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Abstract

Thispaper presents matheméical founcationsfor the design of
a mamory cortroller subompaert that helpsto bridge the pro-
cessofmemay peformancegap for apgicationswith stridedac-
cesspatterns. The Parallel Vector Access(PVA) unit exploits the
regularity of vectorsor streamsto accessthemeficiertly in par-
allel on a multi-bank SDRAM memory system.The PVA unit per-
formsscater/gatheroperationssothat only theelemets accessed
by the application are transmited acrossthe system bus. Vector
opemtionsare broadcastin parallel to all memorybanks,ead of
which impgementsan efficientalgorithmto determine which vector
elementst holds. Earlier performarce evaluaions have demon-
strated that our PVA implememation loads elements up to 32.8
times faster than a convertional memorysystemand 3.3 times
faster than a pipelined vector unit, withou hurting the perfor-
manceof normal cacheline fills. Here we present the underlying
PVA algorithmsfor both word interleavedand cacheline inter-
leavedmemay systems.

1. Intr odudion

Processpspeedsare increasingnuchfaster thanmemoryspeels,

andthusmemay lateny andbandwidth limitationsprevert mary
applicatiors from makingeffective use of the tremerouscompu-
ing power of modernmicroprocessors.Thetraditiond apprcachto
addressing this mismatchhasbeento structurememay hierarch-
cally by adding severallevels of cachebetweenthe processoand
the DRAM store.Cacheseduceaverageloadstore lateng by ex-
ploiting spatial and temporal locality, but they may not improve
the perfamanceof irregular apgicatiors thatlack this locdity. In
fact, the cachehierarchymay exacerbée the problem by loadng
andstoring ertire datacadie lines, of which the applicationuses

only a small portion. Moreover, cachesdo not solve the band
width mismach on the cacte-fill path. In cases where system-bis
bardwidth is the limiting bottleneck bettermemorysystemper
formarcedependson utilizing this resaircemoreefficiently.

Forturately, several classe®f apgicationsthatsufer from poor
cacle locdity have predictableaccesspatterns[1, 9, 2]. For in-
stancemany datastructues usedn sdentific and multimediacom-
putations areaccesedn aregular pattern thatcanbe describe by
the baseaddress stride, andlength. We referto dataaccessedn
this way asvectors Thework describechereis predcatedon our
belief that memay system performarme can be improved by ex-
plicitly informing thememay systemabaut thesevectoraccesses.

This pape presets algorithmsto efficiently load and storebase-
stride vedors by operating multiple memorybarksin parallel. We
referto thearchitecturamechanismsusedfor this purpcseas Par-
allel Veector Access or PVA, mectanisms. Our PVA algaithms
have beenincorpaatedinto the desgn of a hardwarePVA unit
that functionsasa subcanpanert of anintelligent memory con
troller [3]. For unstrudured accessesthis PVA mectanismper
forms normal cacle-line fills efficiently, and for non-unit stride
vectas, it performs parallel scatter/gathe operatons much like
thoseof avedor suypercanpuer.

We have implemerned a Verilog model of the unit, and have
validated the PVA's designvia gae-level syrthesisand emua-
tion on an IKOS FPGA emulationsystem Theselow-level ex-
perimerts providedtiming and comgexity estmates for anASIC
incorporatinga PVA. We thenusel the Verilog functiond mockel
to analyze PVA performancefor a suiteof berchmak kerrelsfor
which we varied the number andtype of streamsrelative align-
ment, and stride, and we comparedthis performanceto that of
threeothe menory systemmodels. For thesekerrels, the PVA-
basel SDRAM menory systemfills normal (unit-stride) cache
lines asfastasand up to 8% fasterthan a conventional, cacte-
line interleavedmenory sysem optimizedfor line fill s. For larger
strides, our PVA loadselemerts up to 32.8 timesfasterthanthe
convertional memory system and up to 3.3 times fader thana
pipeined, certralized memory acessunit that can gathersparse
vecta databy issuing(up to) one SDRAM acassper cycle. At
the costof a modestincreasein hardwarecomplexity, our PVA
calcdatesDRAM addressesor gatheroperdions from two to five
times fasterthan anaher recerily publisheddesignwith similar



goals [5]. Furthermae, exploiting this medanismrequires no
modificationgto the processorsystenbus,or on-chip memoryhi-
erarchy Comgete architectural details and experimental resuts
arereportedelsavhere[12].

In the next section,we presemh backgound informationabout
theorgarizaion and companentpropatiesof thehigh performarce
memorysystemtamgetedby our PVA medanism. The following
sectionsdefine our terminolagy and outline the operatbons per
formed by the PVA unit, then provide a detailed aralysis of an
initial implementation of that functionality. We then refinethe op-
eratbn of the PVA mechanisms,and descibe efficient hardware
desigrs for realizingthem We discussissuesof integrating the
PVA into a high performance uniprocesso systemandsurvey re-
latedwork. Finally, we disaussongoing work within this project.

2. Memory SystemChar acteristics

This sedion descrbesthe basicorgarization and compmert
composition of themainmemay systemcortaining the PVA. Fig-
ure 1 illustratesthe high-level organizdion. The processorissues
memoryrequeds via the systembus, wherethey areseenby the
\Vector CommandUnit (VCU). The VCU is respnsible for load-
ing the datarequestedoy the processofrom the bank(s) whereit is
stored, and returning it to the processor The memorysystenthat
our work targetsreturns requested base-stridedataascachelines
that can be stared in the processors normal cacte hierarchy [3].
However, our PVA unit is equally applicableto systemsthatstore
the requestedbase-stridedatain vector registers[5, 7] or stream
buffers [13]. For the sakeof clarity, we refer to the chunks of
base-stridelaa manipuated by thememorycontrollerasmemory
vectors while we referto the base-stide datastruduresmanipu-
lated by the programasapgication vectors

We first review the basicoperdion of dynamic memoryde-
vices, and then we then presem the logicd organizationof the
memorysystemand describethe vedor opaationsthatour mem-
ory cortroller must pefform.

2.1 Backend Bascs

SinceDRAM stworagecell arrays are typically rectanglar, a
dataaccesseqierceconsstsof arow accesgindicatedby aRAS,
or row addressstrobe, signal) followed by one or more cdumn
accessg(indicatedby a CAS, or codumn addressstrobe sigral).
Duringthe RAS, therow addresss preentedto the DRAM. Data
in the storaye cdls of the decoded row are moved into a bark of
senseamplifiers(also cdled a pagebuffer) that senesas a row
cache During the CAS, the columnaddres is demdedand the
selecteddataarereadfrom the ssnseamps. Oncethe senseamps
are precharged and the seleded page (row) is loaded, the page
remainschaged long enaigh for many columrs to be accessed
Before readng or writing datafrom a different row, the curren
row must be written backto memory (i.e.,the row is closed), and
the serseamps must againbe precaigedbefare the next row can
beloaded. Thetime requiredto closea row accounts for the dif -
ferencebetweenadverisedDRAM accessandcycle times.

Theorderin which a DRAM hardlesrequests affects memory
performareatmanylevels. WithinanSDRAM bark, congcutive
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Figure 1. Orgarizaton of SDRAM Memory System

accessedo thecurren rov—calledpage hits or row hits—require
only a CAS, allowing datato be accessedat the maximum fre-

gueng. In systemswith interleaved banis (eitherinterral banis,

or multiple devices),acessedo differert barks canbe performed
in parallel, but succesive accesseso the samebankmust be se-
rialized. In addtion, the order of reads with respectto writes af-

fectsbus utilization: every time the memory controller switches
betweerreadingandwriting, a busturnarourd deay mustbein-

troducedto allow datatraveling in the oppasite diredion to clea.

Memay systendesigqierstypically try to optimizeperformane
by choosingadvartageausinterleaving androw management poli-
ciesfor their intencedworkloads. IndependentSDRAM banks can
be interleaved at almostany grarularity, from one-word to one-
row (typically 512-2048 bytes)wide, and the non-uniform costsof
DRAM acessegawsethechoiceof interleaving schemeto affect
thememoryperformane of programswith certainacesspatterns.
Similarly, corsective accesssto the same row canbeperformed
more quickly than accessedo differentrows, sincethe latter re-
quire the first row to be written back(closeal) and the new row to
be read(opened. The choice of whento closea row (immedi-
ately after eachaccess,only afterarequestto a new row arrives,
or perhapssomecombination of theseopen and closedpagepoli-
cies)therefae impactsperformane. Ouranalysisof the PVA sys-
tem[12] examinedavariety of interleaving schemesandrow man
agementpolicies,in addition to various implementatiorchoices.

2.2 Memory SystemOperation

For simpicity, datapathsare omitted from the organization
depcted in Figure 1. We assumethat the procesor has some
mears of comnunicatinginformation about application vedors
to the memorycontroller, andthat the PVA unit merelyreceves
memay-vector requestsfrom the VCU and returrs resultsto it.
Thedetailsof the communicationbetweentheVVCU and CPU over
the systembus arenat relevantto the ideasdiscussechere. This
communicationmechaiism cantake manyforms,andsorre of the
possble optionsarediscussedn our ealier repats[12, 19].

Processinga base-stridexpgication vectorinvolvesgathering
stridedwordsfrom memory for aread, ard scdteringthe conterns
of adersememay vectorto stridedwordsin memoryfor awrite.
For example to fetch conseutive cdumn elemantsfrom anarray
storedin row-majororder, the PVA would needto fetchevery N
words from memory, whereN is thewidth of the array.
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Figure 2. Cachelinefill timing

SDRAM'’s non-wniform delaysmakesuch scattergather oper
ationssignificantlymoreexpensve thantheyare for SRAM. Con-
sider the eight-bank, cacteline-interleaed SDRAM memorysys-
tem illustratedin Figures2 and3.

Figure 2 ill ustrates the operatiors required to reada 16-word
cachdine when all of the internalbanks areinitially closed. First
the row addessis sent to the SDRAM, after which a delay equiv-
alentto the RAS latencymust be obsened (two cycles). Thenthe
columnaddressis sentto the SDRAM, after which adday equiv-
alentto the CAS latengy mustbe obsrved (two cycles). After the
appr@riatedelay, the first word of dataappearson the SDRAM
databus. Assuming thatthe SDRAM hasa burstlengh of 16, it
send out oneword of dataon ead of the next 15 cycles.

Figure 3 illustrateswhat happers when a simple vector unit
usesthe samemenory systemto gathera memoryvectorwith a
large stiide. In this cag, we assimethat the desiredvectorele-
mentsaresprea everly acrosghe eight banks. As will be shown
in Sedion 4, the distribution acros banks is dependert on the
vectorstide. To load the vecta, the menory systemfirst deter
minesthe addressfor the next element. It performsa RAS and
CAS, as above, and after the apprapriate delay the dataappears
onthe SDRAM databus. The controller then generateghe next
elements addresshy addng the stride to the currentaddress and
repeatshis operaton seqene until the entire memoryvectorhas
beenread.

This exanpleillustratesthatwheneachword is acessedndi-
vidudly, aserialgather operatiorincursalateng muchlargerthan
thatof acachelinéefill. Forturately, thelatercy of suc agathercan
beredwedby:

e issuing addresseso SDRAMs in parallelto overlap several
RASI/CAS latertiesfor betterthroughput, and

e hiding or avoiding latendesby re-ordeing the sequen@ of
operatiors, and making goad decisiors on whethe to close
rows or to keepthem open

To implement theseoptimizations,we needa methal by which
eachbark cortroller can determinethe addessesof vector ele-
mentsin its DRAM without sequertially expandingtheertire vec-
tor. The remainde of this paper describe onesuchmethod Us-
ing this algorithm, the PVA unit shown in Figure 1 paralelizes
scattergather operatons by broactastinga vedor commandto a
collectionof bankcontrollers(BCs),ead of which determinesin-
dependently which elementsof the vector (if ary) resice in the
DRAM it marages.The primary advantag of our PVA over sim-
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Figure 3. Sridedmemay vectoraccessiming

ilar desigrs is the efficiengy of our hardwarealgorithmsfor com-
puting the subvector for which eachbank is resporsible.

3. Terminology

Three functionsimplement the core of our schediling schene,
DecodeBank(), FirstHit(), and NextHit(). Before deriving
theirimplemernations, we first define sometermindogy. Division
derotesinteger division. Reference to vectorsderote memory
vectas, unlessotherwisestated

e \Vedors are representecby thetupleV =< B,S,L >,
whereV.B is the baseaddress V.S is the seqierce stride,
andV.L istheseqiercelength.

e V[i]istheit" elematin thevectorV. For examge, vedor
V =< A, 4,3 > desigrateselements A[0], A[4], and A[8],
whereV[0] = A[0], V[1] = A[4], etc.

e Let M bethenumberof memorybarks,sudthat M = 2™.

e Let N bethenumberof consective words of memay ex-
portedby ead of the M banks,i.e., thebankinterleave fac-
tor, such that N = 2". We refer to these N corseclive
wordsasablock.

e DecodeBank(addr) retuns the bark numberfor an ad
dressaddr, and canbe implementedy the bit-selectoper
ation (addr > n) mod M.

e FirstHit(V,b) takesavectorV andabankbd and returrs
either the index of thefirst elementof V' tha hitsin b or a
valueindicating thatno elemerts hit.

e NextHit(S) returnsan incrementd swch that if a bank
holds V[n], it alsoholds V' [n + 4].

o Letd bethe distarce betweena given bark b and the bank
holding the vectors baseaddressV.B. Thend =
(DecodeBank(V.B) — b + M)mod M. This is imple-
mentedasan m bit unsignel subtractionthatignoresunder
flow.

o Let Ab representhe numberof barks skippedbetweerary
two consectiveelementsV[i] andV [i+1]. Ab = (V.S mod
NM)/N.

e Let § be the block offset of V's first element, thus § =
V.Bmod N.

o Let Af be the differencein offse within their respetive
blocksbetwea anytwo conscutive elementd/[i] and V i+
1],i.e., A8 = (V.S mod N M) mod N. Theelementsmay
residewithin the sameblock if the stride is smallcompared
to N, or they may residein separateblocks on differert
barks.



4. BasicPVA Desin

This sectiondescibesa PVA Bark Cortroller designand are-
cursive First Hit() algarithm for block interleaving schemes.To
performavector gatherthe VCU issues a vectorcomman of the
formV =< B, S, L > onthe vectorbus. In respnse,eat BC
performsthefollowing operatiors:

1. Compute: = FirstHit(V,b), whereb is the number of
thisBC's bank. If thereis no hit, bre&.

2. Computed = NextHit(V.S).
3. ComputeAddr = V.B+ V.S 1.
4. While the endof the vector hasnot been reaché, do:

(8 Accesthememay location Addr.
(b) Compuethe next Addr = Addr + V.S 6.

Thekey to performingtheseopeations quickly is anefficient First Hit()

algorithm.
4.1 FirstHit(V,b) Functionality

To build intuition betind the operationof the First Hit(V, b)
calculation,we breakit into threecasesand then ill ustrae these
with examples.

Case0: DecodeBank(V.B) = b
In this case,V[0] residesn bark b, so FirstHit(V,b) = 0.

Casel: DecodeBank(V.B) # band Af = 0

When the vector stride is an integer multiple of NV, the vector
always hits at the sameoffset (§) within the blocks on the dif-
ferentbanks. If V[0] residesin bark ', thenV[1] hits in bank
(' + Ab) mod M, V[2] in (b' +2Ab) mod M, andsoon. By the
propertiesof moduloarithmetic, (6" +n* Ab) mod M repregntsa
repeatingseqiercewith aperiodof atmostM forn = 0,1, ...c0.
Hence,when A = 0, the implementationof FirstHit(V,b)
takesone of two forms:

Casel.l: V.L > d and Ab dividesd
In this case FirstHit(V,b) = d/Ab.

Casel.2: V.L < dor Abdoesnot divided
For all othe FirstHit(V,b) = no hit.

Case2: DecodeBank(V.B) #band N > Af > 0

If V[0] is cortainedin bank " at an offest of 4, thenV[1] isin
bank(¥' + Ab+ (6 + A8)/N) mod M, V[2] in (' +2Ab+ (8 +
2A6)/N) mod M, etc.andV[i] in (b'+iAb+(0+iA6)/N) mod
M. Therearetwo sub-caes.

Case2l: 0+ (V.L—-1)* A6 < N

In this casethe Afs never sumto N. Sotheseqence
of banksin Case2.1 isthesane asfor casel andwe
may ignorethe effect of A8 on FirstHit(V,b) and
usethe sameprocedure asin Casel.

Case2.2:0 + (V.L—1)* A8 > N

Whenever therunning sumof the AfsreaclesN, the
bark as cdculatedby Casesl and2.1 needsto bein-
cremened This incrementcan causethe calcuation
to shift between multiple cyclic sequences.

Thefollowing examgesill ustratethemoreinterestingcasesfor
M =8andN = 4.

1 LetB=10,5=38,ad L = 16.
Thisis Casel,with § = 0, A8 = 0, andAb = 2.
Thisvector hitstherepeatingsequerceof barks0, 2,4, 6, 0,
2,4,6,...

2. LetB=0,S=9,ard L = 4.
Thisis Case2.1,with § = 0, A8 = 1, andAb = 2.
This vector hits banks0, 2, 4, 6.

3. LetB=0,5=9,and L = 10.

Thisis Case2.2,with § = 0, A8 = 1, andAb = 2.

Note tha when the cumdative effect of A§ exceeds NV,
thereis a shift from the initial seqiene of 0, 2, 4, 6 to the
seqencel, 3,5,7. For somevaluesof B, S and L, the
barks hit by the vectormay cycle through several suchse-
guencesor may have multiple sequencesinterleared 1t is
this casethat complicatesthe definition of the First Hit()
algorithm.

4.2 Derivation of FirstHit(V,b)

In this secton we usethe insights from the case-by-cae ex-
aminationof FirstHit() to derive a generic algorithm for all
cases Figure 4 providesa graphical andogy to lend intuition to
thederivation Figure4(a)depictstheaddres spae asif it werea
numberline. The bark thatase of N conseaitive words belongto
appearsbelow the addessline asa grayrectargle. The banks re-
ped after N M words. Figure 4(b) shavs a sectionof theaddres
line alongwith avectorV with baseaddres B andstrideS.

Let So = V.Smod NM. Bank accesspatternswith stides
over N M areequialentto this factoredstride. The figure there-
fore shavs V' as animpulsetrain of period So. The firstimpulse
startsat offsetd from the edge of the bank containirg B, denoted
hereby bo. Thebankhit next isdendedby b;. Notethatb, is not
the sameasbankO, but is the bark to which addressB decodks.
Also, notethat b; is not necessarilythe bank succedingbark bo,
but is the bank to which B + S happensto demde

The problem of FirstHit(V,b) is that of finding theintegral
periodp; of theimpulsetrain during whichtheimpulseiswithin a
block of NV wordsbelorgingto bank b. The differencein the peri-
odicities of thebanksandtheimpulse train may cau thetrain to
passhankb several timesbefareit actuallyentersablock of words
belongingto b. For valuesof S lessthan N, thenthe probdem can
be solved trivially by dividing the distancebeween b andboe on
the addresdine by So, but when S > N, the prodem becomsa
moredifficult. Ouralgorithm splits the original prodem into simi-
lar subprablemswith smallerandsmallervaluesfor So,S1,. . . S,
until we reach avalue S, < N. At this point, we sdve the in-
equation trivially, andwe propagatehe valuesup to the larger sub
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Figure 4. Visualizing First Hit()

prodems. This processcontinuesuntil we have sdvedtheorigind
prodem.

Furtheringthe analogy, let p; be the impulsetrain’s leastin-
tegral periodduring which it entersa region belonging to bankd
after passingby bark b, p» timeswithout hitting that bank Thus
p1 istheleastand p» the greatestinteger of its kind. The position
of the impulseoniits p th interval will be 8 + p1 * So. Therela-
tive distancebetweent and the beginning of a block belongng to
bankbd afterallowing for the fact thattheimpulsetrain passedy
p2 timesand that the modulo distancebetweerb and by isd * N
is@ + p1So — p2NM — dN. For ahit to hagen this distance
shoud belessthanN. Expressingthis asan inequality, we get:

0<0+p1So —poNM —dN < N ©)
Lety = 6 — dN. Weneedto find p; ard p» suwchthat:

0<y+p1So—p2NM < N @)
—y <p1So —p2NM < N —~

v >p2NM —p1So>v—N

So+y2p2NM —(pr—1)So > So+v—N (2

Sincewe have two variablego solve for in oneinequdity, we need
to eliminate one. We sdve for p; and p» oneatatime. If

So>So+v—N )
we cansulstitute (2) with:
So+v>p2NMmodSo > So+~v—N 4

Recallthatd = V.B mod N. Therefae:

<N ®)

Inequality (3) is satisfedif 0 > v — NV, whichis trueiff:

N>«
N>6—dN
(d+1)N >0

Therefore,since N > 6 by inegudity (5), inequality (3) must
betrue. We cannow sdve for p, usingthe simplified inequality
(4), and thenwe canusethe value of p to solve for p;. In other
words, after solving for p2, we setpy = poNM/So or p1 =
14 p2NM/Sy, ard oneof thesetwo valueswill satisfy(2).

Reall thatps NM mod So = p2(NM mod So) mod So. Sub-
stituting S1 = N M mod Sp, weneealto solve S+~ > p2S1 mod
So > So + v — N, for which we needto find ps sud that:

So+v>p2S1 —p3So>So+v— N
—So—v<p3So —p2S1 < —So —y+ N

-y < (ps+1)So —p2S1 < —y+ N
0<y+(ps+1)So —p2S1 <N (6)

Noticethat(6) is of the saneformatas(1). At this point thesame
algaithm canbe reaursively apdied. Reaursive apdication ter

minateswherever we have an S; siwchthat S; < N atsteps (1)

or (6). When the sulprodem is sdved, the value of the p;s may
be propagatedbackto solve the precedng subproblem,andsoon

until the valueof p; is finally obtained.

Sinceeach S; = S;_2mod S;_1, the S;s reduce monotoni-
cally. Thealgarithm will therefore always terminatewhenthere is
ahit. A simpler versionof this algorithmwith v = 6 canbeused
for NextHit().

43 Efficiency

Therecursvenatue of the First Hit () algorithmderivedabore
is not animpedment to hardware@mplementation sincethe algo-
rithm terminaes at the secord level for mastinputs correspording
to memory systemswith reasomablevaluesof N ard M. There-
cursioncan be unraveled by replicatingthe datapath, which is
equvalert to “unrolling” thealgarithm once.

Unfortunaely, thisalgarithmis notsuitale for afast hardware
implemenation beauseit cortains several division and modulo
operatons by numbersthatmay not be powversof two. The prob-
lem arisesfrom Case2, aboe, whenvectorstridesare notinteger
multiplesof the block width V. Sincethis straghtforward, analyt-
ical solutionfor First Hit() doesnot yield alow lateny imple-
mertationfor cacheline interleaved memaies, i.e., with v > 1,
we now trarsformthe prodem to onethatcanbe implementedin
fasthardwareatareasmalle cost.

5. Improved PVA Design

We cancorvert al possiblecasesof FirstHit() to either of
the two simpe casesfrom Secton 4.1 by changing the way we
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view memory. Assumethatmemoryis physical dividedinto two
eight-word wide banks of SDRAM (i.e., M = 2and N = 8), as
illustratedin Figure 5. Recadl that it is difficult for eachbark to
quicKy calculateFirst Hit() whenthe strideof a givenvectoris
notanintegermultiple of NV (andthus Aé isnon-zerg.

If, instead, we treatthis memorysystemasif it had sixteen
one-wordwide barks (i.e., M = 16 ard N = 1), then A8 will
always be zero. To see this, recdl tha A4 is thechange in block
offset betweeneachvector element and its prececesso If, how-
ever, every blockis only one-word wide, theneachvectorelemen
must start at the sameoffset (zero) in each block. Thus, if we
trea the memorysystemasif it were commsedof mary word-
interleaved banks we eliminatethe tricky Case 2 from the algo-
rithm derivedin Section4.1. Figure 6 illustratesthis logicd view
of the memorysystem. In geneal, a memory systemcompased
of M banksof memay each V words wide can be treaed as a
logical menory system composedof M N logicd banis (deroted
Lo to Lwnwm—1), echonewordwide.

We can now simplify the First Hit() algorithm,and the re-
sulting hardware,by giving ead logicd bankits own First Hit()
logic, which needonly handle Cased and Casel from Sectior4.1
(since A§ = 0 whenN = 1). Thislogicaltransform#ionrequires

usto build NM copiesof the FirstHit() logic, whereasve re-
quired only M copiesin our initial design,but the First Hit()
logic requiredin this casds muchsimpler. Ouremgrical obsena-
tionis tha the sizeof the N M copiesof thesimglified Fiirst Hit()
logic is comparalbe to that of the M copiesof theinitial designs
logic.

We now derive improvedalgorithmsfor First Hit() and Nex-
tHit() for word interleaved menory systems. For the purposes
of this discussbn, memorysystemswith NV greaterthanone are
equvalert to amemay system with N = 1 where N banksshar
ing acomnon bus. The parametetN = 1 is assumd in the fol-
lowing disaussion

Letbg = DecodeBank(V.B), i.e., by is the bark wherethe
firstelemen of V resides Recallthatd is the distancenodue M
betweersomebark b and bg.

LeEmMA 5.1. To find the bank accesspattern of a vedor V/
with stride V.S, it suficesto considerthe bark accesspatternfor
stride V.S mod M.

Proof: LetS = ¢, M + S, whereS,, = Smod M andg; is
someinteger. Letb, = DecodeBank(V.B). For vedor
elementV[n] to hit abark atmodulo distarced from by, it
mustbe the cesethat (n * S) mod M = d. Therefore,for
someinteger g4 :
nxS=qi*M+d
n* Sy =(a—n*qg)M+d
Therefore(n * S,,) mod M = d.

Thus,if vectorV with stride V.S hitsbankb atdistanced for V[n],
thenvector Vi with strideV;.S1, whereV.S; = (V.S mod M),
will alsohit b for V1[n].

Lemma 5.1 saysthat only the least sigrificart m bits of the
stride (V.S) arerequred to find the bark acesspatternof V.
Whenelement V[n] of vectorV with stide V.S hits bark b, then
elemen V1 [n] of vector Vi with strideV1.S1 = (V.S mod M)
will alsohit bank b. Hencdorth, referercesto ary stride S will
deroteonly theleastsignificantm bits of V. S.

Definition: Every stride S canbe writtenas o * 2°, whereo is
odd Usingthis notation, s is the numberof leastsignifi cart
zeroesn S’sbinaryrepresentatiori6).

For instancewhenS = 6 = 3 % 2!, thenc = 3ard s = 1.
WhenS = 7 = 7%2°, 0 = 7ands = 0, andwhenS = 8 = 1x23,
o= 1ands = 3.

LEMMA 5.2. Vector V hitsbark b iff d is somemultiple of 2°.

Proof: Assumethatatleastone elemen V[n] of vectorV hitson
bark b. For thisto betrue,(n * S) mod M = d. Therefore,
for someintegerq:



nxS=qxM+d
nxox2°=q«M+d=q=*x2™ +d
d=nxc%x2°—q+x2" =2°(nxo —q2™ )

Thus, if sorre elementn of vectorV hits on bankb, then d
is amultiple of 2°.

Lemmab.2 saysthat after theinitial hit onbank bg, every 2°th
bankwill have ahit. Note thattheindex of thevectormay nat nec-
essarilyfollow the sameseqierce asthatof the barks thatarehit.
The lemmaonly guaranteeshatthere will bea hit. For examge,
if S =12, andthuss = 2 (becausel2 = 3 * 2?), thenonly every
4*" bark controllermay cortain anelementof the vector, starting
with b andwrapping modulo M. Notethateventhouch every 2°
banks may contain an elementof the vector this doesnot mean
that corsecutve elerrentsof the vectorwill hit every 2° banks.
Rather, someelement(s)will correspord to each suchbank. For
examge, if M = 16, corsecutive elementf avectorof stide 10
(s = 1) hitin banks2, 12, 6,0, 10, 4, 14, 8, 2, etc.

Lemmas 5.1 and 5.2 let us derive extremely efficient algo-
rithmsfor FirstHit() ard NextHit().

Let K; bethe smallestvectorindexthat hits abank b ata dis-
tancemodulo M of d = i%2° frombe. In particular, let K; bethe
smallestvecta index thathits abankb at adistarced = 2° from
bo. SinceV[K;] hitsb we have:

(K; % S)ymod M =d

K; %0 %2° = (q; * 2™ + 1 % 2°) where g; is theleastinteger
suchtha M dividesK; * S prodwcing remairderd. Therefae,
q * 2™ ° +14)

K,-z(
g

Alsa by definition, for K, distarced = 1 * 2°.

Therefore,

Ky — (rx2m"°+1)
o

whereg; istheleastintegersuchthato evenly dividesg; 2™ * +
1.

THEOREM 5.3. FirstHit(V,b) = K; = (Ky*i) mod 2™ °.

Prodf: By induction.

Basis: K1 = Kimod2™™°. Thisis equivalent to proving that
K, < 2™7°. By lemmabs.2, the vedor will hit banks at
moduo distance0, 2°, 2 2%, 3% 2°, ... from bankby. Every
bank hit will be revisited within M/2° = 2™7° stides.
The vedor indices may not be continuous, but the charge
in index befare by is revisited canrot exceed2™ ¢, Hence
K, <2™m 3, QED

Induction step Assumethattheresultholdsfor i = r.
Then K, = (@27 "+47) _ (K1 *7)mod 2™, whereq,

o

is theleastinteger suchthato evenlydividesg, * 2™ ~° +r.

Thismeasthat K1 7 = Q, x2"  °*+ K, = Q,*2™ ° +
W:;ﬁ for someintegerQ,..

Therefore: Ky sr+K; = Q2™ ¢4 {@x2" " "+rdqux2"7741)

andKy + (r +1) = Q, # 2m~* 4 (xta) 2" 770+
Sinceq; andg, aretheleastsuchintegers,it followsthat the
leastintegerg, 1 sutthato everly dividesg, 1 *2™~° +
(r+1)is(gr + q).

By the definifon of k;, @rta) 2" 2H0H) — g,
Therefore: Ky * (r+1) = Q, *2™ ° + Ky y1,0r Kp 1 =
(Ky* (r+1))mod2™ °.

Hence,by the principle of mathematicalnduction K; =
(K1 *1)mod2™ ° Vi > 0.

For the aboe induction to work, we must prove thatthe leastin-
tegergr+1, suchthato evenlydivides g, 41 2™ * + (r+1),
is(gr +q1).

Proof: Assume there existsanotter numberq; < ¢» + g1 such
that o evenly dividesz = ¢ * 2™ ° + (r +1). Sinceo
dividesy = ¢q1 * 2™7° 4+ 1, it shauld alsodividexz — y =
(@t — q1) * 2™~° + r. However, sincewe earliersad that
q < q-+q1, wehavefoundanew numberg,.; = q;—q1 that
islessthang, andyetsatisfiegsherequrementthato evenly
divides ¢,1 * 2™~° + . This cortradcts our assunption
thatg, is theleastsuchnunber Herceq; doesnotexist and
Qr+1 =qr +q1.

THEOREM 5.4. NextHit(S) =0 =2™"°.

Proof: Let the bank at distanced = 7 * 2° have a hit. Also, let
abankatdistanced, = j = 2° have ahit. If, both of these
arethe same bank, then by the definition of NextHit(S),
j =14i+4. Inthatcasedi — d = M, sinceevery bank
is at a moduo distan@ of M from itself. Hencewe have,
M =§ % 2°. Therefae,§ = M/2° =2™m~°

6. Implementation Strategies for FirstHit()
and NextHit()

Using Theorems5.3and5.4andgivend, M, V.S mod M, and
V.BmodM asinputs,eachBankControllercanindependently de-
terminethe sub-vector elemetts for which it is respasible. Sev-
eraloptionsexist for implemering First Hit() in hardware;which
makesmostsersedependson the parametersf the memory orga-
nization Note thatthe valuesof K; canbe calculatedn adwvance
for everylegal comhinationof M, V.S mod M, andV.B mod M.
If M is suficiently small,an efficient PLA (progranmablelogic
array)implementationcouldtaked = (b — bo) mod S andV.S as
inputs and return K;. Lamger corfigurationscoud usea PLA that
takes S ard returns the correspndng K; value, and then mul-
tiply K1 by a smdl integer: to gererateK;. Block-interleared
systemswith smdl interleave facta NV codd use N copies of
the First Hit() logic (with eitherof the above organizatiors), or
coud include oneinstance of the First Hit() logic to compue
K; for thefirst hit within the block, and thenuseanadderto gen
erateeachsutseqent K; 1. Thevarious desiqistrade hardware



spacefor lower lateny ard greaterparallelism. NextHit() can
be implemened usinga small PLA thattakesS as input andre-
turns2™ % (i.e.,d). Optiorally, this valuemay beencodedaspart
of the Fiirst Hit() PLA. In general,most of the variables usel to
explain the functional operationof thesecompmnents will never
becalculatedexplicitly; insteadtheir valueswill becompledinto
the circuitry in theform of lookup tables.

Given appropriate hardware implemenations of FirstHit()
andNextHit(), the BC for bark b peformsthefollowing opera-
tions(conaurrently whereposshble):

1. Calcdate by = Decode Bank(V.B) via asimple bit-selec
operation

2. Find NextHit(S) = 6 = 2™~ * viaaPLA lookup.

3. Calcdate d = (b — bo) mod M via aninteger subtraction-
without-uncerflow operation

4. Determire whether or nat d is a multiple of 2° via a table
lookup. If it is, returnthe K; or K; value correspndng to
strideV.S. If not,returna“no hit” value,to indicatethatd
doesnot containary elementsof V.

5. If b cortainselementsof V, FirstHit(V,b) caneithe be
determinedvia the PLA lookup in the previous stepor be
compuedfrom K as(Ki %) mod 2™~ °. Inthelattercase
thisonly involvessdecting theleastsignificantm — s bits of
Ky % (d > s)). If Sisapowerof two, thisis simply a shift
and mask. For other strides,this requires a small integer
multiply and mask

6. Isstetheaddessaddr = V.B + V.S « FirstHit(V,b).

7. Repeatedlycalculateandissuetheaddressaddr = addr +
(V.S < (m — s)) usingashift andadd.

7. SomePractical Issues

This sectiondiscussesssiesof saling the PVA memorysys-
tem and interactiors with virtual memory

7.1 Saling Memory SystemCapadty

To scalethe vector memorysystem,we hold M ard N fixed
while adding DRAM chips to exterd the phydcd addressspace
This maybe dorein severalways.Onemettod would usea Bank
Controller for eachslot wherememay coud be added. All BCs
correspading to the same physical bank numker would operate
in parallelandwould beidertical. Simpleaddessdecoding logic
would be usal alorg with the addessgeneratecby the BC to en-
ablethememory’s chip selectsigral only whentheaddressssied
residesin that particularmemay. Another method would use a
single BC for multiple slots, but mairtain different current-rov
registerdo track the hot rows inside the differentchips forming a
single physcal bank.

7.2 Saling the Number of Banks

The ability to scale the PVA unit to a large number of banks
dependson theimplementationof FirstHit(). For systemsha

usea PLA to computethe index of the first elemen of V' thathits
in b, the complexity of the PLA grows asthesquareof the number
of banlks. This limits the effective sizeof suct a design to araund
16 banks. For systemswith a small numkber of banksinterleaved
atblock-sizeN, repicatng the Fiirst Hit() logic N timesin each
BC isoptimal. For very large memorysystemsregardlesof their
interleaving factor it is bestto implemen a PLA that genaates
K, andto adda smallamauntof logic to thencalculatek;. Com-

plexity of the PLA in this designincreasesppraximatelylinearly

with thenumber of banks Theremaning hardvareis unchaxged.

7.3 Interaction with the Paging Scheme

The opportunity to do parallel fetchesfor long vedors exists
only when a significart part of the vectoris contiguausin phys-
ical memory Optimal performance requires eachfrequertly ac-
cessd, large datastrudure to fit within one supepage in which
casethe memory controller canissuevector operationsthat are
long enoghto gather/scatter awhole cacte line onthevector bus.
If the structurecanrot residein one supepage thenthe memory
cortroller cansplit a single vector operationinto multiple opeaa-
tionssuchtha eat sub-\ectorreddesin asinge superpag. Fora
given vectorV, thememory controllercouldfind the pageoffsetof
V.B and divide it by V.S to determinethe number of elementsn
the page, afterwhich it would issuea singlevector bus operation
for those elements. Unfortunately, the division requred for this
exad sdution is expersive in hardware. A morereasmableap
proachis to computealower bound on the number of elementsin
the page andissuea vedor bus operationfor thatmary elenents.
We cancalculatethis bourd by roundingthe strideup to the next
power of two and usingthis to compute a minimumnumberof el-
emersresidingbetweenthe first element in thevectorandtheend
of the (supe&)page.This corvertsanintegerdivisionto a shft.

8. RelatedWork

In this sectionwe limit our discissionto relatedwork that per
tainsto vectoraccesss,andespecially to loading vedor datafrom
DRAM. In his studes of compile-time memory optimizations for
streamsMoyer defines accessscheduing asthosetecmiquesthat
redweloadstareinterlock dday by overlappng compuation with
memay lateng [14]. In cortrag, Moyer definesacces ordering
to beary techiquetha changes the order of memory requeststo
increasememay systemperformane. He developsconyiler al-
garithmsthat unroll loops andgroup accessswithin eachstream
to amatize the cost of eadh DRAM pagemissover several refer
eneesto that page[14].

The Stream Memory Cortroller built atthe University of Vir-
giniaextendsMoyer’swork to implemert acces®rderingin hard
ware dynamically at run time [13]. The SMC reordes stream
accessesto avoid bank corflicts and bus turnarounds andto ex-
ploit locality of referencawvithin therow buffersof fastpagemode
DRAM compaerts. The simplereordeing schemeusedin this
prod-of-conceptseral, gathering memorycontrollertargetsasys-
temwith only two interleared banks, andthus the SMC as imple-
mertedcamotfully exploit the pardlelismin a systemwith mary
barks. Like the SMC, our PVA unit stiivesto exploit bank par
allelism and locality of reference while avoiding bus turnaraund
delays, but it doessovia very differert mecharisms



A few commaecial memorycortroll ers usepredictiontechniques
to attermpt to manag@ DRAM resoucesintelligently. The Alpha
21174 memory controllerimplements a simple accessschedu-
ing mecharism for an ervironmert in which nothing is known
abou futureaacesatterns (andall accesssaretreatedasrandm
cachelinefills) [17]. A four-bit predctor trackswhetheraccesses
hit or missthe most recent row in eachrow buffer, and the con-
troller leavesa row openonly whena hit is predcted. Similarly,
Rambus’s RMC2 memaorycontroller atenptsto provide optima
chamel bandwvidth by using timing andlogical constraintsto de-
termine whenpredaige cyclesmay beskipped[16].

Valeroet al. propcse efficiert hardwareto dynamically avoid
bank corflicts in vecta processes by acessingvectorelemers
outof order. They andyzethis sysem firstfor singe vectors[18],
and then extend the work for multiple vectors[15]. del Corral
andLlaberiaandyzearelaed hardwareschene for avoiding bank
conflictsamorg multiple vectorsin complex memory systems[8].
Theseaccess-sobduing schemegocus on memory systemsom-
posal of SRAM componerts (with uniform accesstime), and thus
they do not addresgprechage ddays andopen-rav policies.

Corhal etal. extendthee hardwarevectoracces designsto a
Commard Vector Memay System[6] (CVMS) for out-of-order
vectorprocessos with SDRAM memories. The CVMS exploits
parallelsm andlocdlity of refereneto improve the effective band-
width for veaor accesasfrom out-of-ordervectorprocessorsvith
dual-tankedSDRAM memaies. Raher thansendng individud
requests to specific devices,the CVMS broadtastscommardsre-
quesing multiple independert words, adesignideathatwe adopted.
Sectioncortrollersrecave thebroadcats, compute sutcommands
for the portion of the data for which they are respasible, and
thenissuethe addessego the memorychipsundertheir control.
The memay subsystemordas requests to ead dual-barked de-
vice, attemptingto overlap prechage operationsto eachinternd
SDRAM bark with accessoperatbnsto the other Simulationre-
sultsdemongrateperformanceimprovementsof 15%to 54%com-
paredto a serel memory controller. At the betavioral level, our
bankcontrollersresemiie CVMS sectioncontrollers, but the spe-
cific hardwaredesignand parallelacces algorithmis substatially
different. For instarce, Corbal et al. state thatfor stridesthat are
not powers of two, 15 memay cyclesarerequiredto geneate the
subommans[6]. In contrastthe PVA requiresat mostfive mem-
ory cyclesto gereratesubcommandsfor stridesthatarenot powers
of two. Furtherarchitectual differercesarediscusgdin ourother
reports[12, 11].

HsuandSmith study interleaving schemedor page-maleDRAM
memoryin vector machines[10]. They demorstrate the bene-
fits of exploiting spatial locality within dynamic memay compo-
nents,finding that cacheline interleaving and block-interlearing
are sugerior to low-order interleaving for many vedor apdica-
tions. In their experiments,cacte-line interleaving performances
nearlyidertically to block-interleaving for a modeate numbe of
banls (16-64), beyond which block-interleaing performsbetter
Unforturately, block interleaving complicatesaddressarithmetic.
It's possilbe that low-orde interleaving could outpeform block
interleaving when combined with accessorderingandschedilling
technigques,but we have not yet testecdthis hypothesis.

Generatingcommunicationsetsand local addesseson indi-
vidual nodesinvolvedin a parallel computationrepresets amore
conplicatedversbn of the PVA problemof identifying which el-
emerts resice wherewithin a bark. Chdterjeeetal. demorstrate
an HPF array storag schemewith a cyclic(k) for which local
addessgereraton canbe charaterized by a finite stat machine
with at most k statesandthey presemfastalgorithmsfor comput-
ing thesestatemadines[4]. Their algarithmsare implementedn
software,ard thus canafford to bemuch morecomplex than those
implemerned in the PVA. Nonegheless their experimentalresults
denonstratethat their FSM sdution requires accepable prepre
cessingime and exhibits little run-time overhead.

9. Condusion

This papermresentshemathemécal foundationsfor aParallel
\Vedor Accessthatcanefficiertly gather sparsedatafrom abanked
SDRAM memay system. Earlier performane evaluatiors [12]
shaved that the resuling PVA designgatters sparsevectorsup
to 32.8 timesfasterthan a conventionalmemory systemand 3.3
timesfasterthana pipelinedvectorunit, without affectingthe per
formarce of normalcacte-linefills.

More speifically, we have preseited a seies of algarithms
thatallow independent SDRAM bark cortrollersto determire in
a smdl number of cycleswhich elenents(if ary) from a bag-
stride vectorresice in their bark. Thesealgarithms do not require
a serialexpansim of the vector into its compamert units, and can
be efficiertly implemened in hardware. We showed that treat-
ing eachbankof SDRAM asif it werelogically anarrayof one-
wordwide SDRAM barks greatlysimplifiesthe algarithm, which
in turn simpifies and improvesthe performane of the hardware
usedto implementit.

We areextending our PVA work in anumbe of ways. We are
refining our implementationmodel andevaluating it in a detailed
architecturdevel simulatorto determineits impact on large ap-
plications. We are extending its design to handlevectorindirect
scattergatrer operations,in addition to base-stride@peratiors. Fi-
nally, we are investigating the potertial value of vector scdter-
gathersupportin the cortext of emeging multimediainstructiors
sets(e.g., MM X).
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