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1 Introduction

Merging processorand memoryinto a single chip hasthe well-known benefitsof al-
lowing high-bandwidthandlow-latenyy communicatiorbetweenprocessoandmem-
ory, andreducingenegy consumptionAs a result, mary differentsystemsbhasedon
whathasbeencalledProcessom Memory (PIM) architecturefiave beenproposed1,
3,7,8,10,12-1618].

Recentadwvancesin technology[4, 5] appearto make it possibleto integratelogic
thatcyclesnearlyasfastasin alogic-only chip. As aresult,processorarelikely to put
much pressureon the relatively slow on-chip DRAM. To handlethe speedmismatch
betweenprocessorand DRAM, thesechipsarelikely to include non-trivial memory
hierarchiesn eachDRAM bank.

With mary on-chiphigh-frequeng processorsll of thempotentiallyaccessinghe
memorysystemconcurrentlythesechipswill consumamuchenenpy. In addition,these
chipsarelikely to be usedin non-traditionalplaceslike the memoryof a sener|[3,7,
12] or thel/O subsystenijl], which may not have heary-duty cooling support.Conse-
quently it is importantto designthe chipsfor enegy efficiengy.

In this abstractwe examine,from a performanceand enegy-efficiency point of
view, the designof the memoryhierarcly in a multi-banled PIM chip with mary sim-
ple, fastprocessorsOur resultssuggesthe useof perprocessomemoryhierarchies
thatincludemodest-sized¢achessimple DRAM bankorganizationghat supportseg-
mentationandno prefetching.

2 Memory Hierarchiesfor PIM Chips

Our focus architectureis a PIM chip that includestens of relatively simple, high-
frequeng processorsachof whichis associateavith abankof DRAM. Suchadesign
hasbeensuggestedbr systemdik e Active Pageq12,13], FlexRAM [7], andDIVA [3]

amongothers.Thechipcanbemodeledasin Figurel-(a),wheretheorganizationof the

* This work was supportedin part by the National ScienceFoundationunder grants NSF
Young Investigator Award MIP-9457436,MIP-9619351,and CCR-9970488 DARPA Con-
tract DABT63-95-C-0097andgifts from IBM andintel.



processoranemory andnetwork may vary. We feel, however, thatcurrently-proposed
designsarerelatively conserativein logic speedRecentidvancesn technologyappear

to allow logic to cycle nearlyasfastasin alogic-only chip[4, 5]. This meanghatthese

chipsmay sooninclude processorgycling at about800-1000MHz. Suchprocessors
arelikely to putmuchpressuren the slover DRAM.
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Fig. 1. Exampleof chip architectureconsideredRB, DB, andRow Dec standfor row buffer, data
buffer androw decoderrespectiely.

To handlethe speedmismatchbetweenprocessorsand DRAM, thesechips are
likely to associatea non-trivial memory hierarcty to eachDRAM bank. In this pa-
per, we assumea perbankbaselinenemoryhierarcly asin Figurel-(b). In thefigure,
theinstructionmemoryhierarcly includesafastSRAM memory The datamemoryhi-
erarcly includesa cachewith hardwaresequentiaprefetchof 1 line. The DRAM bank
itself is sub-bankdandhasrow anddatabuffers. For example,Figure1-(c) shavs the
DRAM organizedinto 8 sub-banksyith 10 row buffers,and2 256-bitdatabuffers.

Unlike in memory-onlychips, wherethe DRAM organizationis often limited to
standardiesignsembeddedystemsallow mary differentorganizationsor theDRAM
array For example,designercanchangethe width andlengthof a DRAM sub-bank,
andthe numberof sub-banksThesechangesanaffect the performancaleliveredand
theenegy consumedy DRAM accessesndthe areautilized.



In a traditional DRAM array organization,when a bankis accessedevery other
sub-bankis activated.Consecutie sub-banksare not activatedbecausehey sharea
row buffer. Figure2-(a) shawvs a 4 sub-bankorganization.We now considerthreeim-
provementssegmentationjnterleaving, andpipelining.
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Fig. 2. DifferentDRAM bankorganizationsandtimings.

With segmentation(Figure 2-(b)), only one sub-bankis activatedat a time. The
resultingrow buffer decouplingchangeghe hit rate of the row buffers. In addition,
DRAM accessesonsumdessenegy: becausenly half of the bit linesareactivated,
about50%of theenepy is saved.

With interleaving, eachsub-bankis vertically slicedanda databusis assignedo
eachof theresultingslices.Figure2-(c) shavs a 2-way interleared system.The perfor
manceis higherbecausdothdatabussesvork in parallel(Figure2-(d) shovs atiming
diagramwith the maximumoverlap,assuminga singleaddressus).As for enegy, al-
thoughrow buffer hits now costa bit more,DRAM accesseagain save about50% of
theenepgy becaus@nly half of the cellsareactivated.Theareausedincreases.

Finally, one problemshawn in Figure2-(d) is thatreadsfrom differentsub-banks
thatsharea databusareserializedby long sub-bankoccupanyg times.With pipelining,
thesesub-bankgsanoverlaptheiroccupanyg times(Figure2-(e)). Theonly serialization
happensn the sharedaddressus anddatabus. The resultis higherperformanceAs
for enegy, pipelininghasonly asmallimpact.

3 Evaluation Environment

We evaluatethe PIM chip of Section2 using a MINT-basedsimulation system[9].
Thearchitecturenodeleds a singlechip with 64 processorsonnectedn aring. Each
processois associatedvith a 1-Mbyte DRAM banklike in Figure1-(b). The baseline




parametersf eachprocessaebankpair areshavn in Table 1. Thetamgettechnologyis
IBM’s0.18,m Blue Logic SA-27EASIC [4] with thedefault voltageof 1.8 V.

|[Processor |D-Cache  [I-Memory |DataBuffer [Row Buffer|Sub-Bank ||

2-issuein-order800MHz|Sz: 8KB, WB|Size:4 Kinst.Number:1 |Number:5 |Number:4
BR Penalty:2 cycles Assoc:2 Line: 4 inst. |Size:256b |Size:1KB |Cols:4096
Int,Ld/St,FPUnits: 2,1,0|Line: 32B  |RTrip:1.25nsBus:256b |Bus:256b |Rows:512
Pending.d,St: 2,2 RTrip:1.25ns RTrip:3.75n3RTrip:7.5n3RTrip:15n
Table 1. Parameterdor a single memorybankand processopair. In the table,BR and RTrip
standfor branchandcontention-freeound-triplateng from the processamrespectiely.

HAppl. HWhatIt Does ProblemSize ‘a}tcsg?jpg\;gs&%“
GTree ||Datamining:treegeneration|5 MB databasef7.9K records29 attributes/record 0.507 10.2
DTree ||Datamining:treedeployment1.5MB databasel7.4K records29 attributes/record 0.986 10.8
BSOM |[|BSOM neuralnetwork 2 K entries,104dims, 2 iters, 16-nodenetwork, 832KB db| 0.947 15.5
BLAST ||BLAST proteinmatching 12.3K sequencest.1MB total, 1 queryof 317 bytes 0.969 8.7
Mpegy MPEG-2motionestimation |1 1024x256frameplusareferencdrame.Total512KB 0.999 11.3
FIC Fractalimagecompressor |1512x512image,4 512x512internalstructure Total2 MB| 0.978 6.1

Table 2. Applicationsexecuted.

The namesfor the DRAM bank organizationsthat we evaluateare Trad, S, SP,
IS and ISP, which refer to traditional, sggmented,segmentedpipelined, interleaved
segmented,and interleaved sggmentedpipelined,respectiely. In eachcase,we add
(4, 7) to referto i-waysinterleavedwith j sub-bankperway.

To estimatethe enegy consumedn the chip, we have appliedscaling-davn theory
to dataon existing devicesreportedn theliterature,aswell asusedseveraltechniques
andformulasreportedin the literature[6,17,19,20]. We addthe contritutions of the
processorsglock, memory hierarchiesand other modules.A detaileddiscussionof
the methodsthat we have followed canbe found in [21]. In [21], we have addition-
ally validatedour estimateswvith CACTI [19] andwith publishedresultson the ARM
processof11].

For the experimentswe use 6 applicationsthat are suitableto the integerbased
PIM chip consideredthey accesslargememorysize,arevery parallel,andareinteger
basedThey comefrom severalindustrialsourcesWe have parallelizedeachapplication
into 64 threadsby hand.

Table? lists the applicationsandtheir characteristicsThey includethe domainsof
datamining, neuralnetworks, proteinmatching,multimedia,andimagecompression.
Eachapplicationrunsfor severalbillions of instructions.



4 Evaluation

The bestmemoryhierarcly organizationdependsn the metric being optimized.We

considertwo metrics: performanceand enegy-delay product.In our evaluation,we

startwith the baselinearchitectureof Section3 andthenvaryit. As areferenceywe use
anidealarchitecturgPerf): loadsandstoresaresatisfiedwith zerolateny andconsume
no enegy in thememorysystem.
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Fig. 3. Effect of the DRAM bankorganizationon the IPC in systemswith 1-Kbyte (a) and 8-
Kbyte (b) datacaches.

Maximizing Performance

To compareperformanceywe measurghe averagelPC deliveredby the combined
64 processorfor thedurationof theapplication Wefirst evaluatetheeffectof themem-
ory bankorganization.Figure3 shavs the IPC of the applicationsunningon the base-
line architecturdor differentmemorybankorganizationsCharts(a) and(b) correspond
to systemswith 1- and8-Kbyte D-cachesrespectiely. The memoryorganizationsare
orderedfrom the simpleroneson the left sideto the more sophisticatedneson the
right side.Eachcharthasan Average line thattracksthe averageof all applications.

Figure 3-(a) shavs that performanceamproves slightly as we move to the more
sophisticatedlesignsGoingfrom Trad(1,4) to |SP(2,8) increaseshelPC by anaverage
of 8%. However, for 8-Kbyte cacheqFigure3-(b)), the changesrevery small. Thisis
becausewith large cachestherearerelatively few cachemissesand,asa result,the
typeof DRAM bankorganizationmatterdess.

Comparingthe IPC in Perf andISP(2,8), we seethe IPC lostin the mostadvanced
memorysystemThis fractionis on averagel8%and11%in Figures3-(a)and(b).

Figure5-(a)shovstheeffectof the cachesizeandprefetchingsupport We consider
the baselinearchitecturewith threedifferent DRAM bankorganizations:conserative
(Trad(1,4)), aggressie (1SP(2,8)), andin-between(152,4)). Thefigure shavs the IPC
averagedover all applicationsWe analyzecachef 256 bytes,1 Kbyte, 8 Kbytes,and
16 Kbytes,all with andwithout prefetching.For eachmemoryorganization,thereare
8 bars,labeledwith the cachesizein bytesfollowedby P or NP for prefetchingor not
prefetchingrespectiely.



Energy-Delay Product

Thebestperformancés achievedwith thelargestcachesize(16 Kbytes).However,
large cachedleliver diminishingreturns.The figure alsoshows thataddingthe simple
prefetchingsupportconsideredheremaleslittle differenceto performance.
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Fig. 4. Effect of the DRAM bankorganizationon the enegy-delayproductin systemswith 1-
Kbyte (a) and8-Kbyte (b) datacaches.

Minimizing the Energy-Delay Product

In embeddedsystemsa commonfigure of merit is the enegy-delayproduct[2]. A
low productimpliesthatthe systemis both fastandenegy-eficient. Consequentlyin
this section we comparethe enegy-delayproductof the chipswith differentmemory
hierarcly designsTo computethe enegy consumedye addup thecontritutionsof all
the subsystems the chip.

Figures4-(a)and4-(b) shav theenepgy-delayproductof thechipunderthebaseline
architecturefor differentDRAM bankorganizations Charts(a) and(b) correspondo
systemsawith 1- and8-Kbyte D-cachegespectiely, andareorganizedasin Figures3-
(a) and3-(b). For eachapplicationthe chartsarenormalizedo Perf.

In systemswith 1-Kbyte cacheqFigure 4-(a)), the averageenegy-delay product
decreasefor the more advancedmemoryorganizations.For example,the productin
1SP(2,8) is only 60% of thatin Trad(1,4). Thereasoris thatadvancedDRAM bankor-
ganizationgdeliver slightly higherlPCsandconsumeamuchlessenegy in the process.
However, ascachesncreasdo 8 Kbytes(Figure4-(b)), thechangesaresmaller Over-
all, for 8-Kbyte cachesystemsonly segmentation(going from Trad(1,4) to §1,4))
malkes a significantdifference.Supportinginterlearing andincreasingthe numberof
sub-bankdgrom (2,4)to (2,8) hasonly a smalleffect.

Figure5-(b) measureshe enegy-delayproductfor the averageof all applications
for differentcachesizesandprefetchingsupport.Thebarsarenormalizedo Perf. From
thefigure,we seethatdesignswith largercachegendto have lower enegy-delayprod-
ucts.For example,in Trad(1,4), the productwith 16-Kbytecacheds about30% of the
productwith 256-bytecachesThereasoris thatcachedhave adoubleeffect: they speed
uptheprogramand,in addition,eliminateenegy-consumingnemoryaccessed\Ve ob-
sene, however, thatfor themoreadvancednemoryorganizationsandlarge cachesthe
trendreverses16-Kbytecachesareslightly worsethan8-Kbyte cachesThereasons
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Fig. 5. Effectof the cachesizeandprefetchingsupporton IPC (a) andenegy-delayproduct(b).

thatthe diminishingreturnsin lower missratesdeliveredby largercacheslo not com-
pensatdor the higherenegy consumptiorthatlarger cachegequire.We alsoseethat
simpleprefetchingdoesnot help.

5 Discussion

In aPIM chiplike theoneanalyzechere minimizing theenegy-delayproductis likely
to be thetop priority. Our resultssuggesto usemodest-sized-cacheq8 Kbytes),a
simpleDRAM bankorganizationthat supportsonly segmentationandno prefetching.
Modest-sizedcachesare effective: they speed-ughe application,are enegy-eficient,
consumanodestreaandrenderfangy DRAM bankorganizationdargely unnecessary
If areais notanissue theenepgy-delayproductcanbeimprovedslightly by supporting
interleaving in the DRAM bankandincreasinghe numberof sub-banks.
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