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Abstract— This paper presentsan overall analysisof the redun-
dancy in the information (addressesjnstructions, and data) stored
and exchangedbetweenthe processorand the memory systemand
evaluates the potential of compressionin improving performance,
power consumption, and cost of the memory system. Analysis of
traces obtained with Sun Micr osystems’Shade simulator simulat-
ing SPARC executablesof nine integer and six floating-point pro-
grams in the SPEC CPU2000benchmark suite yield impressve re-
sults. Well-designedcompressionschemesmay provide benefitsin
performance, power, and costthat far outweightheir overheadscon-
stituting extra time, logic, and power for compressionand decom-
pression.This will be more soin the futur e sincethe speed size,and
power consumptionof logic (which will be usedto perform compres-
sion/decompession)are improving and are projectedto improve at
a much higher rate compared to thoseof interconnect(which will be
usedto communicatethe information), both on-chip and off-chip.

Keywords— Address compression, bandwidth, cache, cost-
effective design,data compressionentropy, instruction compression,
latency, losslesscompression,low power, Mark ov models, memory,
registerfile, storage,traffic.

I. INTRODUCTION

All computersystemshave threemain subsystemsthe
computatiorsystenor theprocessocore,thememorysys-
tem andthel/O systemThememorysystemhastwo main
typesof componentsstorage componentgincluding reg-
isters, one or more levels of cachesmain memory)for
storinginformation (primarily instructionsand data)and
communicatiorcomponentgcomprisingl/O buffers, I/10
padsandpinsontheprocessoandmemorychips,andon-
andoff-chip control, addressinstruction,anddatabuses)
for communicatingnformation (primarily addressesin-
structions anddata)betweerthe computationsystemand
storagecomponentandbetweerthe storagecomponents
themseles.

Increasingevels of device integration,rising clock fre-
guencies,and die areaincreasesombinedwith greater
degreesof parallelismexploited at the bit-, instruction-,
thread-,andprocessotevelshave resultedn anexponen-
tial trend for computationsystemperformancesnhance-
ment. Due to suchdramaticincreasesn processorsys-
tem performance thereis an enormouspressureon the
memorysystemto storeincreasingamountsof informa-
tion (instructionsand data) and communicatethis infor-
mation(addressesnstructionsanddata)atahighenough
bandwidthandlow enoughlateng to avoid performance
bottlenecks.

Thisresearclwassupportedy US NationalSciencd~oundationGrant
# ACI-0102830. More detailson the researchreportedhereappearin
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To addresghe above problem,designershave contin-
uedto increasehe numberof 1/O buffers, pads,andpins,
width of buses,numberof registers,numberand sizesof
cachesandthe size of main memory in additionto im-
proving their design.However, while the numberof tran-
sistorson a chip canessentiallygrow asthe volumeof the
die,thenumberof I/O buffers,pads.andpinsandoff-chip
bus width cangrow only asthe surfaceareaof the chip.
Further thereare more stringentconstraintson the clock
speedat which external pins can be driven comparedto
on-chip circuitry. Sinceinterconnectsize doesnot scale
aswell ason-chiplogic size,on- and off-chip buses,es-
peciallythe latter, have relatively highercapacitanceand
delayscomparedto on-chip logic. Also, DRAM band-
width andlateng/ areimproving at a slower rate. All of
this contribtutesto a growing computation-memorgystem
performanceap(7].

The fraction of the processorchip devotedto storage
(registers, caches)and communicationcomponentg1/O
buffersandpads,on-chipbuses)is increasingandso also
is thenumberandsizeof off-chip storaggoff-chip caches,
main memory)and communication(pins, off-chip buses)
componentg7]. As noted above, storagecomponents
have increasedn numberandsizein orderto reduceper
formancebottlenecksandcommunicatiorcomponentsc-
cupy a greaterfraction of the chip areabecausentercon-
nectsize scalesrelatively poorly comparedo logic size.
Moreover, in deep-submicromegime, not only individual
wire capacitancegontribute to power consumption,but
more so do interwire capacitance®etweenadjacentbus
lines due to tighter spacingbetweenlines [20]. Conse-
quently increasinglymore fraction of the systempower
consumptiorandcostis dueto the memorysystemcom-
paredto the computatiorsystem[24]. Thus,the memory
systemis becomingan increasingbottleneckas design-
ersstrive towardshigherperformancegost-efective, and
power-efficient systemdesigns.

A compessednemorysystem(CMS) architectures a
computesystemarchitecturehatemploys compressioin
oneor morepartsof thememorysystem.In this paperwe
considerthe advantageof CMS architecturesn termsof
improvementsthat can be obtainedin performance(im-
provementsin bandwidthand lateng of communication
componentandimprovementin capacityof storagecom-
ponents),power consumption,and cost. For our study
we usea memoryhierarchywith split instructionanddata
cachesat the first level, a unified cacheat the second
level, and a main memory We investigateall the three



primary typesof information,namely addressesnstruc-
tions,anddata,andall importantstorageandcommunica-
tion componentatall levelsof thememorysystemhierar
chy, wheresuchinformationis storedor communicated.
For addressesywe considerthe tag fields of instruction
cachesandinstructionanddataaddresbuses Forinstruc-
tions, we considerthe datafields of instruction caches,
mainmemoryexecutablecode,andinstructionbuses.For
data,we considerinteger and floating-pointregisterfiles
and databuses. Traceanalysisperformedwith Sun Mi-
crosystemsShadesimulatorsimulatingSFARC executa-
blesof nineintegerandsix floating-pointprogramsin the
SPECCPU2000benchmarlsuiteyield impressie results.
Theorganizatiorof theremaindeof the paperis asfol-
lows. Sectionll discussesheadwantage®f acompressed
memorysystemarchitectureandits feasibility. Sectionlll
providesa brief overview of previouswork relatedto the
useof compressiono reduceembedded¢odeandmemory
sizeandalsobusencodingo reducebuspower. SectionV
describeghe simulationervironment,analysistools, and
methodave usedin our study SectionV presentsletailed
resultsof ouranalysis Finally, we concluden SectionVI.

Il. THE CASE FOR MEMORY SYSTEM COMPRESSION

In this section,we discussthe opportunitiesfor com-
pressiorpresenin the memorysystemthe benefitsof ap-
plying compressiorand the challengeso be overcome,
andthenfinally a usefulway of classifying CMS archi-
tectures.

A. Opportunitiesfor compession

Compressiorof somesourceinformationconsistingof
a sequencef symbolsis achiezed by encodingthe more
frequentor likely symbolswith shortercodewordscom-
paredto thelessfrequentor lik ely symbols.In thememory
systemyedundang existsin addressinstruction,anddata
information. Instructionaddresseissueddy the processor
to the L1 cachearetypically sequentialvery predictable
and hencequite redundant) dataaddressesxhibit local-
ity becauseof scanningof dataarraysin loops, andtag
fields of instructionanddatacachescorrespondo blocks
that have beenrecently accessed. Addressesssuedby
higherlevels of the memorysystembecomeincreasingly
unpredictablepecausedhey are causedby missesoccur
ring in thelower level cacheshut theseaddressealsoex-
hibit temporaland spatiallocality, althoughto lesserex-
tents. In instructions,in additionto temporaland spatial
locality, repetitionsof instructionsequence®pcodesteg-
isters,immediateconstantscorrelationbetweenopcodes
and registersand betweenopcodesand immediatecon-
stantsalso constituteredundang. Finally, dataprimarily
hasredundang presentin the valuescommunicatedoy
databusesand storedin registers,datacachesandmain
memorysincenot all valuesareequallylikely andvalues
usedby a programaretypically of small magnitude.For
suchsmall magnitudetwo’s complemeninumbers,most
high orderbits of the dataword arelikely to be eitherall
zero(positive) or all one(negative).

B. Benefitandfeasibility of compession

By emplgying compressionthe sameeffective band-
width canbe obtainedwith a narronver bus andthe same
effective capacitycanbe realizedusinga smallerstorage

component.Reductionin the size of theseresourceswill
leadto costandpower savings. Thereductionin the size
of a storagecomponentanalsopotentiallyreduceits la-
teng. If thesizeof theseesourcess keptunchangedhen
compressiorcan provide more performancebandwidth,
storagecapacity)for a similar cost.

On the otherhand,the useof compressioralso entails
overheadsn termsof extra logic, power, andlateng for
compressiomnddecompressiortiowever, sincethesize,
speed,and power consumptionof logic (which will be
usedto perform compression/decompressios)improv-
ing at a fasterrate thanthat of interconnect(which will
be usedto communicatethe information), well-designed
compressioschemesnayprovide significantoverallben-
efits.

C. Architecture of compessednemorysystems

Dependingupon how specializedthe data set from
which symbolstatisticsaredrawn for compressioris, five
importantclassef CMS architecturesfrom the mostto
theleastspecialized¢anbeidentifiedasfollows. Notethat
in all casessymbolstatisticaaredravn from thesametype
of information(addressinstruction,data)asthetypeof in-
formationbeingcompressed(1) Block-specificarchitec-
ture: Symbolstatisticsusedto compressa blockaredravn
from the sameblock. (2) Memory-component-specifi-
chitecture: Symbol statisticsare drawvn from the typical
datasetof amemorycomponenandareusedto compress
eachblock of that component.(3) Application-piogram-
specificarchitecture: Symbolstatisticsaredravn from the
typical datasetsfoundin a given applicationprogramin
all memorycomponentshat storeor communicatenfor-
mationof the sametype. (4) Application-class-specifiar-
chitectuie: Symbol statisticsare dravn from application
programghatbelongto thesameclass.(5) Geneal archi-
tectue: Symbolstatisticsaredrawvn from a broadrangeof
applicationsand from all memorycomponentghat store
andcommunicatehe sametype of information.

I1l. RELATED WORK

Previouswork in memorysystenmcompressiomasbeen
donebothin analyzingcompressibility{2], [23], [10], [9]
andin the developmentof specificcompressiorschemes
for the memory system. Theseinclude schemesfor
addresdgtraffic compressior{18] and extensionof these
schemedo instructionand datatraffic compressior4].
Work hasbeendonein codecompressioti25], [15], [12],
[13] andcompresseithstructionsetdesign[8], [1] for em-
beddedsystems.Someresearcthasalsobeenattempted
in cachg[26], [22], [11] andmainmemory[21], [6] com-
pressionFinally, variousbusencodingschemesiave been
developedto reduceunnecessaryransitionsand hence
power consumptiorin buseq3].

IV. SIMULATION METHODOLOGY

In this section,we describeour target systemand the
simulation ervironment including the methodologywe
usedto collectinformationtracesfor our analysisandde-
fine the metricswe useto quantify the redundanyg of the
information.



A. Targetsystemandsimulationenvironment

Ourtargetsystemhasa memoryhierarchyconsistingof
32integerand32 floating-pointregisters,split instruction
anddatacachesatthefirst level, aunifiedcacheatthe sec-
ond level, anda main memory Thefirst level cachesare
write-through 16KB each 4-way setassociatie,andhave
a block sizeof 32 bytes. The secondevel cacheis write-
back,256KB, 4-way setassociatie, andhasa block size
of 64 bytes.We useda modifiedversionof the cachesim5
cacheanalyzerin SHADES [5] runningon a uniproces-
sor SFARC-V9 platformto collectthe real-timetraffic for
9 integer and 6 floating point benchmarksn the SPEC
CPU2000suite.We ranthebenchmarlprogramaisingthe
referencenputsetsprovidedwith the SPEC200Guite,but
to limit the executiontimesof our simulationswe useda
methodologysimilarto theonedescribedy Skadroretal.
[19] andsimulatedall theinstructionsheforetherepresen-
tative sggment(warmupwindow) andtracedarepresenta-
tive segmentor samplingwindow of 2 million instructions.

B. Analysistools

We usedthefollowing measureso quantifytheamount
of informationcontainedn ourtracesamples.

B.1 Entropy measures

The entropy of a sourcedenoteghe averagenumberof
bits requiredto encodesachsymbolpresenin the source.
Thus, the lower the entrogy value, the more compress-
ible the source. Given a setof symbolss;,s,...,sy and
a sourcein which M < N of thesesymbolsactually oc-
cur, themeasureghatcharacterizethe compressibilityof a
symbolby its presencer absencén thetrace,irrespectve
of the numberof timesthe symbolrepeatsn thetrace,is
called zeo information entropy andis given by the rela-
tionH =log, M. If eachsymbols occurswith probability
p(s), the zeoth order Markov entopy of the sourcedata
is givenby therelation:

Ho = —Zvi[p(s) - log(p(s))]-

In first order Markov entropy, the occurrenceof a symbol
s, the probability p(s) of that symbol’s occurrenceand
the probability p(sj|s) thatthe symbolis precededy an-
othersymbols;j areall consideredThefirst orderMarkov
entropy of asourceis givenby:

Hi=—Zvi [p(s) - Zvj[p(sj|s) - log(p(sj|s))]] -

The symbolsthat we considerwhile measuringthe en-
tropy of arny tracecorrespondo alignedwordsin thetrace
(i.e.,32-bitwordsfor addresseandinstructionsand64-bit
wordsfor data).

B.2 Compressiomatios

Using the entropy valuesmeasuredthe corresponding
compressiomatio canbe computedby taking the ratio of
entropy to the size of a symbol (32 for addresseandin-
structionsand 64 for data)in the original uncompressed
trace.Thus,theavemrge zeoth order Markov compession
ratio over n benchmarkss:

R — YL, Ho of trace
° " nx Originalwordsize

Ry andRy, aredefinedsimilarly. Thedefaultcompression
tool we usedin someexperiments,SAMC, is basedon
arithmeticcodingcombinedwith a precalculatedarkov
model[14]. We defineaverage SAMCcompessionratio
overn benchmarkracesasfollows:

y i, Sizeof compressettace
Rsave = === —
SiL4 Sizeof originaltrace

B.3 Transitionratios

For CMOS technology power consumptionon a bus
line is directly relatedto the numberof transitionson it
asbits aretransmittedoneafteranotheroverit. We define
average transitionratio for compressettracesas:

T yiL1 No. of transitionsn compressettace
€= y i1 No. of transitionsn originaltrace

C. Analysismethods

We calculatethe variouscompressiomndtransitionra-
tio measureglescribedin SectionlV-B for address,n-
struction, and datatraffic tracesin demultiplexed buses
at variouslevels of the memory systemto estimateper
formance power, andcostimprovementslueto compres-
sion. For main memory we calculatecompressionatio
for the text sgmentof statically-linked executablecode.
For cachecompressionto keepthe analysissimple, we
consideronly instructioncaches We monitorevery block
thatis bothloadedandreplacedwithin the samplingwin-
dow of thesimulationandkeeparecordof cacheesidenyg
time (CRT) and block addresdor eachsuchblock. Af-
ter simulation, we list the blocksin decreasingorder of
resideng timesandsumthe cacheresideng timesof all
blocksto get the total CRT (TCRT). To accuratelycap-
ture the occurrenceof asmary uniqueblocksaspossible
andto avoid a hugetracefile, we consideronly blocks
upto 95% or 85% TCRT and scaledown the numberof
occurrence®f suchblocks by that of the last block se-
lected. Fromthe addresseand CRTs of the blocksavail-
ablein the above analysis,we are able to createsimilar
tracefiles for analyzingtagfield compressionln asimilar
fashion for registercompressionye consideronly regis-
tervaluesthatareloadedandreplacedduringthesampling
window, althoughin this casewe usedthe entiretracefile
for ourexperimentsnsteadof usingonly asubsefisin the
cacheanalysisabove. We calculatedonly the zerothorder
Markov measurefor registersbecausehereis not much
first orderdependengto explore.

V. RESULTS

Using the simulationsetupand proceduredescribedn
SectionlV, we rana numberof simulationswith the fol-
lowing default settings: a memory-componenspecific
architecture demultiplexed buses,word size for entrogy
analysisof 32 bits for addresseandinstructions,64 bits
for data,and20bits for tagfield. We summarizeesultsby
averagingover all 15 (9 INT and 6 FP) benchmarksaind
we calculatethe averagecompressiomndtransitionratios
asmentionedn SectionlV-B.

A. Ovenrll memorysystermanalysis

We investigatedhow compressionratio and power
consumptionvary acrossmemory systemcomponents,



namely register file, cache,main memory addresshus,
instructionbus, and databus. The compressiorratio is
indicative of the extent to which performanceenhance-
mentor costsavings can be realized. Figure 1 presents
an overview of our analysis. We obsene that communi-
cationcomponentarein generalmorecompressiblehan
storagecomponentgconsideringH; valueswhich provide
the bestlower boundfor entropy). Among storagecom-
ponentswe obsenethattheorderingfrom themostto the
leastcompressiblas L1 I-cachetagfield, registers(con-
sideringits Ry, valuesinceits Ry, valueis notcomputed),
L1I- cachedatafleld andma|nmemorywh|ch|sto beex-
pected. Among communlcatlorcomponentsthe ordering
is databus, instructionbus, andaddresdius. A possible
explanationfor the higherredundang in the databus is
thatalot of the datablockstransmittedmay containsmall
magnitudenumberdhathave lots of either0 or 1 bits. Fur-
ther, it is obsenedthatthevolumeof datareadtraffic (data
blockssentfrom L2 to L1) is fargreatetthanthewrite traf-
fic (datablockssentfrom L1 to L2), which meanghatthe
sameblocksmayappeatin the databustraffic oftenwith-
out ary changesandthis alsoincreaseghe redundang.
We also obsene that the orderingof the communication
componentsn termsof power savings after compression
(from leastto most)is asfollows: instructionbus,address
bus, databus. As canbe seenfrom Figurel, Rsanc de-
creasesn the sameorder, suggestinghatmorecompres-
sion(i.e.,fewerbitstransmitted)eadsto betterpower sav-
ings.

Compression and Transition Ratio Variation
Across Memory Components
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Fig.1. Overall Memory SystemAnalysis: Compressiomndtransition
ratio variationacrossmemorysystemcomponents.

B. Raisterandcadce compessioranalysis

For register compressionwe conductedzeroth order
Markov analysisof 6 INT and 6 FP over all 32 integer
registersand 32 floating-pointregisters. Figure 2 shows
the compressiomatio for eachregister The averageinte-
ger registercompressiomatio is 0.122 andfloating-point
register compressiomratio is 0.156. This meansthat in-
teger registersare more compressiblehan floating-point
registers. This is to be expectedbecausdloating point
data,in general,arerelatively lessredundantsincetheir
fraction field bits are more fully used,where as integer
datahave moreredundanciedueto signextensionof their
mostsignificantbits. Although, thereis good amountof
variationin compressiomatio acrossegisters,no register

(INT or FP)hasanRy, valueexceedingabout0.26,which
impliesregisterscan,on average be compresse(tb about
one-fourthof their original sizeusinga very goodzeroth-
ordercompressiorscheme.

From Figure 3, we find that the instructionportionsof
L1 andL2 cachesare almostequally compressiblewith
L1 beingslightly morecompressibleThismaybebecause
the L1 I-cachecontainsa more frequentsymbol set (of
instructions)andthe L2 cache,in additionto storingthe
contentsof L1, alsocontainsadditionalsymbols(instruc-
tions) that are relatively infrequent. On average,zeroth
orderMarkov gave us around0.26 compressiomatio and
0.07 was obtainedwith first order Markov, which means
theoreticallywe could reducecachesizeby 4 to 14 times
by applying cachecompressioror storethat much more
informationin the samearea.

Compression Ratio Variation Across Registers
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Fig. 2. Storage Component Analysis (Registers): Averageregister

compressioranalysissummaryfor 32 integer registersand 32 floating-
pointregistersacross integer and6 floating-pointbenchmarks.

Compression Ratio Variation Across Different Cache Levels
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block resideng compressiormpotentialfor differentcachelevels. Com-
pressiorfor L1 cacheis betterthanthatfor L2 cache.

L2 I-Cache (95%)

C. Compessiorratio acrossindividual buses

Figure4 shonvs compressiorandtransitionratio results
for demultiplexedbusesatall threelevels. We obserethat
theRy, andRy, valuesaresimilar acrossall levels. Based
on RH1 vaIues instruction addresds most compressible



and dataaddresdeast,exceptfor L2-M, wheredataad-
dressis mostcompressible Here again,we find thatthe
power savingsfor addressinstruction,anddatabusesfol-
lows theorderingdescribedn SectionV-A.

Compression and Transition Ratio Variation Across Individual Buses
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Fig.4. Compressionand Transition Ratiosin Communication Com-
ponents: Compressiomndtransitionratiosfor variousbusesatdifferent
levels of the memorysystemhierarchy

VI. CONCLUSIONS

We have shovn thata substantiahmountof information
redundang existsin every componenbf thememorysys-
tem suchasregisters,tag and datafields of cachesmain
memory(storagecomponentsandalsoin addressinstruc-
tion, anddatabuses(communicatiorcomponentsat var-
ious levels. Among storagecomponentswe obtaineda
best-caseveragevalueof 0.084(0.057)for zeroth(first)
order Markov entrofy. Among communicationcompo-
nents,the best-caseverageswere 0.138(0.042) for ze-
roth (first) orderentropy. In future studies,we intendto
look at otherfactorsthat may affect compressibilityof in-
formationin thememorysystemsuchascacheparameters
(cachesize, block size, degreeof associatiity), bit-field
groupingsanddegreeof specializatiorof thecompression
scheme. Using the resultsof this and any further study
our future work will be tamgetedat developinglow over-
head,scalableaddressinstruction,anddatacompression
schemeghat are suitablefor variouscomponentf the
memorysystem. The goalis to achiese appropriatecost-
performancéradeofs in accordanceavith theneedof var
iousapplicationandsystenrequirementsindaspermitted
by technologyconstraints.
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