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1 Introduction

Merging processorsandmemoryinto a singlechip hasthewell-known benefitsof al-
lowing high-bandwidthandlow-latency communicationbetweenprocessorandmem-
ory, andreducingenergy consumption.As a result,many differentsystemsbasedon
whathasbeencalledProcessorIn Memory(PIM) architectureshavebeenproposed[1,
3,7,8,10,12–16,18].

Recentadvancesin technology[4,5] appearto make it possibleto integratelogic
thatcyclesnearlyasfastasin a logic-onlychip.As aresult,processorsarelikely to put
muchpressureon the relatively slow on-chipDRAM. To handlethe speedmismatch
betweenprocessorsandDRAM, thesechipsarelikely to includenon-trivial memory
hierarchiesin eachDRAM bank.

With many on-chiphigh-frequency processors,all of thempotentiallyaccessingthe
memorysystemconcurrently, thesechipswill consumemuchenergy. In addition,these
chipsarelikely to be usedin non-traditionalplaceslike the memoryof a server [3,7,
12] or theI/O subsystem[1], which maynot have heavy-duty coolingsupport.Conse-
quently, it is importantto designthechipsfor energy efficiency.

In this abstract,we examine,from a performanceand energy-efficiency point of
view, thedesignof thememoryhierarchy in a multi-bankedPIM chip with many sim-
ple, fastprocessors.Our resultssuggestthe useof per-processormemoryhierarchies
that includemodest-sizedcaches,simpleDRAM bankorganizationsthatsupportseg-
mentation,andnoprefetching.

2 Memory Hierarchies for PIM Chips

Our focus architectureis a PIM chip that includestens of relatively simple, high-
frequency processors,eachof whichis associatedwith abankof DRAM. Suchadesign
hasbeensuggestedfor systemslikeActivePages[12,13], FlexRAM [7], andDIVA [3]
amongothers.Thechipcanbemodeledasin Figure1-(a),wheretheorganizationof the�

This work was supportedin part by the National ScienceFoundationunder grantsNSF
Young Investigator Award MIP-9457436,MIP-9619351,and CCR-9970488,DARPA Con-
tractDABT63-95-C-0097,andgifts from IBM andIntel.



processors,memory, andnetwork mayvary. We feel,however, thatcurrently-proposed
designsarerelativelyconservativein logicspeed.Recentadvancesin technologyappear
to allow logic to cyclenearlyasfastasin a logic-onlychip [4,5]. Thismeansthatthese
chipsmay soonincludeprocessorscycling at about800-1000MHz. Suchprocessors
arelikely to put muchpressureon theslowerDRAM.
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Fig. 1. Exampleof chiparchitectureconsidered.RB, DB, andRow Dec standfor row buffer, data
buffer androw decoder, respectively.

To handlethe speedmismatchbetweenprocessorsand DRAM, thesechips are
likely to associatea non-trivial memoryhierarchy to eachDRAM bank. In this pa-
per, we assumea per-bankbaselinememoryhierarchy asin Figure1-(b). In thefigure,
theinstructionmemoryhierarchy includesa fastSRAM memory. Thedatamemoryhi-
erarchy includesacachewith hardwaresequentialprefetchof 1 line. TheDRAM bank
itself is sub-bankedandhasrow anddatabuffers.For example,Figure1-(c) shows the
DRAM organizedinto 8 sub-banks,with 10 row buffers,and2 256-bitdatabuffers.

Unlike in memory-onlychips,wherethe DRAM organizationis often limited to
standarddesigns,embeddedsystemsallow many differentorganizationsfor theDRAM
array. For example,designerscanchangethewidth andlengthof a DRAM sub-bank,
andthenumberof sub-banks.Thesechangescanaffect theperformancedeliveredand
theenergy consumedby DRAM accesses,andtheareautilized.



In a traditionalDRAM arrayorganization,whena bank is accessed,every other
sub-bankis activated.Consecutive sub-banksare not activatedbecausethey sharea
row buffer. Figure2-(a)shows a 4 sub-bankorganization.We now considerthreeim-
provements:segmentation,interleaving, andpipelining.
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Fig. 2. DifferentDRAM bankorganizationsandtimings.

With segmentation(Figure 2-(b)), only one sub-bankis activatedat a time. The
resultingrow buffer decouplingchangesthe hit rate of the row buffers. In addition,
DRAM accessesconsumelessenergy: becauseonly half of thebit linesareactivated,
about50%of theenergy is saved.

With interleaving, eachsub-bankis vertically slicedanda databus is assignedto
eachof theresultingslices.Figure2-(c)showsa2-way interleavedsystem.Theperfor-
manceis higherbecausebothdatabusseswork in parallel(Figure2-(d)showsa timing
diagramwith themaximumoverlap,assuminga singleaddressbus).As for energy, al-
thoughrow buffer hits now costa bit more,DRAM accessesagain save about50%of
theenergy becauseonly half of thecellsareactivated.Theareausedincreases.

Finally, oneproblemshown in Figure2-(d) is that readsfrom differentsub-banks
thatshareadatabusareserializedby longsub-bankoccupancy times.With pipelining,
thesesub-bankscanoverlaptheiroccupancy times(Figure2-(e)).Theonly serialization
happensin the sharedaddressbusanddatabus.The result is higherperformance.As
for energy, pipelininghasonly asmall impact.

3 Evaluation Environment

We evaluatethe PIM chip of Section2 using a MINT-basedsimulationsystem[9].
Thearchitecturemodeledis a singlechip with 64 processorsconnectedin a ring. Each
processoris associatedwith a 1-MbyteDRAM banklike in Figure1-(b).Thebaseline



parametersof eachprocessor-bankpair areshown in Table1. Thetarget technologyis
IBM’ s0.18 @ m BlueLogic SA-27EASIC [4] with thedefault voltageof 1.8V.

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:1 KB Cols:4096
Int,Ld/St,FPUnits: 2,1,0 Line: 32 B RTrip:1.25ns Bus:256b Bus:256b Rows: 512
PendingLd,St:2,2 RTrip:1.25ns RTrip:3.75nsRTrip:7.5nsRTrip:15ns

Table 1. Parametersfor a singlememorybankandprocessorpair. In the table,BR andRTrip
standfor branchandcontention-freeround-triplatency from theprocessor, respectively.

Appl. WhatIt Does ProblemSize
D-Cache Average
Hit Rate Power(W)

GTree Datamining: treegeneration 5 MB database,77.9K records,29attributes/record 0.507 10.2
DTree Datamining: treedeployment 1.5MB database,17.4K records,29 attributes/record 0.986 10.8
BSOM BSOMneuralnetwork 2 K entries,104dims,2 iters,16-nodenetwork, 832KB db 0.947 15.5
BLAST BLAST proteinmatching 12.3K sequences,4.1MB total,1 queryof 317bytes 0.969 8.7
Mpeg MPEG-2motionestimation 1 1024x256frameplusa referenceframe.Total512KB 0.999 11.3
FIC Fractalimagecompressor 1 512x512image,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, segmented,segmentedpipelined,interleaved
segmented,and interleaved segmentedpipelined,respectively. In eachcase,we addACBEDGFIH

to referto
B
-waysinterleavedwith

F
sub-banksperway.

To estimatetheenergy consumedin thechip,wehaveappliedscaling-down theory
to dataon existing devicesreportedin theliterature,aswell asusedseveraltechniques
andformulasreportedin the literature[6,17,19,20]. We addthe contributionsof the
processors,clock, memoryhierarchies,and other modules.A detaileddiscussionof
the methodsthat we have followed canbe found in [21]. In [21], we have addition-
ally validatedour estimateswith CACTI [19] andwith publishedresultson theARM
processor[11].

For the experiments,we use6 applicationsthat are suitableto the integer-based
PIM chipconsidered:they accessalargememorysize,areveryparallel,andareinteger
based.They comefromseveralindustrialsources.Wehaveparallelizedeachapplication
into 64 threadsby hand.

Table2 lists theapplicationsandtheir characteristics.They includethedomainsof
datamining, neuralnetworks,proteinmatching,multimedia,andimagecompression.
Eachapplicationrunsfor severalbillions of instructions.



4 Evaluation

The bestmemoryhierarchy organizationdependson the metric beingoptimized.We
considertwo metrics:performanceand energy-delayproduct.In our evaluation,we
startwith thebaselinearchitectureof Section3 andthenvary it. As a reference,weuse
anidealarchitecture(Perf): loadsandstoresaresatisfiedwith zerolatency andconsume
no energy in thememorysystem.
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Fig. 3. Effect of the DRAM bankorganizationon the IPC in systemswith 1-Kbyte (a) and8-
Kbyte (b) datacaches.

Maximizing Performance
To compareperformance,we measuretheaverageIPC deliveredby thecombined

64processorsfor thedurationof theapplication.Wefirst evaluatetheeffectof themem-
ory bankorganization.Figure3 shows theIPC of theapplicationsrunningon thebase-
line architecturefor differentmemorybankorganizations.Charts(a)and(b) correspond
to systemswith 1- and8-KbyteD-caches,respectively. Thememoryorganizationsare
orderedfrom the simpleroneson the left side to the moresophisticatedoneson the
right side.EachcharthasanAverage line thattrackstheaverageof all applications.

Figure 3-(a) shows that performanceimproves slightly as we move to the more
sophisticateddesigns.Goingfrom Trad(1,4) to ISP(2,8) increasestheIPCby anaverage
of 8%.However, for 8-Kbytecaches(Figure3-(b)), thechangesarevery small.This is
because,with large caches,therearerelatively few cachemissesand,asa result,the
typeof DRAM bankorganizationmattersless.

ComparingtheIPC in Perf andISP(2,8), we seetheIPC lost in themostadvanced
memorysystem.This fractionis on average18%and11%in Figures3-(a)and(b).

Figure5-(a)showstheeffectof thecachesizeandprefetchingsupport.Weconsider
thebaselinearchitecturewith threedifferentDRAM bankorganizations:conservative
(Trad(1,4)), aggressive (ISP(2,8)), andin-between(IS(2,4)). Thefigureshows theIPC
averagedoverall applications.Weanalyzecachesof 256bytes,1 Kbyte,8 Kbytes,and
16 Kbytes,all with andwithout prefetching.For eachmemoryorganization,thereare
8 bars,labeledwith thecachesizein bytesfollowedby P or NP for prefetchingor not
prefetching,respectively.



Thebestperformanceis achievedwith thelargestcachesize(16Kbytes).However,
largecachesdeliver diminishingreturns.Thefigurealsoshows thataddingthesimple
prefetchingsupportconsideredheremakeslittle differenceto performance.
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Fig. 4. Effect of the DRAM bankorganizationon the energy-delayproductin systemswith 1-
Kbyte (a)and8-Kbyte(b) datacaches.

Minimizing the Energy-Delay Product
In embeddedsystems,a commonfigure of merit is the energy-delayproduct[2]. A
low productimplies that thesystemis bothfastandenergy-efficient. Consequently, in
this section,we comparetheenergy-delayproductof thechipswith differentmemory
hierarchy designs.To computetheenergy consumed,weaddupthecontributionsof all
thesubsystemsin thechip.

Figures4-(a)and4-(b)show theenergy-delayproductof thechipunderthebaseline
architecturefor differentDRAM bankorganizations.Charts(a) and(b) correspondto
systemswith 1- and8-KbyteD-cachesrespectively, andareorganizedasin Figures3-
(a)and3-(b).For eachapplication,thechartsarenormalizedto Perf.

In systemswith 1-Kbyte caches(Figure4-(a)), the averageenergy-delayproduct
decreasesfor the moreadvancedmemoryorganizations.For example,the productin
ISP(2,8) is only 60%of thatin Trad(1,4). Thereasonis thatadvancedDRAM bankor-
ganizationsdeliver slightly higherIPCsandconsumemuchlessenergy in theprocess.
However, ascachesincreaseto 8 Kbytes(Figure4-(b)), thechangesaresmaller. Over-
all, for 8-Kbyte cachesystems,only segmentation(going from Trad(1,4) to S(1,4))
makesa significantdifference.Supportinginterleaving andincreasingthe numberof
sub-banksfrom (2,4) to (2,8)hasonly asmalleffect.

Figure5-(b) measurestheenergy-delayproductfor theaverageof all applications
for differentcachesizesandprefetchingsupport.Thebarsarenormalizedto Perf. From
thefigure,weseethatdesignswith largercachestendto havelowerenergy-delayprod-
ucts.For example,in Trad(1,4), theproductwith 16-Kbytecachesis about30%of the
productwith 256-bytecaches.Thereasonis thatcacheshaveadoubleeffect: they speed
uptheprogramand,in addition,eliminateenergy-consumingmemoryaccesses.Weob-
serve,however, thatfor themoreadvancedmemoryorganizationsandlargecaches,the
trendreverses:16-Kbytecachesareslightly worsethan8-Kbytecaches.Thereasonis
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Fig. 5. Effectof thecachesizeandprefetchingsupporton IPC (a)andenergy-delayproduct(b).

thatthediminishingreturnsin lower missratesdeliveredby largercachesdo not com-
pensatefor thehigherenergy consumptionthat largercachesrequire.We alsoseethat
simpleprefetchingdoesnot help.

5 Discussion

In aPIM chip like theoneanalyzedhere,minimizing theenergy-delayproductis likely
to be the top priority. Our resultssuggestto usemodest-sizedD-caches(8 Kbytes),a
simpleDRAM bankorganizationthatsupportsonly segmentation,andno prefetching.
Modest-sizedcachesareeffective: they speed-uptheapplication,areenergy-efficient,
consumemodestarea,andrenderfancy DRAM bankorganizationslargelyunnecessary.
If areais notanissue,theenergy-delayproductcanbeimprovedslightly by supporting
interleaving in theDRAM bankandincreasingthenumberof sub-banks.
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