalreg-
istermarksthepointthathasbeenreached.If theinstruction
is reissued,executionresumesfrom thatpoint.

3.2 Implementation

In this sectionwe describethe hardware implementa-
tion of the CSI architecture,which will be referredto as
the streamunit. The datapathof the experimentalstream
unit is depictedin Figure5. Its mainhardwareentitiesare
thestreamcontrol registersets(SCR-sets),thememoryin-
terfaceunit, the packandunpackunits, oneor moreCSI
functionalunits which performSIMD parallel operations,
and the accumulatorACC. For clarity, someof the paths
have beenomitted. For example,oneof the inputsof the
CSI functionalunitscanbeageneral-purposeregisteror an
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Figure 5. Datapath of the Stream Unit

immediatevalue,andthereis alsoa pathfrom thegeneral-
purposeregistersto thestreamcontrolregisters.

Thememoryinterfaceunit is responsiblefor transferring
databetweenthememoryhierarchyandthestreambuffers.
In addition, if the datais not storedconsecutively, it must
alsoextractnon-consecutivedatafrom thecacheandalign
themin theproperorder. Its operationwill bedescribedin
moredetailbelow.

The unpackunits convert streamdatafrom storagefor-
mat to computationalformat (if required). For this, they
usethe valuesof the SizeandSign �elds of the SCRS4.
For example,if onedatainput streamconsistsof unsigned
bytesandtheotherconsistsof signedhalfwords,the�rst is
convertedto 16-bit halfwordsby paddingwith zeroes.

TheCSI functionalunitsperformsubwordparalleloper-
ationsonthedatacontainedin theinputregisters.Currently
two CSI unitsareused:oneCSI MULT unit thatperforms
parallel multiplication and division, and one SIMD ALU
that performsparallel addition and subtractionas well as
thesumof absolutedifferences(SAD) operation.Thesetup
logic is also usedin the computationof the SAD opera-
tion. Following theschemepresentedin [28], it determines
thesmallestof eachpair of correspondingpixelscontained
in the input registers,andcontrolsthe CSI ALU so that it
negatesthesmallestpixel of eachpair. Thesizeof theinput
registersis � , where� is implementationdependent,andthe
sizeof theoutputregisteris

�

� so thatno over�ow occurs
duringcomputation.

Fromtheoutputregister, data�o ws eitherto thestream
outputbuffer via the packunit or to the accumulator. The
packunit converts the datafrom computationalformat to
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storageformat. It alsoperformstruncationandsaturation,
similar to theVIS packinstructions.For this, it usesScale
factor, Sign, SaturateandSize�elds of theS4registercor-
respondingto theoutputstream.

Theaccumulatoris ��� bits wide. It is usedin reduction
operationssuchastheSAD andDOTPROD. It enablesthe
accumulationof up to �
	��
��� productswithout having
to promotethe operandsto a larger format [18]. As men-
tioned,datapromotionincursa performancepenaltydueto
thereducedparallelismanddueto thecyclesneededfor ex-
ecutingpack/unpackinstructions.Notethatthestreamunit
performsdatapromotiononly if theinputstreamshavedif-
ferentformats,not whenthe resultmay becometoo large.
Finally, theadderbetweentheaccumulatorandtheregister
�le sumsup thecomponentscontainedin theaccumulator.
Theaccumulatorcancontaineither ��������� , ������� , �����
� ,
or ������� components.

Memory Interface Unit. We now describethe memory
interfaceunit (MIU). Oneimportantissueis thefollowing:
shouldtheMIU beconnectedto the level-1 (L1) cache,or
should it bypassthe L1 cacheand go directly to the L2
cacheor even main memory? In this studywe decidedto
connecttheMIU to a 3-ported(2 read, 1 write) L1 cache
for the following reasons. First, Ranganathanet al. [24]
observedthatwith realisticL1 cachesizes,multimediaap-
plicationsachieve high hit rates. Our simulationssupport
this observation. For example,with a 32K direct-mapped
L1 datacache,all benchmarksexhibitedhit ratesover99%.
Anothermotivationis thatsincetheL1 cacheis on-chip,it
will not beexpensive to widenthepathbetweenthecache
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 Figure 6. It
consistsof the following hardwareentities: threeaddress
generators(AGs), a load queue(LQ) and a store queue
(SQ),andextractandinserthardware.

The AGs generatethe addressesof the cacheblocks
that mustbe fetched. After a CSI instructionhasbeenis-
sued,eachAG alignstheBaseaddressof its associateddata
streamto cacheblock boundaries,and insertsthe aligned
addressinto the load queue. Furthermore,with eachLQ

entry, a maskof CBSbits is associated,whereCBSis the
cacheblock sizein bytes.This maskmarkswhich bytesin
thecacheblock belongto thestream.It is computedbased
on thevaluesof thecontrolregistersHStride, VStride and
RLength, andtheSize�eld of theS4register. EachAGalso
updatessomeinternalcontrol registersin orderto compute
theaddressof thenext block to fetch.

The load queuesubmitsthe load addressto the cache
readport. Whenthedataarrives,it setstheready�ag of the
correspondingentry. Thestorequeueoperatessimilarly.

Theextractunit monitorstheentryat theheadof theLQ.
Whentheready�ag of this entry is set,it extractstheuse-
ful bytesfrom it (basedon the correspondingmask),and
placesthemconsecutively in an input streambuffer. It op-
eratessimilar to acollapsingbuffer [5]. Theinsertunit per-
formstheinverseoperation,i.e., it “scatters”thestreamel-
ementssothatthey arein their correctposition,andplaces
thecacheblock in thestorequeue.TheSQthenperformsa
partialstore,similarly to theVIS partialstoreinstruction.

4 Evaluation

In order to evaluatethe performanceof the proposed
ISA, we simulateda superscalarprocessorwithout a multi-
mediaISA extension,a superscalarprocessorwith theVIS
extension,anda processorextendedwith CSI instructions.
We studiedfour benchmarksfrom the MediaBench[13]
test suite: mpeg2enc (MPEG-2 encoder),mpeg2dec
(MPEG-2decoder),cjpeg (JPEGencoder),anddjpeg
(JPEG decoder). Theseprogramsare representative of
video and imageprocessingapplications. For the MPEG
benchmarks,we usedthe testbitstream,which consistsof
three ������������� frames.For theJPEGbenchmarks,therose
inputwasused,which is a � �"!#�$�%�"& pixel image.

4.1 Simulation Methodologyand Tools

We usedthe sim-outorder simulator of the Sim-
pleScalartoolset(release3.0) [3] to simulatea superscalar
processorwithout andwith VIS or CSI extensions.This is
anexecution-drivensimulatorthatsupportsout-of-orderis-
sueandexecution.Itsarchitecture(PortableISA orPISA)is
derivedfrom theMIPS-IV ISA [23]. CSI andVIS instruc-
tionsweresynthesizedusingannotationsto instructionsin
theassembly�les. We useda correctedversionof theSim-
pleScalarmemorymodelbasedon SDRAM speci�cations
givenin [8].

To our knowledge,thereis no compiler that generates
VIS code.We, therefore,hadto write VIS (aswell asCSI)
codeourselves,but usedcodefrom the VIS SoftwareDe-
veloper'sKit (VSDK) whenpossible.We remarkthatDCT
routinesare not available in the VSDK. They are avail-
able in the SUN mediaLib,but this library consistsof bi-



Table 1. Processor con�guration.
Clock rate 500MHz
Issuewidth 4
Registerupdateunit size 16
Load-storequeuesize 8
Branch Prediction

Bimodalpredictorsize 2K
Branchtargetbuffer size 2K
Return-addressstacksize 8

Functionalunit types,number
andcycles(latency, recovery)

IntegerALU 4 (1/1)
IntegerMULT 1
multiply (3/1)
divide (20/19)

Cacheports 2 (1/1)
Floating-pointALU 4 (2/2)
Floating-pointMULT 1
FPmultiply (4/1)
FPdivide (12/12)
sqrt (24/24)

VIS adder 2 (1/1)
VIS multiplier 2
multiply andpdist (3/1)
other (1/1)

naryroutines.Themosttime-consumingroutineswere�rst
identi�ed by pro�ling. After that, the functionsthat con-
taineda substantialamountof data-level parallelismand
whosekey computationcouldbereplacedby VIS andCSI
instructionswererewritten manually. The loopswereun-
rolled so that the loop bodiescould be replacedby a set
of equivalent VIS instructions. The selectedkernelsare:
Add Block (MPEG2 frame reconstruction),Saturate
(saturationof 16-bit elementsto 12-bit rangein MPEGde-
coder),dist1 (sumof absolutedifferencesfor motiones-
timation), ycc rgb convert and rgb ycc convert
(color conversionbetweenYCC andRGB color spacesin
JPEG),andh2v2 downsample ( ')(+* horizontalandver-
tical downsamplingof a color componentin JPEG),and
idct (inversediscretecosinetransform).

4.2 ModeledAr chitecture

It is important to note that the baselinearchitectureis
SimpleScalar(i.e., PISA), not UltraSPARC. We have cho-
senVIS insteadof theMIPS mediaISA extensionMDMX
because,�rst, VIS is representative of many currentme-
diaextensions[24], and,second,MDMX hasnoinstruction
thatcomputesthesumof absolutedifferences(SAD). The
SAD is usedin motionestimation,which is themosttime-
consumingpart of the MPEG encoder. With MDMX one
shouldusethesumof squareddifferences[18] instead,but
thiswould haverequiredto modify thebenchmarks.

Table 2. Memor y con�guration.
Instructioncache ideal
Datacaches

L1 line size 32bytes
L1 associativity direct-mapped
L1 size 32KB
L1 hit time 1 cycle
L2 line size 128bytes
L2 associativity 2-way
L2 size 1 MB
L2 replacement LRU
L2 hit time 6 cycles

Main memory
type SDRAM
row accesstime 20ns
row activatetime 20ns
prechargetime 20ns
busfrequency 100MHz
buswidth 64bits

The basesystemis a 4-way superscalarprocessorwith
out-of-orderissueandexecutionbasedon theRegisterUp-
dateUnit (RUU). The processorparametersare listed in
Table1, andthe parametersof the memorysubsystemare
listedin Table2. Becausethebenchmarksusedin thisstudy
have small instructionworking sets,a perfect instruction
cacheis assumed.VIS instructionsoperateon the�oating-
point register�le andhave a latency of 1 cycle, exceptfor
thepdist (whichcomputestheSAD) andthepackedmul-
tiply instructions,bothof which have a latency of 3 cycles.
Therearetwo VIS addersthatperformpartitionedaddand
subtract,merge,expandandlogicaloperations,andtwo VIS
multipliersthatperformthepartitionedmultiplication,com-
pare,packandpixel distanceoperations.This is modeled
after the UltraSPARC [27] with the following exceptions.
In theUltraSPARC, thealignaddr instructioncannotbe
executedin parallelwith otherinstructions[30] but thislim-
itation is not presentin the architecturewe modeled.Fur-
thermore,the UltraSPARC hasonly one64-bit VIS multi-
plier. We assumedtwo becausethe width of the datapath
of the streamunit is assumedto be 128 bits. The degree
of parallelismof the VIS-enhancedandthe CSI-enhanced
architecturesare,therefore,comparable.

All sub-units(i.e.,pack/unpack,extract/insert,CSIadder
etc.) of thestreamunit require1 cycle, exceptfor theCSI
multiplier, which requires3 cycles but is fully pipelined.
The datapathof the streamunit is 128 bits wide. So, the
CSI functionalunits processeither16 bytes,8 halfwords,
4 words,or 2 double-wordsin parallel. Theinput registers
aretherefore128bitswide,theoutputregister256bits,and
theaccumulator384bits (cf. Figure5).

BecauseoneCSI instructioncanreplacetwo embedded
loops,therequirementsfor themachine's fetch,decodeand
issuebandwidthwill begreatlyreduced.In orderto evalu-
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Figure 7. Kernel­le vel speedups (w.r.t. the 2­way super scalar processor).

atethis effect, we alsosimulateda 2-way superscalarpro-
cessorin additionto a 4-waysystem.

SinceVIS instructionsareregister-to-registerandoper-
ateon the �oating-point register�le, they do not interfere
with the existing processorpipeline. CSI instructionsare
memory-to-memoryandrequireextra care. Onemusten-
surethatCSI instructionsdo not overlapwith scalarmem-
ory instructions.We, therefore,took the following conser-
vative approach:when a CSI instruction is detected,the
pipelineis stalleduntil all memoryinstructionshave com-
mitted.After that,theCSI instructionis issuedandfetching
resumeswhenit has�nished.

4.3 Experimental Results

In this sectionwe presentthe speedupsattainedby the
two multimediaISA extensions(VIS andCSI) considered.
Speedupswill be given with respectto the 2-way system.
We �rst presentresultsfor severalkernelsfrom our bench-
marks. After that, we analyzehow kernel-level speedup
translatesto applicationspeedup.

Figure7 depictsthespeedupsattainedfor thesevenker-
nelsselectedfrom thebenchmarks.Whentheissuewidth is
2, theVIS-enhancedarchitectureachievesa speedupof 1.4
to 5.9 with an averageof 3.1, whereasthe CSI-enhanced
architectureattainsspeedupsrangingfrom 4.0to 22.7(12.3
onaverage).Whentheissuewidth is 4, theaveragespeedup
(w.r.t. to the2-way system)of the VIS-enhancedarchitec-
ture is 4.4 (2.3 to 7.2) andtheaveragespeedupof theCSI-
enhancedarchitectureis 15.0(4.2 to 28.3).So,CSI clearly
outperformsVIS.

Especiallyon the Saturate kernel the CSI-enhanced
architectureperformsmuchbetterthanthearchitectureex-
tendedwith VIS instructions. Whereasthe VIS-enhanced
processorattainsspeedupsof ,
- ."/ (2-way issue)and 01- 0
2

(4-wayissue),theCSI-enhancedprocessorattainsspeedups
of ,%.3-4, and ,�51- 5 , respectively. The reasonis that in this
kernel 16-bit valueshave to be clipped to a 12-bit range
and, simultaneously, the clipped valueshave to be accu-
mulated. BecauseCSI instructionshave saturationto any
desiredrangeasa feature(by settingthe Saturatebit and
adjustingtheScalefactor �eld of theS4register),andbe-
causetheaccumulatoraccumulatesall results,thebodyof
the Saturate kernel is essentiallyreplacedby one in-
struction.In theVIS-enhancedarchitecture,saturationand
accumulationhave to beperformedexplicitly in software.

It can be observed that the smallestperformanceim-
provementof theCSI-enhancedarchitectureover theVIS-
enhancedarchitectureoccursfor theidct kernel.Therea-
sonis that the VIS versionis basedon the scalarversion,
whichin turn is basedonahighly optimizedDSPalgorithm
proposedin [4]. However, this DSPalgorithmdoesnot op-
erateon long vectorsand can thereforenot be ef�ciently
implementedusing CSI instructions. The CSI versionof
theidct is basedonthestandardde�nition of theIDCT as
two matrix multiplications.Thus,theCSI versionof idct
executesmany moreoperationsthan the VIS version,but
neverthelessaspeedupis obtained.

The results for 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 CSI-enhancedarchitectureat-
tains speedupsof 1.94, 1.28, 1.70 and 2.28, respectively.
Whentheissuewidth is 4, therespectivespeedupsare2.08,
1.59, 2.13 and 2.37 for the VIS-enhancedprocessor, and
2.75,1.74,2.48and2.77 for the CSI-enhancedprocessor.
Of course,dueto Amdahl'sLaw, thespeedupsfor complete
programsarelessimpressive thanthosefor kernels. Nev-
ertheless,when the issuewidth is two, the CSI-enhanced
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Figure 8. Application­le vel speedups (w.r.t. the 2­way super scalar processor).

architectureyields an averageperformancegain over VIS
of 20%on average(rangeof 8% to 36%),andwhentheis-
suewidth is four, the averagespeedupof CSI over VIS is
18%(rangeof 8% to 32%).

Finally, we remark that when the issuerate is 2, the
CSI-enhancedarchitectureattainshigherspeedupsw.r.t. the
VIS-enhancedarchitecturethanwhenthebasesystemis a
4-way processor. This meansthat the performanceof the
streamunit is ratherinsensitiveto theprocessorissuewidth.
This makestheCSI architecturehighly suitablefor embed-
dedsystems,wherehigh issueratesandout-of-orderissue
andexecutionaretoo expensive. Thesameobservationhas
beenmadein [6] for theMOM ISA extension.

5 RelatedWork

TheCSI architecturalparadigmwasintroducedin [29].
Sincethenwe modi�ed thearchitecturein orderto accom-
modatemoreinstructionsusingfewer opcodes.This is ac-
complishedusingthestreamcontrolregisters.Furthermore,
we signi�cantly extendthework describedin [29] by pro-
viding resultsfor several other benchmarks,by including
a detailedsimulationof thememoryhierarchyandby pro-
viding a comparisonwith VIS. In [29], just onebenchmark
applicationwasconsidered(anMPEGencoder)andtheef-
fect of cachemisseswasimitatedby varying the latencies
of theCSI instructions.

CSI instructionseliminatetheneedfor vectorsectioning,
i.e.,bookkeepinginstructionsneededfor processingvectors
of arbitrarylengthin sections.An earlyproposalaimedat
hiding theactualsectionsize(which is implementationde-
pendent)is the loadvectorcountandupdate(VLVCU) in-
structionof theIBM/370 vectorarchitecture[2].

Therearemany SIMD-stylemultimediaISA extensions,
for example, MMX [21, 22], VIS [27], MDMX [18],
MAX [15, 16], AltiVec[9] andSSE[26]. They mainly dif-
fer in thenumberandtypesof thenewly addedinstructions.
All of theseISA extensionsoperateon 64-bit registers,ex-
ceptAltiVec andSSE,which operateon 128-bit registers.
However, aswasarguedin this paper, it is questionableif

increasingtheregistersizefurtherprovidesany bene�t, be-
causeoften,thenumberof streamelementsstoredconsec-
utively in memoryis rathersmall.

The differencesbetweenCSI and the Matrix Oriented
Multimedia(MOM) extension[6] havebeendiscussedpre-
viously. MOM instructionscan be viewed as vector ver-
sionsof subword parallelinstructions,i.e., they operateon
matriceswhereeachrow correspondsto apackeddatatype.

Anotherrelatedproposalis the Imagineprocessor[12],
which has a load/storearchitecturefor one-dimensional
streamsof data records. It is centeredaround a large,
128KB streamregister �le, and consistsof 48 functional
units groupedin 8 arithmeticclusters. Imagine is suited
for applicationsperformingmany arithmeticoperationson
eachelementof a long, one-dimensionalstream.It seems
lesssuitedwhenonly a few operationson eachrecordare
performedor whenthevectorlengthis small.

CSI is a memory-to-memoryarchitecture,i.e., thereare
noprogrammervisible registers.Therehavebeenmemory-
to-memoryvector architecturesin the past (for example,
theTexasInstruments'TI ASC andCDC's Star-100 [11]),
but they sufferedfrom high startupcostwhich wasmainly
dueto long memorylatency. Our experimentsshow, how-
ever, that all benchmarksconsideredexhibit very high L1
hit rates,andtherefore,thestartupcostis lessof aproblem.

6 Conclusions

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

One of the distinct featuresof the CSI architectureis
that the numberof byteswhich are processedin parallel
(thesectionsizeof processingwidth) is not determinedby



thearchitecturebut solelyby the implementation.This en-
suresthat no recompilationis neededin order to bene�t
from awiderdatapath.TheCSIarchitecturealsoeliminates
overheadassociatedwith dataalignmentandconversionbe-
tweenstorageandcomputationalformat.

Thereareseveralimportantresearchissuesregardingthe
memorysubsystem.An interestingoption to investigateis
thedirectinterfacingof theCSIunit to themainmemory. In
recentwork [25] we have shown that in many mediaappli-
cations,themainmemorybandwidthis thecritical perfor-
mancefactorwhile latency is lessimportant.Contemporary
DRAM devicessuchasSDRAM andRAMBUS canpoten-
tially supplydataathighbandwidth.A controlleris respon-
siblefor issuingrequeststo utilize thisbandwidthpotential.
The designandevaluationof sucha controllerfor stream-
ing accesseswasperformedby McKeeetal. [17, 31]. These
studiesshowedthata controllerwith simpleheuristicsand
modesthardware cost can supply dataat high bandwidth
andef�ciently exploit thepotentialof contemporaryDRAM
devices. Such a streamcontroller �ts well into the CSI
paradigmbecauseall informationaboutthedatastreamsis
available in the streamcontrol registersandcanbe easily
communicatedto thecontroller.

Acknowledgment.Thanksto MatthiasGriesfor providing
uswith his correctedversionof the SimpleScalarmemory
model.

References

[1] R. Bhargava, L. John, B. Evans, and R. Radhakrishnan.
EvaluatingMMX TechnologyUsing DSPandMultimedia
Applications.In MICRO 31, pages37–46,1998.

[2] W. Buchholz. The IBM System/370Vector Architecture.
IBM SystemsJournal, 25(1):51–62,1986.

[3] D. BurgerandT. Austin.TheSimpleScalarToolSet,Version
2.0. TechnicalReport1342,Univ. of Wisconsin-Madison,
Comp.Sci.Dept.,1997.

[4] W. Chen,C. Smith, andS. Fralick. A FastComputational
Algorithm for the DiscreteCosineTransformation. IEEE
Transactionson Communications, Sept.1977.

[5] T. Conte,K. Menezes,P. Mills, andB. Patel. Optimization
of InstructionFetchMechanismsfor High IssueRates. In
ISCA'95, pages333–344,1995.

[6] J.Corbal,M. Valero,andR.Espasa.ExploitingaNew Level
of DLP in MultimediaApplications.In MICRO 32, 1999.

[7] K. Diefendorff andP. Dubey. How MultimediaWorkloads
Will ChangeProcessorDesign. IEEE Computer, 30(9):43–
45,1997.

[8] M. Gries. The Impact of RecentDRAM Architectures
on EmbeddedSystemsPerformance.In EUROMICRO 26,
2000.

[9] L. Gwennap.AltiVecVectorizesPowerPC.Microprocessor
Report, 12(6),1998.

[10] J. HennessyandD. Patterson. ComputerArchitecture - A
QuantitativeApproach. Morgan Kaufmann,2nd edition,
1996.

[11] K. Hwang and F. A. Briggs. ComputerArchitecture and
Parallel Processing. McGraw-Hill, 2ndedition,1984.

[12] B. Khailany, W. Dally, U. Kapasi,P. Mattson,J.Namkoong,
J. Owens,B. Towles, A. Chang,andS. Rixner. Imagine:
MediaProcessingWith Streams.IEEE Micro, 21(2):35–47,
2001.

[13] C. Lee, M. Potkonjak, and W. Mangione-Smith. Media-
Bench:A Tool for EvaluatingandSynthesizingMultimedia
andCommunicationSystems.In MICRO 30, 1997.

[14] R. Lee andM. Smith. Media Processing:A New Design
Target. IEEEMicro, 16(4):6–9,1996.

[15] R. B. Lee. AcceleratingMultimediawith EnhancedMicro-
processors.IEEEMicro, 15(2):22–32,1995.

[16] R. B. Lee. Subword Parallelismwith MAX-2. IEEE Micro,
16(4):51–59,August1996.

[17] S. McKee, W. Wulf, J. Aylor, R. Klenke, M. Salinas,
S. Hong, and D. Weikle. Dynamic AccessOrdering for
StreamedComputations. IEEE Micro, 49(11):1255–1271,
2000.

[18] MIPS Extension for Digital Media with 3D. Docu-
ment available via http://www.mips.com/Documentation/
isa5 techbrf.pdf.

[19] H. Nguyenand L. John. Exploiting SIMD Parallelismin
DSPandMultimedia Algorithms Using the AltiVec Tech-
nology. In ICS'99, pages11–20,1999.

[20] S.Palacharla,N. Jouppi,andJ.Smith.Complexity-Effective
SuperscalarProcessors.In ISCA'97, 1997.

[21] A. Peleg andU. Weiser. MMX TechnologyExtensionto the
Intel Architecture.IEEE Micro, 16(4):42–50,1996.

[22] A. Peleg,S.Wilkie, andU. Weiser. Intel MMX for Multime-
diaPCs.Communicationsof theACM, 40(1):24–38,1997.

[23] C. Price.MIPSIV InstructionSet,revision3.1. MIPSTech-
nologies,Inc., MountainView, CA, 1995.

[24] P. Ranganathan,S. Adve, andN. Jouppi. Performanceof
ImageandVideoProcessingwith General-PurposeProces-
sorsandMediaISA Extensions.In ISCA26, pages124–135,
1999.

[25] D. Tcheressiz,B. Juurlink,S. Vassiliadis,andH. Wijshoff.
Performanceof the Complex StreamedInstructionSet on
ImageProcessingKernels.In Euro-Par'01, 2001.To appear.

[26] S.ThakkarandT. Huff. The InternetStreamingSIMD Ex-
tensions.Intel Technology Journal, May 1999.

[27] M. Tremblay, J.M. O'Conner, V. Narayanan,andL. He.VIS
SpeedsNew MediaProcessing.IEEE Micro, 16(4):10–20,
1996.

[28] S. Vassiliadis,E. Hakkennes,J. Wong, and G. Pechanek.
The Sum-Absolute-DifferenceMotion EstimationAcceler-
ator. In EUROMICRO 24, pages559–566,1998.

[29] S. Vassiliadis,B. Juurlink, and E. Hakkenes. Complex
StreamedInstructions:IntroductionandInitial Evaluation.
In EUROMICRO 26, 2000.

[30] VIS InstructionSetUser's Manual.Documentavailablevia
http://www.sun.com/microelectronics/vis/,March2000.

[31] L. Zhang,J.Carter, W. Hsieh,andS.McKee.MemorySys-
temSupportfor ImageProcessing.In Int. Conf. on Parallel
ArchitecturesandCompilationTechniques(PACT), 1999.


