Algorithmic Foundationsfor a Parallel Veaor Access Memory Sysem

Binu K. Mathew, Sally A. McKeeg JohnB. Catter, Al Davis
Departmenbf Compuer Science
University of Utah
SaltLake City, UT 84112

{mbi nu ‘ sam‘ retrac ‘ al d}@s. ut ah. edu

Abstract

This paper presens mathemdical foundations for the
design of a memorycontroller subcomponent that heps
to bridge the processor/mentg performaice gap for ap-
plications with strided access patterns. The Parallel Vec-
tor Access(PVA) unit explaits the regularity of vectas or
streamsto acaess themefficiertly in parallel on a muti-
bank SODRAM memory systemThePVA unit performsscat-
ter/gathe operations so that only the elemets accessed
by the application are transmitted acrossthe systembus.
\ecta operations are broadcast in parallel to all memay
banks, eat of which implemets an efficient algorithm to
determinewhich vecta elemets it holds. Earlier perfor-
mance evaluations have demorstratedthat our PVA imple-
mentation loads elementsup to 32.8 times faster than a
convertiona memorysystemand 3.3 timesfaster than a
pipelined vector unit, without hurting the performarce of
normd cache-linefills. Herewepresentheunderlying PVA
algorithmsfor bath word interleavel and cache-line inter-
leavedmemaoy systems.

1 Intr oduction

Proessa speeds areincreasingmuch fasterthanmem-
ory speeds, andthus memay lateny and bardwidth lim-
itations prevent many apgications from making effective
use of the tremerdous computing power of modern mi-
croprocessrs. Thetradtiond appoachto addressng this
mismatch has beento structure memory hierarchcally by
adding several levels of cacle betweenthe processr and
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the DRAM stote. Caclesrediwce average load'stare latercy
by exploiting spatialand tempord locality, but they may not
improve the performanceof irregular applicationsthat lack
this locality. In fact, the cachehierardhy may exacebate
the problem by loadng andstoting entiredatacacte lines,
of which the application uses only a smdl portion. More-
over, caclesdo not sdve the bandvidth mismatchon the
cadedill path In casesvher system-bus bandwidth is the
limitin g battleneck bettermenory system performarce de-
pends on utilizing this resouce more efficiently.

Fortunatdy, several classesof applications that su-
fer from poor cachelocdity have predictabbe acess pat-
tems|[1, 9, 2]. For instance, mary datastructuresusedin
sciertific and multimedia conputations are accessedin a
regular patten that can be descriled by the baseaddress,
stride, and length. We refer to dataaccesseth this way as
vedors. Thework descriled here is predicatedon our be-
lief thatmemay systemperformarce canbe improved by
explicitly informing the memay systemabaut thesevedor
aceses.

This paper presents algorithms to efficiently load ard
store base-strid vectors by operatirg multiple memay
banks in parallel. We refer to the archtectural metarisms
used for this purpose as Parallel Vector Acaess, or PVA,
mecharsms. Our PVA algaithms have beenincorporated
into the design of a hardware PVA unit that functionsasa
sulcomponert of anintelligentmemay cortroller [3]. For
unstrictured accesgs, this PVA mechtanismperforms nor-
mal cadedine fills efficiently, and for non-unit stride vec-
tors, it peformsparallel scatter/gathe operatimsmuchlike
thoseof avedor superconmputer.

We have implementeda Veiilog model of the unit, ard
have validatad the PVA's designvia gatedevel synthesisard
emnulation on an IKOS FPGA emuation system These
low-level expelimerts provided timing and conplexity es-
timates for an ASIC incormporatinga PVA. We thenusedthe
Verilog functional model to aralyze PVA performancefor a
suiteof berchmark kemelsfor which we varied the number
ard type of streans, relative alignment, and stride,and we



compared this performarce to that of three other memay
systemmodels. For thesekemels,the PVA-basedSDRAM

memay systemfills normal (unit-stride) cacle linesasfast
as ard up to 8% faderthana convertional, cacheline inter-
leaved menory systemoptimized for line fills. For larger
strides,our PVA loadselemers up to 32.8times fasterthan
the corventianal memory systemand up to 3.3 timesfaster
than a pipelined centralized menory accesdaunit that can
gather spaee vecta databy issuirg (up to) one SDRAM

accesyer cycle. At the cost of a modestincreasen hard-
ware conplexity, our PVA calcdatesDRAM addressegor
gather opemtiors from two to five times faster thananaher
recently published desiqn with similar goals [5]. Further
more, exploiti ng this mecranismrequiresno madificatiors
to the processor, systembus, or on-chip memay hierarchy.
Completearchitectural detailsand expelimertal resultsare
repatedelsevhere[12].

In the next section, we presert backgound information
about theorganizationand componentpropertiesof thehigh
performarce menory systemtargeted by our PVA mecha-
nism. The following sectiors defire our terminology and
outline the opemtiors pefformed by the PVA unit, then
provide a detailedandysis of an initial implementation of
that functionality. We thenrefinethe operatian of the PVA
mechanismsanddegribe efficient hardware desgnsfor re-
alizing them. We disciss issuesof integratingthe PVA into
ahigh performarce uniprocessa systemandsuwvey related
work. Finally, we discussongoingwork within thisresearch
project.

2 Memory SystemChar acteristics

This sectio descritesthe basic organization and com-
ponentcompasition of themainmenory systemcontainng
the PVA. Figure 1 illustrates the basicorgarnization The
processr issuesmemoty requestsvia the systembus, where
they are seenby the Vedor Commad Unit (VCU). The
VCU is respmsible for loading the datarequestedby the
processr from the bark(s) wher it is stored and retum-
ing it to the proces®r. The menory systemthat our work
targetsreturrs reqlestecbasestride dataascacte linesthat
canbe storedin the processa’s normd cacte hierarchy [3].
However, our PVA unit is equdly apgdicableto systems that
staetherequestedbase-strié datain vectorregisters [5, 7]
or streambuffers[13]. Forthesake of clarity, werefertothe
chunksof base-stridelatamanipulated by the memay con-
troller asmemoryvectors, while we referto the base-strie
datastructures maripulated by the program asapplication
vectors.

We first review the basicopemtion of dynamic memay
devices and then we then presentthe logical orgarization
of the menory systemard describe the vector opeatiors
that our menory controller must perform.

2.1 BackendBascs

Since DRAM stotagecdl arrays aretypicdly recangu-
lar, a data accessseqene consids of a row accesgindi-
catedby a RAS, or row address strobe, signal) followed by
one or more column accessefindicated by a CAS, or col-
umn addressstrobe, signal). During the RAS, the row ad-
dressis presentedo the DRAM. Datain thestorage cdl s of
the decaledrow aremovedinto a bank of serseamgifiers
(also called a page buffer), which sevesasa row cade.
During the CAS, the column addessis decocedandthe se-
lecteddatais readfrom the senseamps. Once the serse
anpsareprechargedandthe selectecbage (row) is loaded,
the pageremans chargedlong enaugh for many caumnsto
be accessed Before readirg or writing datafrom adifferent
row, the currert row must be written backto menory (i.e.,
the row is closed, and the senseamps mustbe precharged
before the next row canbe loaded. The time requred to
close arow accaunts for the differencebetweenadvertised
DRAM aacessandcycle times.

The order in which a DRAM handes requests affects
memay performanc at mary levels. Within an SDRAM
bank comsecutve accesset the curert row — calledpage
hits or row hits — require only a CAS, allowing datato be
acessedat the maxmum freqlercy. In systemswith in-
tedeavedbarks (either internd barks, or multiple devices),
acessesto differert banks canbe performedin parallel, but
sucessive accesesto the same bankmust be serialized In
addition, the orderof readswith regectto writesaffects bus
utilization: every time the memory contraller switchesbe-
tweenreading ard writing, a busturnaround delay must be
introduced to allow datatraveling in the oppositediredion
to clear

Memay system desigrers typically try to optimize
memay system pefformanceby choosinginterleavirg ard
row managemen policiesthat work well for their intendced
workloads. For example, indepencent SDRAM banks can
be intedeaved at almast ary granularity, from one-word to
onefow (typically 512-2048 bytes)wide. The non-uniform
nature of DRAM aaesgscawsesthechoice of interleaving
schaneto affect the memay peiformanceof programs with
SOITE acEss patterrs.

Similarly, corseautive accessefo the same row canbe
performed more quickly than accesss to different rows,
since the latter require the first row to be written back
(closed)ard the new row to beread(openad). The choice
of whento closearow (immedately after eachaccessonly
after arequestto a new row arrives,or perhapssome com-
bination of theseopenard closedpage pdlicies) therefore
impactsperformarce. As pat of our analysis of the PVA
system12], we examinedavarietyof interleaving schemes
ard row maragenent policies, in addition to various PVA
implementationchoices.
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Figure 1. High-Level Orgarization of SDRAM Memory Sys-
tem

2.2 Memory SystemOperation

Figure 1 ill ustrateghe menory orgarizationassumd in
the restof the paper. Datapathsare omittedfor simgicity.
We assimethatthe processorhassomemears of communi-
catinginformationabaut applicaion vedors to thememay
controller, and thatthe PVA unit merely reeives memory-
vecta requestsfrom the VCU and retumsreallts to it. The
detailsof thecommunicationbetweenthe VCU ard the pro-
cessa over the system bus are nat relevant to the ideas
discussedhere. This communication mechanismcantake
mary forms,andsone of the possble optionsarediscissed
in our earlierreports [12, 19].

Proessing a bas-stride application vedor involves
gathering strided words from memory, and scatteing the
contentsof adersememay vecta to stridedwordsin mem-
ory for awrite operation For examge, to fetchconsective
column elemens from anarray storedin row-majar order,
the PVA would needto fetch every N words from menory,
where N is the width of the array.

SDRAM’s non-uniform delays make sich scattefgather
operatiors significartly more expensive than they are
for SRAM. Corsider the 8-bank, caclelineinterleaved
SDRAM memay systemillustratedin Figures 2 ard 3.

Figure 2 illustratesthe operatiors requred to reada 16-
word cachelire whenall of the interral barks are initially
closed. First the row addessis sentto the SDRAM, after
which a delay equvalert to the RAS latercy must be ob-
sered (2 cycles). Then the column addressis sert to the
SDRAM, afterwhichadelayequivalert to the CAS latercy
must be obsened (2 cycles). After the appropriate delay,
the first word of dataappeas onthe SDRAM databus. As-
suming that the SDRAM hasa burst length of 16, it send
out one word of dataon eachof thenext 15 cycles.

Figure 3 illustrateswhat happens when a simge vec-
tor unit usesthe sane menory system to gathera mem-
ory vedor with alarge stride. In this case we assime that
the desiral vector elemelts are spread evenly acress the
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Fig ure 3. Strided memory vedor accesstiming

eight barks. As will be shown in Section4, the distribu-
tion acressbanks is deperdert on the vector stride. To load
the vector the memay systenfirst deteminesthe address
for thenext elementelenent. It perfformsa RAS andCAS,
asalove, andafter the appropriate delay, the data appeas
on the SDRAM databus. The controller thengererateshe
next element’s addessby adling the stride to the current
address, repeatingthis operation seqierce until the entire
memay vector hasbeenread

Thisexampleillustratesthat wheneachwordisaccessed
individudly, a serialgatheroperatian incurs alateng much
larger than tha of a cacheinefill. Fortunately the latercy
of such agathercanbereduced by:

e isauing addessesto SDRAMs in paallel to ovedap
several RAS/CAS latenges for better throughput, and

e hiding or avoiding latenciesby re-ardering the se-
querce of operaions, and making good decisiors on
whetherto closerows or to keepthemopen.

To implement theseoptimizatiors, we needa method by
which eachbark controller candetemine the addressesof
vecta elenentsin its DRAM without seqentially expard-
ing the ertire vedor. The remaincer of this pape descrites
onesuchmetha. Using thisalgarithm, the PVA unit shavn
in Figure 1 parallelizesscatter/gther opemtiors by broad-
castingavecta commandto acall ection of bankcontrollers
(BCs), ead of which determnesindeperertly which ele-
mentsof thevecta (if any) reddein the DRAM it marages.
The primary adwvantage of our PVA over similar desgnsis
the efficiengy of our hardwvarealgorithmsfor computing the
subvectorfor which eachbankis respamsilde.



3 Terminology

Three functions implement the core of our scheduing
scteme, DecodeBank(), FirstHit(), and NextHit().
Beforedeiiving theirimplemertatiors, we first definesonme
teminology. Division derotesinteger division. Refererces
to vectos derote menory vectas, unlessotherwisestated

e Vectosarerepresentedy thetupleV =< B, S, L >,
where V.B is the base addess, V.S is the seqene
stride,and V. L is the sequence length.

e V[i] is the it" elemen in the vecta V. For exam-
ple, vectorV = < A, 4,3 > designateselemerts A[0],
A[4], ard A[8], where V[0] = A[0], V[1] = A[4], etc.

e Let M be the number of menory barks, such that
M =2m,

e Let N bethe numberof consective wordsof memay
exported by each of the M barks, i.e., the bankinter

leave facta, suchthat N = 2. We refer to these N
consective words asa block.

e DecodeBank(addr) retuns the bark numbe for an
addressaddr, and can be implemerted by the bit-
selectoperatian (addr > n) mod M.

e FirstHit(V,b) takesavectorV andabark b andre-
turns either the index of the first elerrentof V' that hits
in b or avalueindicatingthatno elemerts hit.

e NextHit(S) retumsanincrenentd suchtha if abank
holds V[n], it dsohdds V[n + 4].

e Let d be the distancebeween a given bark b and
the bank holding the vecta’s baseaddress, V.B. If
DecodeBank(V.B) > b, d = Decode Bank(V.B) —
b. Otherwise,d = Decode Bank(V.B) + M — b.

e Let Ab represnt the number of barks skipped be-
tween ary two corseautive elemeris V[i] and V[i +1].
Ab = (V.Smod NM)/N.

o Letd betheblock offsetof V'sfirst elenent,thusf =
V.BmodN.

e Let Af bethe differencein offsetwithin their respec-
tive blocksbetweenary two conseautive elemetts V4]
andV[i+1],i.e, A8 = (V.Smod NM)mod N. The
elemerts may residewithin the sameblock if the stride
is smallcomparedto IV, or they may residein separae
blocks on differentbarks.

4 BasicPVA Design

This sectiondescibes a PVA Bank Controller design
and arecusive FirstHit() agorithm for block interleav-
ing schemes.

The basicPVA designworks asfollows. To perform a
vecta gathe, the VCU issuesavectorconmard of theform
V =< B, S, L > onthevecta bus. In resporse,each BC
performs thefollowing operdions:

1. Conputei = FirstHit(V,b), wher b is the number
of this BC’s bark. If theris nohit, break.

2. Compute § = NextHit(V.S).
3. Compute Addr = V.B 4+ V.S 1.
4. While the end of thevecta hasnot beenreacled, do:

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

The key to peforming theseoperatians quickly is an effi-
ciert FirstHit() algorithm.

41 FirstHit(V,b) Functionality

To build intuition behind the operation of the
FirstHit(V,b) calcdation, we break it into three cases,
ard thenillustratethesewith examges.

Case0: DecodeBank(V.B) = b

Inthis case, V[0] residesin bankb, so FirstHit(V,b) = 0.
Case 1: DecodeBank(V.B) # band A8 =0
Whenthevector stride is aninteger multiple of IV, the vec-
tor always hits at the sameoffset (§) within the blocks on
the different banks. If V[0] residesin bank b, then V1]
hitsin bank (b’ + Ab) mod M, V[2] in (' + 2Ab) mod M,
ard soon. By thepropertiesof modulo arithmetic, (b' +n x
Ab) mod M represents repeating seqierce with a period
of atmaost M forn = 0,1, ...co. Hence whenAé§ = 0, the
implementationof FirstHit(V,b) takesoneof two forms:

Casel.l: V.L > d and Ab dividesd

In this case FirstHit(V,b) = d/Ab.

Casel.2: V.L < d or Abdoesnot divide d

For all other FirstHit(V,b) = no hit.

Case2: DecodeBank(V.B) #band N > A6 > 0

If V[O] is containedin bank b’ at an offestof 8, then V[1]
isin bank(b' + Ab+ (8 + A8)/N) mod M, V[2] in (b +
2Ab+ (604 2A8)/N)mod M, etc.andV[i] in (b' +iAb+
(0 + iA6)/N)mod M. Therearetwo subcases.

Case2.l: 0+ (V.L—-1)xA§ < N
In this casethe Afs never sum to N. So the se-

querce of barks in Case2.1 is the sameas for
casel andwe may ignore the effect of A8 on
FirstHit(V,b) and use the same procedure asin
Casel.

Case2.2: 0+ (V.L—-1)xAN§ > N
Whereverthe running sumof the Afsreache N,

the bank ascalcdatedby Cases1 and2.1 neecs
to be incremernted. This incrementcancausethe



cdculation to shft betweenmultiple cyclic se-
querces.

The following exanplesill ustratethe more interesting
caesforM =8amd N = 4.

1. LetB=0,S =8,andL = 16.
Thisis Case 1, with 8 = 0, A8 = 0, and/\b = 2.
This vedor hits the repedéing seqierce of banks
0,2,4,6,0,2,4,6,...

2. LetB=0,5=9,andL = 4.
Thisis Case 2.1, with 8 = 0, A = 1, and/A\b = 2.
This vectorhits banks 0, 2, 4, 6.

3. LetB=0,5=9,andL = 10.

Thisis Case 2.2, with § = 0, A8 = 1, and/Ab = 2.
Note that when the cumulative effect of Af exceed
N, thereis ashift fromthe initial seqierceof 0,2,4,6
totheseqene 1,3, 5, 7. For somevalues of B, S and
L, the banks hit by the vecta may cycle through sev-
eral suchsequencesor may have multiple seqierces
interleaved. It is this casethat complicatesthe defini-
tion of the FirstHit() algorithm.

4.2 Derivation of FirstHit(V,b)

In this section we usethe insightsfrom the case-ly-case
examination of FirstHit() to deiive a gereric algarithm
for all cass. Figure 4 providesa graphical aralogy to lend
intuition to the derivation Figure 4(a) depicts the addess
spaceas if it werea number line. The bank that a set of
N corsecutve words belorg to appeas belov the addess
line asa gray rectande. Note that the banks repeatafter
N M words. Figure 4(b) shavs a section of the addressline
alongwith avecta V with baseaddress B ard stride S.

Let So = V.Smod NM. Bank accesspatten with
stridesover N M are equivaentto this factaed stride. The
figure therefore shavs V' asan impulsetrain of petiod Sy.
Thefirstimpulse startsat offsetéd fromthe edge of the bank
containing B, derotedhere by by. The bank hit next is de-
noted by b;. Note that by is not the sarre asbark 0, but
is which ever bank the addess B decales to. Also, note
that b; is not necessiily the bank succeedhg bank by, but
is which ever bark theaddessB + S hgppensto decoce to.

The problem of FirstHit(V,b) is that of finding the in-
tegral peiliod p; of the impulsetrain during which the im-
pulseis within a block of N words belonging to bark b.
Because of the difference in the peiiodicity of the banks
and the impulse train, theimpulsetrain might go pag bank
b severd timesbeforeit adually ertersablock of wordsbe-
longing to bark b. Note thatfor valuesof S lessthanV,
thenthe problemcanbe solvedtrivialy by dividing thedis-
tarcebetweerb ard by, ontheaddresdine by Sy. However,
whenS > N, theproblemis moredifficult. The general ap-
proachour agorithm takesis to split the original problem

T3V
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Figure 4. Visualzing FirstHit()

into similar sulproblems with smaller and smallervalues
for Sy,51,...Sy, until we reachavalue S,, < N. At this
point, we sdve the inequationtrivially , and we propacate
the valuesup to the larger subpoblenms. This processcon-
tinuesuntil we have solvedthe original problem

Furthering theandogy, let p; bethe impulsetrain’sleag
integral period during whichit ertersaregion belonging to
bankb afterpassng by bank b, p, timeswithout hitting that
bank Thusp; is the leastandp, the greatestinteger of its
kind. The position of the impulseon its p; th interval will
be 8 + p; x Sy. The relative distance betweenit andthe
beginning of a block belonging to bankb after allowing for
the fact that the impulsetrain pasedby p, timesandthat
the modulo distancebetweerb andbg isd* N is 0 +p; Sg —
poNM — dN. For ahit to hagpen this distanceshould be
lessthanN. Expressingthis asan inequality, we get:

0<0+p1So—pNM —dN < N (0))
Lety =6 — dN. Weneedto find p; and p» suchthat:

0<y+pSo —p2NM <N 1)
—y <p1So —p2NM < N — v

v2>pNM —p1So >~v—N
So+v>p2NM —(p1 —1)So > So+7—N(2)

Sincee we have two variaesto solve for in one inequdity,
we needto eliminateone. We sdve for p; and p, one at a
time. If

So>So+7v—N 3)
we cansubstitute(2) with:

So+v>pNMmodSy >Sg+~v—N 4



Recallthatd = V.Bmod N. Therebre:
6 <N (5)
Inequality (3) is satisfiedf 0 > v — N, which is trueiff:

N>y
N >6—-dN
(d+1)N >0

Therfore, since N > 6 by inequdity (5), inequality (3)
mustbetrue. We cannow solve for p» usingthe simplified
inequality (4), andthenwe canusethe valueof p, to solve
for p;. In other words, after solving for p,, we setp; =
poNM/So or pr = 1+ poNM /Sy, andone of thesetwo
valueswill satisfy (2).

Recall that pa N M mod Sy =
p2(NM mod Sg) mod Sp. Sutstituting Sy =
NM mod Sy, we needto solve S + v > pyS1 mod Sy >
So + v — N, for which we needto find p3 suchthat:

So+7>p2S1 —p3So > So+v— N

—=So — v <p3So —p2S1 < =So—v+ N
-y < (p3+1)So —p2S1 < —y+ N
0<y+(ps+1)So —p2S1 <N (6)

Notice that (6) is of the sameformat as(1). At this point
the sane algorithm canbe reaursively apdied. Recusive
application teminaes whenever we have an S; such that
S; < N atsters (1) or (6). When the subproblemis solved,
the value of the p;s may be propagatedbackto solve the
preceding subproblem and so on urtil the value of p; is
finally obtaired

SinceeachS; = S;_, mod S;_1, the S;s reduce mono-
tonically. The algaithm will therefore always teminae
whenthereisahit. A simger version of this algarithm with
v = 6 canbe usedfor NextHit().

4.3 Efficiency

The recusive natue of the FirstHit() algaithm de-
rived alove is nat an impedimentto hardwvareimplenmenta-
tion, since the algaithm teminates at the secand level for
mostinputscorrespnding to memay systemswith reason-
ablevaluesof N andM. Therecusion canbeunraveledby
replicaing the datapath which is equivalentto “unrolling”
the algorithm once.

Unfortunately, this algorithm is not suitable for a fast
hardvare implementation becawse it cortains several divi-
sion and modulo operatians by numbers that may not be
powers of two. The problem arises from Case2, alove,
when vecta strides are not integer multiples of the block
width N. Sinee this straichtforward, analytical solution for
FirstHit() doesnot yield a low latency implemertation
for cacle-line interleaved menories,i.e.,with N > 1, we
now transfam the problem to one thatcanbe implemented
in fasthardwareat areasonhle cost.

8-
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Figure 5. Physical View of Memay

5 Improved PVA Design

We canconvert al possble case®f First Hit() to either
of the two simpe cass from Section4.1 by charging the
way we view menory. Assune tha menory is physical
divided into two eight-word wide barks of SDRAM (i.e.,
M = 2and N = 8), asillustratedin Figure 5. Recallthat
it is difficult for ead bark to quickly cdculate First Hit()
whenthe stride of a givenvecta is not aninteger multiple
of M (and thus A is non-zero).

If, instead,we treatthis memory systemasiif it had six-
teenone-word wide banks (i.e., M = 16 and N = 8),
then A8 will always be zero. To seethis, recall that Ad
is the charge in block offset betweeneachvecta elenent
ard its predecessor If, however, every block is only one-
word wide, theneach vedor elemen muststartat the same
offset (zerg in each block. Thus, if we treat the memay
systemasif it were composed of mary word-interleaved
banks, we eliminatethe tricky Case2 from the algorithm
derivedin Sectio 4.1 Figure 6 illustrateshis logical view
of the menory system.In geneal, a memory systemcom-
posedof M banks of memay eachN words wide canbe
treatedasa logical memory systemcomposedof M N log-
ical banks (deroted L to Ly nar—1), €ad one-word wide.

We cannow simplify the First Hit() algarithm, andthe
readlting hardware, by giving eachlogical bark its own
FirstHit() logic, which needonly hardle Case0 ard Case
1 from Section4.1 (since A8 = 0 whenN = 1). Thislog-
ical transformation requires usto build N M copes of the
FirstHit() logic, whereaswe required only M copesin
our initial design, but the First Hit() logic requred in this
caseis much simpler. Our emprical observation is thatthe
sizeof the N M copies of the simplified Fiirst Hit() logic
is comparable to thatof the M copiesof the initial designs
logic.

We now deliveimprovedalgaithmsfor First Hit() ard
NextHit() for word interleaved memay systems. For
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the purposesof this discusson, menory systems with N
greaer than one are equivalentto a menory system with
N = 1 where N barks sharng acommon bus. The paam-
eter N = 1 isassunedin the following discussion

Letby = DecodeBank(V.B), i.e.,bg is thebark where
the first elementof V' resides.Recall that d is the distane
module M betweensomebark b ard by.

Lemma5.1 To find the bank accesspatternof a vedor V
with stride V.S, it sufficesto considerthe bank accesspat-
ternfor stride V.S mod M.

Proof: LetS = ¢;M + S,,,, whereS,, = Smod M and
gs is someinteger Letb, = DecodeBank(V.B). For
vecta elementV[n] to hit abark atmodulo distarced
from by, it must be thecae that (n x S) mod M = d.
Therefore, for soneintegergy :

nxS=qixM+d

nk (gsM + Sp) =qa+d
nxSy=(qa—nxg)M+d
Therfore (n x S,,) mod M = d.

Thus, if vector V' with stride V.S hits bank b at distarce d
for V[n], thenvectorV; with stride V;.5;, where V.S; =
(V.S mod M), will alsohit b for V; [n].

Lemmab.1 says thatonly theleastsignficantm bits of
the stride(V.S) arerequiredto find the bank acess pattern
of V. When elenentV[n] of vecta V' with stide V.S hits
bark b, thenelemen V; [n] of vecta V; with stride V1.5, =
(V.S mod M) will alsohit bark b. Henceforth, refererces
to ary stride S will denote only theleastsignificart m bits
of V.S.

Definition: Every stride S canbewritten aso * 2%, where
o is odd. Usingthis notation, s is the number of least
signficant zeraesin S’s binary represemation [6].

For instancewhen S = 6 = 3 « 2!, theng = 3 ard
s=1.WhenS=7=7%2% ¢ =7ands = 0, ard when
S=8=1%2%0=1ands = 3.

Lemma5.2 Vector V' hits bank b iff d is somemutiple of
28,

Proof: Assune that atleastone elenentV[n] of vectorV
hitsonbank b. For thisto betrue, (n*.S) mod M = d.
Therdore, for someinteger ¢:

nxS=qxM+d
nxox2°=qxM+d=qx2™+d
d=nxox2°—qx2™=2%(nxog —q2™ %)

Thus, if someelenentn of vecta V' hits on bark b,
thend is amultiple of 2¢.

Lemmab5.2saysthataftertheinitial hit onbark b, every
2%th bank will have a hit. Note that the index of the vedor
may not necessurily follow the sane seqierceasthatof the
banks that are hit. The lemma only guararteesthat there
will be ahit. For exanple, if S = 12, and thuss = 2 (be-
cawsel2 = 3x22), thenonly every 4* bank contraller may
containanelemrentof the vector, starting with by and wrap-
ping modulo M. Note thateventhough every 2% barks may
contain an element of the vector, this doesnot mean that
consective elenmentsof the vedor will hit every 2 barks.
Rather sone elemen(s) will correspond to eachsuch bark.
For exanple, if M = 16, corsecutive elenentsof a vedor
of stride 10 (s = 1) hit in barks 2,12,6,0, 10,4, 14,8, 2,
etc.

Lemmas 5.1 and 5.2 let us deiive extrenely efficient
algorithmsfor FirstHit() and Next Hit().

Let K; bethe smdl est vectorindex thathits abankb at
adistarcemodulo M of d = i x 2° from by. In paticular,
let K; bethe smdlest vecta index that hits abark b ata
distanced = 2° from by. Since V[ K;] hits b we have:

(K; *S)mod M =d

K; x0 %25 = (¢g; * 2™ + i x 2°) whereg; is theleag
integersuchthat M dividesK; .S producing remainder d.
Therdore,

(gi x2™° +1)
g

Kz':

Also, by definition, for K, distanced = 1 x 2%.
Therdore,
Kl _ (Q1 * 2M—S ].)
g
whereq; is the lead integersud thato evenly dividesq; *
2Mm=% 4+ 1.

Theorem5.3 FirstHit(V,b) = K; = (Ki%i) mod 2™~°.

Proof: By induction.



Basis: K1 = Kymod2™ %, Thisis equvalent to prov-
ing that K; < 2™~ *. By lemma5.2, the vecta will
hit banks a modulo distarce 0, 2%, 2 x 2%, 3 % 2%, ...
from bankbg. Every bark hit will be revisited within
M /2% = 2™ strides. Thevecta indicesmay not be
continuous, but the change in index before by is revis-
ited camoat exceed2™ ¢, Hene K; < 2™ %, QED.

Induction step: Assure thattheresulthddsfor i = r.
Then K, = w = (K * r)mod2m~3,
whereg, is theleastinteger suichthato evenly divides
gr*2m % 4.

This mears that K1 «x r = Q, *x 2™ ° + K, =
Qr %2 S+Mforsome|ntegerQT
Therefae: K, xr + K1 = Q, * 2™ % +

(grx27 " S+T+Q1*2m ) and K * (r+1) = Q, *
gm—s | ((Ir+(11)*2m S-l-(T-l—l)

Since ¢; and ¢, are the Ieast such integers, it follows
that the leastinteger ¢,1 such that o evenly divides
dr41 * 2m=s + (7. + ]-) is (qr + Q1)

By thedefinition of K, (q”+‘“)*2m D = K
Therfore: K; x (r +1) = Q, ¥ om—s 4 K,yq, 0r
Krpq1 = (K% (r + 1)) mod2™ %,

Hence, by the principle of mathematical induction,
K; = (Kl *l) mod 2™ % Vi > 0.

For the aborve induction to work, we must prove that
the least integer ¢.+1, such that ¢ evenly divides
Q1 x 277+ (r+1),is (¢ + q1).

Proof: Assune there exists anothernumbe ¢; < ¢ + q1
swehthato everly dividesz = ¢ % 275 + (r + 1).
Since o dividesy = ¢; * 2™* + 1, it shaild aso
dividez —y = (¢t — ¢1) * 2™ * + r. However, sinee
we ealier saidthat ¢; < ¢, + ¢1, we have found a
new number ¢,; = ¢q; — ¢; thatis lessthan ¢, and
yetsatisfiesthe requrementthato evenly dividesg,; *
2m=#% 4 r. This contradictsour asamption tha ¢, is
the leastsuchnumber. Henceq; doesnat exist and

qr4+1 = 4r + q1-

Theorem5.4 NextHit(S) =6 = 2m~5.

Proof: Let the bark at distarce d = i * 2° have a hit.
ThenK; x S = ¢; *x M + d, whereg; is the leastin-
teger that satidies this equation. Sincethereis a hit
at vector index K; + ¢ on the sanme bank we have
(K; +6)*S = ¢; * M + d, wher g; is the least
integer that satisfiesthis equation. Subtracting thetwo
equaions,we get:

(Ki+0)«S—K; xS =0+«8 =0d*x0x2° =
(Qj —q;)*x M= (qj —q;) * 2™,
gm—s

§ = (dizai)* )

g

Recallthate is anodd number. For o to divide a mul-
tiple of a power of two, it mustbethat (g; — ¢;) =
n x 0. Sinceq; ard g; are the lead integers that sat-
isfy their regective equations, it mustbethe casethat
n = g; — q; = 1. Theefore,d = 2™7.

6 Implementation Strategies for FirstHit()
and NextHit()

Using Theorems5.3 ard 54 ard givenbd, M, V.S mod
M, andV.BmodM asinputs, eachBark Cortroller canin-
deperdently determine the subvecta elenentsfor which
it is respamsibde. Several options exist for implemerting
FirstHit() in hardware;which makesmost sensedepends
on the paametes of the memay organizdion. Note that
the valuesof K; canbe calcdatedin advane for every le-
gal combination of M, V.S mod M,ard V.Bmod M. If M
is sufiiciently small,an efficient PLA (progranmmalde logic
array) implemertation could take d = (b — bg) mod S ard
V.S asinputs andretum K;. Larger configurations could
use a PLA thattakes.S ard returns the corresponding K
value,and thenmultiply K; by asmallintegeri to gererate
K;. Block-intedeaved systenms with smallintedeave fador
N coud useN copiesof the FirstHit() logic (with either
of theabove organizations),or could include oneinstarce of
the FlirstHit() logic to compute K; for the first hit within
theblock, and thenuseanadderto geneateeach subseqeent
K;+1. The various desigrs tradehardvare spacefor lower
latercy andgreaterparallelism. NextHit() canbeimple-
mentedusing asmall PLA thattakesS asinput andretuns
2™m=5 (i.e.,d). Optiondly, thisvalue may be encodedaspart
of the FirstHit() PLA. In gererd, most of the varialles
used to explain the functional operation of thesecompo-
nentswill never be calclatedexplicitly; insteal, ther val-
ueswill beconpiledinto thecircuitry in the form of lookup
tabes.

Given appopriate hardvare implementatios of
FirstHit() and NextHit(), the BC for bank b performs
the following operations (concurently, wherepossble):

1. Calculateby = DecodeBank(V.B) viaasimge bit-
selectopemation

2. Find NeztHit(S) = § = 2™~ ° viaaPLA lookup.

3. Calculated = (b — bg)mod M via an integer
sultraction-without-underflon operatim.

4. Detemine whetheror not d is a multiple of 2¢ via a
tabe lookup. If it is, retum the K; or K; valuecorre-
spanding to stride V.S. If nat, return a“n o hit” value,
to indicatethat b does not cortain ary elenentsof V.

5. If b contairselements of V, FirstHit(V,b) caneither
be deternmnedvia the PLA lookupin the previousstep
or becomputedfrom K as (K %) mod 2™ %. In the



lattercasethis only involves selectim the leastsignif-
icantm — s bitsof K7 x (d > s)). If S'is apower of
two, thisis simply a shift and mask. For otherstrides
this requires a smallinteger multiply and mask.

6. Issietheaddressaddr = V.B+V.S* FirstHit(V,b).

7. Repeatedly calculateand issuethe address addr =
addr + (V.S < (m — s)) usingashift and add.

7 SomePractical Issues

7.1 Saling Memory System Capadty

To scalethe vecta memay systemwe hod M and N
fixedwhile addng DRAM chips to exterd the physical ad-
dressspace.Thismaybe dorein several ways. One mettod
would usea Bank Cortroller for each slot where memay
could beadded All BCs corespading to the same phys-
ica bank number would operatein pamllel ard would be
identicd. Simpe addessdecaling logic would be used
along with the addressgereratedby the BC to erale the
memay'’s chip selectsignal only when the addessissued
residesin that particdar menory. Another method would
use a single BC for multiple slots, but mairtain differert
currentrow registersto trackthe hot rows insidethe differ-
ent chips forming a sinde physicalbank

7.2 Saling the Number of Banks

The ahblity to scale the PVA unit to a large number of
barks depends on the implementation of FiirstHit(). For
systens that usea PLA to cormpute theindex of thefirstel-
emert of V that hitsin b, the conplexity of the PLA grows
as the squatre of thenumber of barks. This limits the effec-
tive sizeof sut a designto around 16 banks. For systems
with a smallnumber of barks interleaved at block-size IV,
replicaing the First Hit() logic N timesin each BC is op-
timal. For very large memay systens, regardess of their
interleaving factor, it is beg to implementa PLA thatgen-
eratesK; and add a small amount of logic to then calcuate
K;. The complexity of the PLA in this designincreasesap-
proximately linearlywith the number of barks, ard therest
of the hardvareremans unchanged.

7.3 Interaction with the Paging Scheme

The opportunity to do parllel fetches for long vectas
existsonly whena sigrificant part of the vecta is contigu-
ous in physical menory. Perbrmarce will be optimd if
eachfrequertly accesed largedatastructure fits entirely in
onesuperpage. In that case, the memay controller canis-
sle vector operatiors that arelong enaugh to gather/scatter

awhole cacle line, on the vecta bus. If the strudure can-
not resice in one superpage then thememay cortroller can
split a single vecta operation into multiple vecta opera-
tions such that eachsubvectoris contanedin a singe su-
perpage.For agivenvectorV, the memay controller could
find the pageoffsetof V.B anddivideit by V.S to deternine
the number of elenentsin the page after which it would
issue a sinde vector bus operatian for thoseelenents. Un-
fortunately the division requred for this exact soluion is
expensie in hardvare. A more reaonéable apgoachis to
compute a lower bound on the numbe of elenentsin the
page and issuea vector bus operatian for tha mary ele-
ments. We can calcdate this lower bound by rounding the
stride size up to the next power of two and using this new
stride to compute a minimum number of elemerts thatre-
sidein theregion betweerthefirst elemenin the vecta and
the end of the (supenpage.Effectively, this turns aninteger
divisioninto a shft.

8 RelatedWork

In this sectio we limit our discussion to relatedwork
that pettainsto vector accesses,and especaly to loadng
vecta datafrom DRAM. In his studes of compile-time
memay optimizations for streams,Moyer defines access
sdhedding as thosetechiquestha redwce load/stoe in-
tedock delayby overdappng computation with menory la-
tercy [14]. In contrast,Moyer definresaccess orderingto be
ary techiquethat chargesthe order of menory requeststo
increasemenory systemperformance. He develops com-
pil er algorithmsthatunroll loopsand group accessewithin
ead streamto amottize the cost of ech DRAM page miss
over several referercesto thatpage[14].

The StreamMemory Cortroller built atthe University of
Virginia extends Moyer’s work to implemert accesrder-
ing in hadware dynamically a run time [13]. The SMC
reorckrs streamaccesses$o avoid bark conflicts ard bus
turnarounds, and to exploit locality of refererce within the
row buffers of fast-magemode DRAM conponerts. The
simpe reordeling sckemeusedin this proof-of-corcept se-
ria, gathering menory controller targetsa system with only
two interleaved banks, and thus the SMC asimplemened
camat fully exploit the parllelismin a systemwith mary
banks. Like the SMC, our PVA unit strivesto exploit bark
parallelism and locdity of referencewhile avoiding bus
turnaround delays, but it doesso via vely different med-
ansms.

A few commercial memay cortrollers use predction
techiquesto attenpt to manaye DRAM resaircesintelli-
gently. The Alpha21174 memay controller implements a
simpe accesscheduing mechanismfor anernvironmentin
which nathing is known about future accessatterrs (and
all accesseare treatedasrandom cacte-line fills) [17]. A



four-bit predidor tracks whetheracesseshit or miss the
mostrecentrow in eachrow buffer, andthecortroll er leaves
arow openonly whena hit is predcted. Similaly, Ram-
bus's RMC2 memay controller attenptsto provide optimal
chamel bandwvidth by usingtiming ard logical constrants
to deternine when pre-chamge cycles maybe skipped[16].

Vale et al. proposeefficient hardvareto dynamically
avoid bark corflicts in vedor processas by accessingvec-
tor elements out of order They amalyze this systemfirst
for single vectors [18], andthen exterd the work for multi-
ple vedors [15]. del Corral and Llaberiaandyze a related
hardvareschene for avoiding bank corfli cts amang multi-
ple vectoss in conplex menory systemg8]. These access
scheduing schemesfocus on menory systems composed
of SRAM conponerts (with uniform accesgime), ard thus
they donat addessprechage delays andopen+ow palicies.

Corbal et al. exterd these hardwere vector acces de-
signsto a Commard Vector Memay System[6] (CVMS)
for out-of-order vecta processrs with SDRAM menories
The CVMS exploits pardl elism and locality of referenceto
improve the effective bandwidth for vectoracceses from
out-of-order vector processos with dual-barked SDRAM
memaies. Rather than serding individual requeststo spe-
cific devices, the CVMS broadcastonmmards requesting
multiple indeperdent words, a design ideathat we adopted.
Sedion controllers receive the broactasts,conpute sub-
commands for the portion of the datafor which they are
respamsible, and then isue the addessesto the memay
chips under their cortrol. The menory subsystemorders
requeststo eachdual-banked device, attemping to overlap
prechaige operatians to eachintemal SDRAM bark with
accessopeatiors to the other. Simuation resuts deman-
strae peiformanceimprovementsof 15%to 54% compared
to a serid menory contrdler. At the behavioral level, our
bark contrallers resemlie CVMS section controllers, but
the specific hardware design andpardlel access algaithm
is substartidly differert. For instarnce, Cotbal et al. state
that for stridesthat are not powersof two, 15 menory cy-
cles are requiredto geneatethe sutcommards|[§. In con-
trast the PVA recuires at maost five memay cycles to gen-
erate sukconmards for stridesthatare not powers of two.
Further archtectural differercesare discussedn our other
repats[12,11].

Hsu ard Smith study intedeaving schenes for page-
mode DRAM menory in vector machines [10]. They
demanstraethe berefitsof exploiting spatiallocality within
dynamic memay components, finding that cachetine in-
tedeaving and block-interleaving are sugerior to low-order
interleaving for mary vecta applicatiors. In their experi-
ments,cacheline interleaving performance nearly identi-
cally to block-interleaving for a moderatenumber of banks
(16-64), beyond which block-interleaving performs better.
Unfortunately block interleaving conplicatesaddessarith-

metic. It's possiblethat low-order interleaving could out-

perform block interleaving whencombined with accessor-

dering ard scteduing techriques but we havenat yettested
this hypathesis.

Geneating communication setsard locd addresseson
individud nodesinvolved in a parallel computation rep-
reserts a more complicated version of the PVA problem
of identifying which elements reside wherewithin a bark.
Chattejeeetal. denonstratean HPF aray starage scteme
with a cyclic(k) for which local addessgereraion canbe
charaderizedby afinite statemacinewith at mostk states,
ard they presentfastalgaithms for compuing thesestate
machires [4]. Their algorithms are implemerted in soft-
ware, and thus canafford to be much more conplex than
thoseimplemened in the PVA. Nonetleless their experi-
mentalresuts denonstratethat their FSM solution requires
aceptable preprocessing time and exhibits little run-time
overhead.

9 Conduson

This paper presentghe mathenatical foundatiors for a
Parallel Vecta Acceessthatcanefficiently gather sparsedata
from a barked SDRAM menory system. Earlier perfor-
manceevaluaions [12] shaved that the resultingPVA de-
sign gathes sparsevectas up to 328 timesfaser than a
convertional memory system ard 3.3 times fader than a
pipelined vecta unit, without affectingthe pefformance of
normal cachedinefills.

More specifically, we have presened a seriesof algo-
rithmstha allow independent SDRAM bank contrallers to
deternine in a smdl number of cycleswhich elemets (if
ary) fromabase-strié vectorresicein their bark. Theseal-
gorithmsdo nat require a serialexpansionof the vectorinto
its componert units, andcanbe efficiently implemented in
hardvare. We shaved thattreding each bank of SDRAM
asif it werelogically anarray of oneword wide SDRAM
banks greatly simplifies the algarithm, which in turn sim-
plifiesandimprovesthe performarce of the hardware used
toimplemert it.

We are extendng our PVA work in a number of ways.
We are refining our implementation model and evaluaing
it in a detailedarclitecture-level simuator to detemine its
impacton large apdications. We areexterding its desig to
hande vecta-indirect scatter-gathe operatiors, in addtion
to base-stride operatims. Findly, we are investigding the
potertial value of vector scattergather support in the con-
text of ememging multimediainstructions sets(e.g, MMX) .
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