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Abstract

Thispaperpresentsmathematical foundationsfor thedesign of
a memory controller subcomponent that helpsto bridge the pro-
cessor/memory performancegap for applicationswith stridedac-
cesspatterns.The Parallel Vector Access(PVA) unit exploits the
regularity of vectorsor streamsto accessthemefficiently in par-
allel on a multi-bank SDRAM memorysystem.ThePVA unit per-
formsscatter/gatheroperationssothat only theelementsaccessed
by the application are transmitted acrossthe system bus. Vector
operationsare broadcast in parallel to all memorybanks,each of
which implementsanefficientalgorithmto determinewhich vector
elementsit holds. Earlier performance evaluations have demon-
strated that our PVA implementation loads elements up to 32.8
times faster than a conventional memorysystemand 3.3 times
faster than a pipelined vector unit, without hurting the perfor-
manceof normal cache-line fills. Here wepresent theunderlying
PVA algorithms for both word interleavedand cache-line inter-
leavedmemory systems.

1. Intr oduction

Processor speedsareincreasingmuchfaster thanmemoryspeeds,
andthusmemory latency andbandwidth limitationsprevent many
applicationsfrom makingeffectiveuseof thetremendouscomput-
ing powerof modernmicroprocessors.Thetraditional approachto
addressing this mismatchhasbeento structurememory hierarchi-
cally by adding several levels of cachebetweentheprocessor and
theDRAM store.Cachesreduceaverageload/store latency by ex-
ploiting spatial and temporal locality, but they may not improve
the performanceof irregular applications thatlack this locality. In
fact, thecachehierarchymay exacerbate the problemby loading
andstoring entire datacache lines,of which the applicationuses

only a small portion. Moreover, cachesdo not solve the band-
width mismatch on thecache-fill path. In cases where system-bus
bandwidth is the limiting bottleneck, bettermemorysystemper-
formancedependson utilizing this resourcemoreefficiently.

Fortunately, several classesof applicationsthatsuffer frompoor
cache locality have predictableaccesspatterns[1, 9, 2]. For in-
stance, many datastructuresusedin scientific andmultimediacom-
putationsareaccessedin aregular pattern thatcanbedescribed by
thebaseaddress,stride, andlength. We refer to dataaccessedin
this way asvectors. Thework describedhereis predicatedon our
belief that memory system performance can be improved by ex-
plicitly informing thememory systemabout thesevectoraccesses.

Thispaper presentsalgorithmsto efficiently loadandstorebase-
stridevectorsby operating multiple memorybanks in parallel.We
referto thearchitecturalmechanismsusedfor thispurposeasPar-
allel Vector Access, or PVA, mechanisms. Our PVA algorithms
have beenincorporatedinto the design of a hardwarePVA unit
that functionsasa subcomponent of an intelligent memory con-
troller [3]. For unstructured accesses,this PVA mechanismper-
forms normal cache-line fills efficiently, and for non-unit stride
vectors, it performsparallel scatter/gather operations much like
thoseof a vector supercomputer.

We have implemented a Verilog model of the unit, andhave
validated the PVA’s designvia gate-level synthesis and emula-
tion on an IKOS FPGA emulationsystem. Theselow-level ex-
periments providedtiming and complexity estimates for anASIC
incorporatinga PVA. We thenused the Verilog functional model
to analyzePVA performancefor a suiteof benchmark kernelsfor
which we varied the number andtype of streams, relative align-
ment, and stride, and we comparedthis performanceto that of
threeother memory systemmodels. For thesekernels, the PVA-
based SDRAM memory system fil ls normal (unit-stride) cache
lines as fast as andup to 8% fasterthan a conventional, cache-
line interleavedmemory system optimizedfor line fill s. For larger
strides,our PVA loadselements up to 32.8 timesfasterthanthe
conventional memory system and up to 3.3 times faster than a
pipelined, centralizedmemory accessunit that can gathersparse
vector databy issuing(up to) one SDRAM accessper cycle. At
the cost of a modestincreasein hardwarecomplexity, our PVA
calculatesDRAM addressesfor gatheroperationsfrom two to five
times fasterthan another recently publisheddesignwith similar



goals [5]. Furthermore, exploiting this mechanismrequires no
modificationsto theprocessor, systembus,or on-chip memoryhi-
erarchy. Complete architectural details and experimental results
arereportedelsewhere[12].

In thenext section,we present background informationabout
theorganizationandcomponentpropertiesof thehighperformance
memorysystemtargetedby our PVA mechanism.The following
sectionsdefineour terminology and outline the operations per-
formed by the PVA unit, then provide a detailed analysis of an
initial implementation of that functionality. Wethen refinetheop-
eration of the PVA mechanisms,anddescribe efficient hardware
designs for realizing them. We discussissuesof integrating the
PVA into a high performanceuniprocessor systemandsurvey re-
latedwork. Finally, we discussongoingwork within this project.

2. Memory SystemCharacteristics

This section describes the basicorganization and component
composition of themainmemory systemcontaining thePVA. Fig-
ure1 illustratesthe high-level organization. Theprocessorissues
memoryrequests via the systembus,wherethey areseenby the
VectorCommandUnit (VCU). The VCU is responsible for load-
ing thedatarequestedby theprocessor from thebank(s)whereit is
stored,and returning it to theprocessor. Thememorysystemthat
our work targetsreturns requested base-stridedataascachelines
that can be stored in the processor’s normalcache 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-stridedatamanipulatedby thememorycontrollerasmemory
vectors, while we refer to thebase-stride datastructuresmanipu-
latedby theprogramasapplication vectors.

We first review the basicoperation of dynamic memoryde-
vices, and then we then present the logical organizationof the
memorysystemand describethe vector operationsthatour mem-
ory controller mustperform.

2.1 Backend Basics

SinceDRAM storagecell arrays are typically rectangular, a
dataaccesssequenceconsistsof arow access(indicatedby aRAS,
or row addressstrobe, signal) followed by oneor morecolumn
accesses (indicatedby a CAS, or columnaddressstrobe, signal).
During theRAS, therow addressis presentedto theDRAM. Data
in thestoragecells of the decoded row are moved into a bank of
senseamplifiers(alsocalled a pagebuffer) that servesas a row
cache. During the CAS, the columnaddress is decodedand the
selecteddataarereadfrom thesenseamps. Oncethe senseamps
are precharged and the selected page (row) is loaded, the page
remainscharged long enough for manycolumns to be accessed.
Before reading or writing datafrom a different row, the current
row must bewrittenbackto memory (i.e.,the row is closed), and
the senseamps must againbe prechargedbefore thenext row can
be loaded. The time required to closea row accounts for thedif -
ferencebetweenadvertisedDRAM accessandcycle times.

Theorder in which a DRAM handlesrequests affects memory
performanceatmanylevels. Within anSDRAM bank, consecutive
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Figure 1. Organization of SDRAM MemorySystem

accessesto thecurrent row—calledpage hitsor rowhits—require
only a CAS, allowing datato be accessedat the maximum fre-
quency. In systemswith interleavedbanks (eitherinternal banks,
or multiple devices),accessesto different bankscanbeperformed
in parallel, but successive accessesto the samebankmust bese-
rialized. In addition, theorder of readswith respect to writes af-
fectsbus utilization: every time the memory controller switches
betweenreadingandwriting, a bus turnaround delay mustbe in-
troducedto allow datatraveling in theopposite direction to clear.

Memory systemdesignerstypically try tooptimizeperformance
by choosingadvantageousinterleavingandrowmanagement poli-
ciesfor their intendedworkloads.IndependentSDRAM bankscan
be interleaved at almostany granularity, from one-word to one-
row (typically 512-2048bytes)wide,and thenon-uniformcostsof
DRAM accessescausethechoiceof interleaving schemeto affect
thememoryperformanceof programswith certainaccesspatterns.
Similarly, consecutiveaccessesto thesame row canbeperformed
morequickly than accessesto differentrows, sincethe latter re-
quire the first row to bewrittenback(closed) and thenew row to
be read(opened). The choice of when to closea row (immedi-
atelyafter eachaccess,only after a request to a new row arrives,
or perhapssomecombination of theseopenand closedpagepoli-
cies)therefore impactsperformance. Ouranalysisof thePVA sys-
tem[12] examinedavariety of interleaving schemesandrow man-
agementpolicies,in addition to various implementationchoices.

2.2 Memory SystemOperation

For simplicity, datapathsare omitted from the organization
depicted in Figure 1. We assumethat the processor has some
means of communicating information about application vectors
to the memorycontroller, andthat the PVA unit merelyreceives
memory-vector requestsfrom the VCU andreturns results to it.
Thedetailsof thecommunicationbetweentheVCU andCPU over
the systembus arenot relevant to the ideasdiscussedhere. This
communicationmechanismcantakemanyforms,andsomeof the
possible optionsarediscussedin our earlier reports [12, 19].

Processinga base-strideapplication vectorinvolvesgathering
stridedwordsfrom memory for a read, and scatteringthecontents
of a densememory vectorto stridedwordsin memoryfor a write.
For example,to fetchconsecutive column elementsfrom anarray
storedin row-majororder, the PVA would needto fetchevery �
words from memory, where� is thewidth of the array.
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Figure 2. Cache-line fill timing

SDRAM’s non-uniform delaysmakesuch scatter/gather oper-
ationssignificantlymoreexpensive thantheyare for SRAM. Con-
sider theeight-bank,cacheline-interleavedSDRAM memorysys-
tem illustratedin Figures2 and3.

Figure2 ill ustrates the operations required to reada 16-word
cacheline when all of the internalbanks areinitially closed.First
the row addressis sent to the SDRAM, after which a delay equiv-
alentto theRAS latencymust beobserved(two cycles).Thenthe
columnaddressis sentto theSDRAM, after which a delay equiv-
alentto theCAS latency mustbeobserved(two cycles).After the
appropriatedelay, the first word of dataappearson the SDRAM
databus. Assuming that theSDRAM hasa burst length of 16, it
sendsout oneword of dataoneach of thenext 15cycles.

Figure 3 illustrateswhat happens when a simple vector unit
usesthe samememory systemto gathera memoryvectorwith a
large stride. In this case, we assumethat the desiredvectorele-
mentsarespread evenly acrosstheeight banks. As will beshown
in Section 4, the distribution across banks is dependent on the
vectorstride. To load the vector, the memory systemfirst deter-
minesthe addressfor the next element. It performsa RAS and
CAS, as above, andafter the appropriatedelay, the dataappears
on the SDRAM databus. The controller then generatesthe next
element’s addressby adding the stride to thecurrentaddress,and
repeatsthisoperation sequenceuntil theentirememoryvectorhas
beenread.

This example illustratesthatwheneachword is accessedindi-
vidually, aserialgatheroperationincursalatency muchlargerthan
thatof acachelinefill. Fortunately, thelatency of such agathercan
bereducedby:

� issuing addressesto SDRAMs in parallelto overlap several
RAS/CAS latenciesfor betterthroughput,and

� hiding or avoiding latenciesby re-ordering thesequence of
operations,and making good decisions on whether to close
rowsor to keepthem open.

To implement theseoptimizations,we needa method by which
eachbank controller can determinethe addressesof vector ele-
mentsin its DRAM without sequentially expandingtheentirevec-
tor. The remainder of this paper describes onesuchmethod. Us-
ing this algorithm, the PVA unit shown in Figure 1 parallelizes
scatter/gather operations by broadcastinga vector commandto a
collectionof bankcontrollers(BCs),each of whichdeterminesin-
dependently which elementsof the vector (if any) reside in the
DRAM it manages.Theprimary advantage of our PVA over sim-
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Figure 3. Stridedmemory vectoraccesstiming

ilar designs is theefficiency of our hardwarealgorithmsfor com-
puting thesubvector for which eachbank is responsible.

3. Terminology

Three functionsimplement thecoreof our scheduling scheme,�����
	��
�������������
, ����� �"!$#%�&! ��� , and � �(' !$#)��! ��� . Before deriving

their implementations,we first define someterminology. Division
denotesinteger division. References to vectorsdenote memory
vectors, unlessotherwisestated.

� Vectors are representedby the tuple *,+.- �0/"12/4365
,

where *87 � is the baseaddress, *87 1 is thesequencestride,
and *87 3 is thesequencelength.� *:9 �&; is the ��<&= element in thevector * . For example, vector
*>+?-A@ /$BC/$DE5

designateselements @E9 F�; , @E9 B ; , and @E9 GH; ,
where *:9 F�;I+J@E9 F�; , *�9LK(;M+N@�9 B ; , etc.� Let O bethenumberof memorybanks,such that O,+NPHQ .� Let � be thenumberof consecutive wordsof memory ex-
portedby each of the O banks,i.e., thebankinterleave fac-
tor, such that �R+6P�S . We refer to these � consecutive
wordsasa block.� �����
	��
���T�����U�&����� � � returns the bank number for an ad-
dress

����� � , and canbeimplementedby thebit-selectoper-
ation

�&����� ��V ���XW)	H� O .� �Y��� �
!Z#[��! � * /$\(� takesa vector * anda bank
\

and returns
either the index of thefirst elementof * that hits in

\
or a

valueindicating thatnoelementshit.� � ��' !Z#%��! ��18� returnsan increment ] such that if a bank
holds *:9 � ; , it alsoholds *�9 �:^ ]�; .� Let

�
be the distancebetweena givenbank

\
and the bank

holding the vector’s baseaddress,*87 � . Then
� +�������
	��
���_�
�U��� *`7 �E�baN\Y^ O ��W[	�� O . This is imple-

mentedasan
W

bit unsigned subtractionthat ignoresunder-
flow.� Let c \

represent thenumberof banksskippedbetweenany
twoconsecutiveelements *�9 �&; and *:9 � ^ K(; . c \ + � *87 1EW)	H�
�dO �$e � .� Let f be the block offset of V’s first element, thus fg+*87 �?W)	�� � .� Let c:f be the differencein offset within their respective
blocksbetweenanytwo consecutiveelements*�9 ��; and *�9 � ^
K
; , i.e., chfE+ � *i7 1EWh	�� �jO �
W)	H� � . Theelementsmay
residewithin the sameblock if thestride is smallcompared
to � , or they may residein separateblocks on different
banks.



4. BasicPVA Design

This sectiondescribesa PVA Bank Controller designanda re-
cursive ����� �(!Z#[�&! ��� algorithm for block interleaving schemes.To
performa vector gather, the VCU issues a vectorcommand of the
form *k+?- ��/l12/43>5

on the vectorbus. In response,each BC
performsthefollowing operations:

1. Compute �:+6����� �
!Z#%�&! � * /$\�� , where
\

is the number of
this BC’s bank. If thereis no hit, break.

2. Compute]_+J� ��' !$#)��! � *87 1`� .
3. Compute@ �m� ��+n*i7 �J^ *`7 1%o � .
4. While the endof thevectorhasnotbeen reached, do:

(a) Accessthememory location @ ��� � .
(b) Compute thenext @ ��� �_+J@ �m� � ^ *87 1%o ] .

Thekey to performingtheseoperationsquickly is anefficient ����� �
!$#[�&! ���
algorithm.

4.1 ����� �
!Z#%�&! � * /$\�� Functionality

To build intuition behind the operationof the �Y���m�"!Z#%��! � * /4\
�
calculation,we breakit into threecases,and then ill ustrate these
with examples.

Case0:
�:�(�(	��
�����
�U�U� *i7 ��� + \

In this case, *:9 FH; residesin bank
\
, so �����m�
!p#%�&! � * /$\(� +NF .

Case1:
�:�(�(	��
�����
�U�U� *i7 ����q+ \

and chf_+JF
When the vector stride is an integer multiple of � , the vector
always hits at the sameoffset ( f ) within the blocks on the dif -
ferent banks. If *09 F�; residesin bank

\
r
, then *:9sK
; hits in bank�t\ r ^ c \(�XW)	H� O , *�9 P�; in

�&\ r ^ P c \
�XW[	�� O , andsoon. By the
propertiesof moduloarithmetic,

�&\ r ^��uo c \(�XW[	�� O representsa
repeatingsequencewith aperiodof atmost O for

� +JF / K / 7v7v7 w .
Hence,when chfN+xF , the implementationof �Y���m�"!Z#%��! � * /4\
�
takesone of two forms:

Case1.1: *87 3A5y�
and c \

divides
�

In this case,�Y���m�"!Z#[��! � * /4\
� + �
e c \
.

Case1.2: *87 3Azy�
or c \

doesnot divide
�

For all other ����� �(!p#%�&! � * /Z\�� + �U	i{ �&! .
Case2:

�:�(�(	��
�����
�U�U� *i7 ����q+ \
and � 5 chf 5 F

If V[0] is contained in bank
\
r

at an offest of f , thenV[1] is in
bank

�&\ r ^ c \M^|� f ^ chf �$e � �
W[	�� O , V[2] in
�&\ r ^ P�c \I^|� f ^P chf �$e � �
W)	H� O , etc.andV[i] in

�&\ r ^ �pc \(^}� f ^ �pchf �$e � �
W)	H�
O . Therearetwo sub-cases.

Case2.1: f ^N� *i7 3~a K ��o chf}-A�
In thiscasethe c)fm� neversumto N. Sothesequence
of banks in Case2.1 is thesame as for case1 andwe
may ignoretheeffect of c:f on �Y���H�
!$#[��! � * /$\�� and
usethe sameprocedure asin Case1.

Case2.2: f ^N� *87 3|a K ��o c)fE�A�
Whenever therunning sumof the chf s reachesN, the
bank as calculatedby Cases1 and2.1 needsto bein-
cremented. This incrementcancausethe calculation
to shift between multiple cyclic sequences.

Thefollowing examplesill ustratethemoreinterestingcasesfor
O�+nG and ��+ B

.

1. Let
� +NF ,

1 +JG , and
3 +>K�� .

This is Case1, with f_+JF / chf_+JF /������ c \ +NP .
Thisvectorhitstherepeatingsequenceof banks F / P /$BX/ � / F /
P /$B�/ � / 7
7(7

2. Let
� +NF ,

1 +J� , and
3 + B

.
This is Case2.1,with f_+JF / c:f_+>K /������ c \ +NP .
This vectorhits banks F / P /$BC/ � .

3. Let
� +NF ,

1 +J� , and
3 +>K�F .

This is Case2.2,with f_+JF / c:f_+>K /������ c \ +NP .
Note that when the cumulative effect of chf exceeds � ,
thereis a shift from the initial sequence of F / P /$BC/ � to the
sequence K /4DX/"��/l� . For somevaluesof

�
,
1

and
3

, the
banks hit by the vectormaycycle through several suchse-
quencesor may have multiple sequencesinterleaved. It is
this casethatcomplicatesthedefinition of the ����� �
!Z#%�&! ���
algorithm.

4.2 Derivation of �����m�
!p#%�&! � * /$\(�

In this section we usethe insights from the case-by-caseex-
aminationof �Y���H�(!Z#[��! ��� to derive a generic algorithm for all
cases. Figure 4 providesa graphical analogy to lend intuition to
thederivation. Figure4(a)depictstheaddressspaceasif it werea
numberline. Thebank thataset of � consecutivewordsbelongto
appearsbelow the addressline asa grayrectangle. Thebanks re-
peat after �jO words. Figure4(b) shows a sectionof theaddress
line alongwith a vector * with baseaddress

�
andstride

1
.

Let
1�� +�*87 1EW)	H� �dO . Bank accesspatternswith strides

over �jO areequivalentto this factoredstride. Thefigure there-
fore shows * as an impulsetrain of period

1U�
. The first impulse

startsat offset f from the edgeof the bank containing
�

, denoted
hereby

\ �
. Thebankhit next is denotedby

\H�
. Notethat

\ �
is not

thesameasbank0, but is thebank to which address
�

decodes.
Also, notethat

\ �
is not necessarilythe bank succeedingbank

\(�
,

but is thebank to which
�J^A1

happensto decode.

Theproblemof ����� �
!Z#%�&! � * /$\�� is that of finding the integral
period� � of theimpulsetrainduring whichtheimpulseiswithin a
block of � wordsbelonging to bank

\
. Thedifferencein the peri-

odicitiesof thebanksandtheimpulse train maycause thetrain to
passbank

\
several timesbefore it actuallyentersablock of words

belongingto
\
. For valuesof

1
lessthan � , thenthe problem can

be solved trivially by dividing the distancebetween
\

and
\ �

on
the addressline by

1 �
, but when

1�5 � , the problem becomes
moredifficult. Ouralgorithmsplits theoriginalproblem into simi-
lar subproblemswith smallerandsmallervaluesfor

1U�
,
1 �

, 7(7(7 1 S ,
until we reach a value

1
S -k� . At this point, we solve the in-

equation trivially, andwepropagatethevaluesup to thelargersub-
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problems.Thisprocesscontinuesuntil wehavesolvedtheoriginal
problem.

Furtheringthe analogy, let �U� be the impulsetrain’s least in-
tegral periodduringwhich it entersa region belonging to bank �
after passingby bank � , ��� timeswithout hitting that bank. Thus
� � is theleast and � � thegreatestinteger of its kind. Theposition
of the impulseon its � � th interval will be ����� �8�b��� . The rela-
tivedistancebetweenit and thebeginning of a block belonging to
bank � afterallowing for thefact that the impulsetrain passedby
� � timesand that themodulo distancebetween� and � � is � �¡ 
is �T�|� �l����¢ �M�  d£R¢ �   . For a hit to happen, this distance
should belessthanN. Expressingthis asan inequality, we get:

¤}¥ �¡�d� �l���¡¢ �I�  d£�¢ �  §¦A  (0)

Let ¨)©J� ¢ �   . We needto find � � and � � such that:

¤}¥ ¨}�j� �l�U�ª¢ ���  d£R¦A  (1)¢ ¨ ¥ � �"���«¢ ���  j£¬¦A ­¢ ¨¨j®~� �  d£�¢ �¯� � �Y°±¨ ¢? 
� � �?¨d®~� �
 j£²¢ �L� � ¢y³ � � � ° � � �.¨ ¢|  (2)

Sincewehavetwo variablesto solvefor in oneinequality, weneed
to eliminate one.We solve for � � and � � oneat a time. If

��� ° ��� �.¨ ¢�  (3)

wecansubstitute (2) with:

��� �?¨d®~���  j£µ´h¶ � �U� ° ��� �|¨ ¢?  (4)

Recall that ��©n·i¸ ¹ ´)¶ �   . Therefore:

� ¦A  (5)

Inequality (3) is satisfiedif
¤ °±¨ ¢�  , which is trueiff:

  °A¨
  °º� ¢ �  
�&��� ³ �   °A�

Therefore,since   °»� by inequality (5), inequality (3) must
be true. We cannow solve for ��� using the simplified inequality
(4), and thenwe canusethe value of � � to solve for � � . In other
words, after solving for �I� , we set � � ©§�I�  d£A¼m�U� or � � ©³ �d� �  j£A¼ � � , and oneof thesetwo valueswil l satisfy(2).

Recall that �I�  %£½´h¶ � ��� ©?�M� �  d£µ´[¶ � ��� � ´)¶ � ��� . Sub-
stituting � � ©  j£µ´[¶ � � � , weneed to solve � �Y¨j®�� ��� � ´[¶ ���� ° ��� �.¨ ¢|  , for which we needto find �I¾ such that:

� � �?¨d®~� �(� � ¢ � ¾�� � ° � � �.¨ ¢| ¢b���¡¢ ¨ ¥ �I¾ ���¡¢ �I� �2�¡¦n¢¡�U�ª¢ ¨}�  ¢ ¨ ¥ �L� ¾ � ³ � � � ¢ � � � � ¦N¢ ¨}�  ¤E¥ ¨}�N�L�I¾8� ³ � ���¡¢ �I� �2�¡¦A  (6)

Noticethat (6) is of thesameformatas(1). At this point thesame
algorithm canbe recursively applied. Recursive application ter-
minateswhenever we have an ��¿ such that ��¿E¦k  at steps (1)
or (6). When thesubproblem is solved, thevalue of the � ¿ s may
bepropagatedbackto solve thepreceding subproblem,andsoon
until the valueof �¯� is finally obtained.

Sinceeach ��¿ © �U¿&À � ´[¶ � ��¿�À�� , the �U¿ s reducemonotoni-
cally. Thealgorithm wil l thereforealways terminatewhenthere is
a hit. A simpler versionof this algorithmwith ¨j©Á� canbeused
for  %Â�Ã �Z�%�&�(��� .
4.3 Efficiency

Therecursivenatureof the �Y�Ä� �"�$�%�&�
��� algorithmderivedabove
is not animpediment to hardwareimplementation,sincethe algo-
rithm terminatesat thesecond level for most inputscorresponding
to memory systemswith reasonablevaluesof   and £ . There-
cursioncan be unraveled by replicatingthe datapath, which is
equivalent to “unrolling” thealgorithm once.

Unfortunately, thisalgorithmisnotsuitable for a fast hardware
implementation becauseit contains several division and modulo
operationsby numbersthatmaynot bepowersof two. Theprob-
lem arisesfrom Case2, above,whenvectorstridesare not integer
multiplesof theblock width   . Sincethis straightforward, analyt-
ical solutionfor ����� �
�Z�%�&�(��� doesnot yield a low latency imple-
mentation for cache-line interleavedmemories, i.e., with   ° ³ ,
we now transformtheproblem to onethatcanbe implementedin
fasthardwareata reasonable cost.

5. Impr oved PVA Design

We canconvert all possiblecasesof ����� �
�Z�%�&�(��� to either of
the two simple casesfrom Section 4.1 by changing the way we
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Figure 5. Physical View of Memory
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Figure 6. Logical View of Memory

view memory. Assumethatmemoryis physical divided into two
eight-word wide banks of SDRAM (i.e., O +�P and ��+ G ), as
illustratedin Figure 5. Recall that it is difficult for eachbank to
quickly calculate�Y�Ä�H�
!$#)��! ��� whenthestrideof a givenvector is
notanintegermultiple of � (andthus c:f is non-zero).

If, instead, we treat this memorysystemas if it had sixteen
one-wordwide banks (i.e., O +§K(� and � +µK ), then chf will
always bezero. To see this, recall that c)f is thechange in block
offset betweeneachvector element and its predecessor. If, how-
ever, every block isonly one-wordwide, theneachvectorelement
must start at the sameoffset (zero) in each block. Thus, if we
treat the memorysystemas if it were composedof many word-
interleaved banks, we eliminatethe tricky Case2 from the algo-
rithm derivedin Section4.1. Figure6 illustratesthis logical view
of the memorysystem. In general, a memory systemcomposed
of O banksof memory each � words wide can be treated as a
logicalmemory system composedof ON� logical banks (denoted3 �

to
3VUXWVY[Z �

), eachone-wordwide.

We can now simplify the ����� �"!$#%�&! ��� algorithm,and the re-
sulting hardware,by giving each logical bankitsown ����� �"!$#%�&! ���
logic, which needonly handleCase0 and Case1 from Section4.1
(since chfT+JF when � +>K ). Thislogicaltransformation requires

us to build �dO copiesof the �����m�
!p#%��! ��� logic, whereaswe re-
quired only O copiesin our initial design,but the ����� �
!Z#%�&! ���
logic requiredin this caseis muchsimpler. Ourempirical observa-
tion is that thesizeof the �jO copiesof thesimplified �Y���H�
!$#[��! ���
logic is comparable to that of the O copiesof the initial design’s
logic.

We now derive improvedalgorithmsfor ����� �
!$#[�&! ��� and Nex-
tHit() for word interleaved memory systems. For the purposes
of this discussion, memorysystems with � greaterthanone are
equivalent to a memory system with ��+�K where � banksshar-
ing a common bus. Theparameter�6+­K is assumed in the fol-
lowing discussion.

Let
\(� + �����"	H�
���_�
�U��� *`7 �E�

, i.e.,
\
�

is the bank wherethe
first element of * resides. Recallthat

�
is the distancemodule O

betweensomebank
\

and
\ �

.

LEMMA 5.1. To find the bank accesspattern of a vector *
with stride *i7 1 , it sufficesto considerthebank accesspatternfor
stride *i7 1�W[	�� O .

Proof: Let
1 +]\_^(O ^J1

Q , where
1
Q + 1�W)	�� O and \_^ is

someinteger. Let
\a` + �:�(�(	��
�����
�U��� *87 ���

. For vector
element*:9 � ; to hit a bank at modulo distance

�
from

\ �
, it

mustbe the casethat
�&�[o�18�
W)	H� O + �

. Therefore,for
someinteger \cb :�:oª1 +d\ab o O ^.�
�:oY� \ ^ O ^A1

Q
� +e\cb o O ^.�

�:oª1
Q + � \ b a��:o \ ^ � O ^±�

Therefore
�&��o¡1

Q
�
W)	H� O + �

.

Thus,if vector * with stride *i7 1 hitsbank
\

atdistance
�

for *�9 � ; ,
thenvector * � with stride * � 7 1 � , where *87 1 � + � *87 1EW)	H� O �

,
wil l alsohit

\
for * � 9 � ; .

Lemma 5.1 saysthat only the least significant
W

bits of the
stride ( *87 1 ) are required to find the bank accesspatternof * .
Whenelement *�9 � ; of vector * with stride *i7 1 hits bank

\
, then

element * � 9 � ; of vector * � with stride * � 7 12� + � *87 1EW)	H� O �
wil l alsohit bank

\
. Henceforth, referencesto any stride

1
will

denoteonly theleastsignificant
W

bits of *i7 1 .

Definiti on: Every stride
1

canbe written as f o P ^ , where f is
odd. Usingthisnotation, � is thenumberof leastsignificant
zeroesin

1
’s binaryrepresentation[6].

For instance, when
1 + �)+ DTo P

�
, then f + D

and �}+ K .
When

1 + � + ��o P
�
, fd+ �

and �b+NF , andwhen
1 +JGT+gK o Phg ,f%+gK and �Y+ D

.

LEMMA 5.2. Vector * hits bank
\

iff
�

is somemultipleof P ^ .
Proof: Assumethatat leastoneelement *�9 � ; of vector * hitson

bank
\
. For this to betrue,

�&�0o«18�
W)	H� O + �
. Therefore,

for someinteger \ :



�ho«1 +e\ o O ^?�
�ho f o P ^ +e\ o O ^.� +e\ o P�Q ^.�
� + �:o f o P ^ a \ o P Q +NP ^ �&�:o f a \ P Q Z ^ �
Thus, if some element

�
of vector * hits on bank

\
, then

�
is a multiple of P ^ .

Lemma5.2 says thatafter theinitial hit onbank
\ �

, every P ^ ! {
bankwill haveahit. Notethattheindex of thevectormay not nec-
essarilyfollow the samesequenceasthatof the banks thatarehit.
The lemmaonly guaranteesthat there wil l bea hit. For example,
if
1 +>K�P , andthus �Y+NP (becauseK�P_+ DYo Phi ), thenonly everyB <&= bank controllermay contain anelementof thevector, starting

with
\ �

andwrappingmodulo O . Notethateventhough every P ^
banks may contain an elementof the vector, this doesnot mean
that consecutive elementsof the vector wil l hit every P ^ banks.
Rather, someelement(s)will correspond to each suchbank. For
example, if O +gK(� , consecutiveelementsof avectorof stride K�F
( �Y+>K ) hit in banks P / K�P / � / F / K(F /$BC/ K BC/ G / P , etc.

Lemmas 5.1 and 5.2 let us derive extremely efficient algo-
rithms for ����� �
!Z#%�&! ��� and � ��' !$#%�&! ��� .

Let jlk bethesmallestvectorindexthat hits a bank
\

at a dis-
tancemodulo O of

� +N� o P ^ from
\
�

. In particular, let j �
bethe

smallestvector index thathits a bank
\

at a distance
� +gP ^ from\
�

. Since *�9 j k ; hits
\

we have:

� j k o«1i�XWh	 � O,+ �

j k o f o P ^ + � \ k o PHQ ^ � o P ^ � where \ k is theleastinteger
suchthat O divides j k oª1 producing remainder

�
. Therefore,

j k + � \ k o P Q Z ^ ^ � �f
Also, by definition, for j �

, distance
� +>K o P ^ .

Therefore,

j � +
� \ � o P Q Z ^ ^ K �f

where\ � is theleastintegersuchthat f evenly divides \ � o P Q Z ^ ^K .

THEOREM 5.3. �����m�
!Z#[�&! � * /$\(� +mj k + � j � o � �
W[	�� P Q
Z ^ .

Proof: By induction.

Basis: j � +nj � W[	�� P Q
Z ^ . This is equivalent to proving thatj � -µPHQ

Z ^ . By lemma5.2, the vector will hit banks at
modulo distance0, P ^ , P o P ^ , D o P ^ , ... from bank

\(�
. Every

bank hit will be revisited within O e P ^ + P Q
Z ^ strides.

The vector indices may not be continuous, but the change
in index before

\ �
is revisitedcannot exceedP Q

Z ^ . Hencej � - P Q
Z ^ . QED.

Induction step: Assumethattheresultholdsfor �¯+N� .
Then jlob+qpsrut_v iuwyx{z}| o�~� + � j � o � �
W)	H� PHQ

Z ^ , where \�o
is theleast integersuchthat f evenlydivides \ o o P Q Z ^ ^ � .

Thismeansthat j � o ��+d��o o P�Q Z ^ ^ jlob+m��o o PHQ Z ^ ^psr t v i wyx{z | o�~� for someinteger � o .
Therefore:j � o � ^ j � +m� o o P Q Z ^ ^ psr t v i wyx{z | o | r���v i wyx{z | � ~� ,

and j �io�� � ^ K � +m� o o P Q Z ^ ^ psrut | r � ~ v iuwyx{z}| p o | � ~� .
Since \ � and\�o aretheleastsuchintegers,it followsthat the
leastinteger \ o | � such that f evenly divides \ o | � o P Q Z ^ ^� � ^ K � is

� \�o ^ \ � � .
By the definition of j k , psr t | r � ~ v iuwyx{z}| p o | � ~� +mj o | � .
Therefore:j � o`� � ^ K � +d� o o P Q Z ^ ^ j o | � , or j o | � +� j � o�� � ^ K �Z�XW)	H� PHQ

Z ^ .
Hence,by the principle of mathematicalinduction, j k +� j � o � �
W)	�� P�Q

Z ^�� � 5 F .

For the above induction to work, we mustprove thatthe leastin-
teger \_o | � , suchthat f evenlydivides \_o | � o P Q Z ^ ^)� � ^ K � ,
is
� \ o ^ \ � � .

Proof: Assume there existsanother number \_��-�\ o ^ \ � such
that f evenly divides

' +n\_� o PHQ
Z ^ ^g� � ^ K � . Since f

divides �)+�\ �io P Q Z ^ ^ K , it should alsodivide
')a �%+� \ � a \ � �io P Q Z ^ ^ � . However, sincewe earliersaid that\ � -�\ o ^ \ � , wehavefoundanew number \ o � +e\ � a \ � that

is lessthan \_o andyetsatisfiestherequirement that f evenly
divides \ o � o P Q

Z ^ ^ � . This contradicts our assumption
that \ o is the leastsuchnumber. Hence \�� doesnotexist and\ o | � +e\ o ^ \ � .

THEOREM 5.4. � ��' !$#%�&! ��1`� +º]_+NP Q
Z ^ .

Proof: Let the bank at distance
� + � o P ^ have a hit. Also, let

a bankat distance
� � +m� o P ^ have a hit. If, both of these

arethesamebank, then by thedefinition of � �(' !$#[�&! ��1i� ,�.+�� ^ ] . In that case,
� � a � +½O , sinceevery bank

is at a modulo distance of O from itself. Hencewe have,
O +º] o P ^ . Therefore, ]_+NO e P ^ +NP Q

Z ^
6. Implementation Strategies for ���}���{�h���}�{�a�

and �����������}�{�a�
Using Theorems5.3and5.4andgiven

\
, O , *87 1 mod O , and*87 �TW[	�� O asinputs,eachBankControllercanindependentlyde-

terminethe sub-vector elements for which it is responsible. Sev-
eraloptionsexist for implementing ����� �(!p#%�&! ��� in hardware;which
makesmostsensedependsontheparametersof thememoryorga-
nization. Note that the valuesof j k canbe calculatedin advance
for every legalcombinationof O , *87 1EW)	H� O , and *87 �|W)	H� O .
If O is sufficiently small,an efficient PLA (programmablelogic
array)implementationcould take

� + �&\8aj\ � �XW)	H�u1
and *87 1 as

inputs and return j k . Larger configurationscould usea PLA that
takes

1
and returns the corresponding j �

value,and then mul-
tiply j �

by a small integer � to generate jlk . Block-interleaved
systemswith small interleave factor � could use � copies of
the �Y�Ä�H�
!$#)��! ��� logic (with eitherof theabove organizations), or
could include one instanceof the ���Ä�H�
!$#[��! ��� logic to computejlk for thefirst hit within theblock, and thenuseanadder to gen-
erateeachsubsequent j k | � . Thevariousdesignstrade hardware



spacefor lower latency and greaterparallelism. � ��' !Z#[��! ��� can
be implemented usinga small PLA that takesS as input andre-
turns P Q

Z ^ (i.e., ] ). Optionally, this valuemay beencodedaspart
of the �Y�Ä�H�
!$#)��! ��� PLA. In general,most of thevariables used to
explain the functional operationof thesecomponents wil l never
becalculatedexplicitly; instead, theirvalueswill becompiledinto
the circuitry in theform of lookup tables.

Given appropriate hardware implementations of ����� �"!$#%�&! ���
and � �(' !p#%�&! ��� , theBC for bank

\
performsthefollowing opera-

tions(concurrently, wherepossible):

1. Calculate
\(� + �����
	H�������
�U�U� *i7 �E�

via a simple bit-select
operation.

2. Find � �(' !Z#[�&! ��1i� +J]_+nP�Q
Z ^ via a PLA lookup.

3. Calculate
� + �t\�a.\ � �
W)	H� O via an integer subtraction-

without-underflow operation.

4. Determine whether or not
�

is a multiple of P ^ via a table
lookup. If it is, returnthe j �

or j k value corresponding to
stride *87 1 . If not, returna “no hit” value,to indicatethat

\
doesnot containany elementsof * .

5. If
\

containselementsof * , �����m�
!p#%��! � * /$\(� caneither be
determinedvia the PLA lookup in the previous stepor be
computedfrom j �

as
� j � o � �XWh	H� P Q

Z ^ . In thelattercase,
thisonly involvesselecting theleastsignificant

W a � bitsofj �¯oª�&� V6� �$� . If
1

is apowerof two, this is simply ashift
and mask. For other strides,this requires a small integer
multiply andmask.

6. Issue the address
�
��� �_+N*87 �J^ *87 1%o ����� �"!$#%�&! � * /Z\�� .

7. Repeatedlycalculateandissuetheaddress
�X��� �T+ �X��� � ^� *87 1��²�&Wka � �$� usinga shift andadd.

7. SomePractical Issues

This sectiondiscussesissuesof scaling the PVA memorysys-
tem and interactionswith virtual memory.

7.1 Scaling Memory SystemCapacity

To scalethe vector memorysystem,we hold O and � fixed
while adding DRAM chips to extend the physical addressspace.
This maybe done in severalways.Onemethodwould usea Bank
Controller for eachslot wherememory could beadded. All BCs
corresponding to the same physical bank number would operate
in parallelandwould beidentical. Simpleaddressdecoding logic
would beused along with the addressgeneratedby theBC to en-
ablethememory’schip selectsignal only whentheaddressissued
resides in that particularmemory. Another method would usea
single BC for multiple slots, but maintain different current-row
registersto trackthe hot rows inside thedifferentchips forming a
singlephysical bank.

7.2 Scaling the Number of Banks

The ability to scale the PVA unit to a large numberof banks
dependson the implementationof �Y���m�"!Z#[��! ��� . For systemsthat

usea PLA to computethe index of the first element of * thathits
in

\
, thecomplexity of thePLA growsasthesquareof thenumber

of banks. This limits theeffective sizeof such a design to around
16 banks. For systemswith a smallnumber of banksinterleaved
atblock-size� , replicating the �����m�"!Z#%��! ��� logic � timesin each
BC isoptimal. For very largememorysystems,regardlessof their
interleaving factor, it is best to implement a PLA that generatesj �

andto addasmallamountof logic to thencalculatej k . Com-
plexity of thePLA in this designincreasesapproximatelylinearly
with thenumberof banks. Theremaining hardwareis unchanged.

7.3 Inter action with the PagingScheme

The opportunity to do parallel fetches for long vectors exists
only when a significant part of the vector is contiguous in phys-
ical memory. Optimal performancerequireseachfrequently ac-
cessed, large datastructure to fit within one superpage, in which
casethe memorycontroller can issuevector operationsthat are
longenoughto gather/scatter awholecachelineonthevectorbus.
If the structurecannot residein onesuperpage, then the memory
controller cansplit a single vector operationinto multiple opera-
tionssuchthat each sub-vectorresidesin asinglesuperpage. For a
given vector * , thememorycontrollercouldfind thepageoffsetof
*87 � and divide it by *87 1 to determinethenumber of elementsin
thepage, afterwhich it would issuea singlevector bus operation
for thoseelements. Unfortunately, the division required for this
exact solution is expensive in hardware.A morereasonableap-
proach is to computea lower bound on thenumber of elementsin
thepage andissuea vector bus operationfor thatmany elements.
We cancalculatethis bound by roundingthestrideup to the next
powerof two and usingthis to computea minimumnumberof el-
ementsresidingbetweenthefirst element in thevectorandtheend
of the(super)page.This convertsanintegerdivision to a shift.

8. RelatedWork

In this sectionwe limit our discussionto relatedwork that per-
tainsto vectoraccesses,andespecially to loadingvector datafrom
DRAM. In his studies of compile-timememory optimizations for
streams,Moyerdefinesaccessscheduling asthosetechniquesthat
reduceload/store interlock delay by overlapping computation with
memory latency [14]. In contrast, Moyer definesaccess ordering
to beany techniquethat changes theorder of memory requeststo
increasememory systemperformance. He developscompiler al-
gorithmsthat unroll loops andgroupaccesseswithin eachstream
to amortize the cost of each DRAM pagemissover several refer-
encesto that page[14].

TheStreamMemoryController built at the University of Vir-
giniaextendsMoyer’swork to implement accessorderingin hard-
ware dynamically at run time [13]. The SMC reorders stream
accessesto avoid bankconflicts andbus turnarounds, andto ex-
ploit locality of referencewithin therow buffersof fast-pagemode
DRAM components. The simplereordering schemeusedin this
proof-of-conceptserial, gathering memorycontrollertargetsasys-
temwith only two interleavedbanks,andthus the SMC as imple-
mentedcannot fully exploit theparallelism in asystemwith many
banks. Like the SMC, our PVA unit strivesto exploit bank par-
allelism and locality of referencewhile avoiding bus turnaround
delays,but it doessovia verydifferent mechanisms.



A few commercial memorycontrollersusepredictiontechniques
to attempt to manage DRAM resourcesintelligently. The Alpha
21174 memory controller implements a simple accessschedul-
ing mechanism for an environment in which nothing is known
about futureaccesspatterns(andall accessesaretreatedasrandom
cache-line fills) [17]. A four-bit predictor trackswhetheraccesses
hit or missthe most recent row in eachrow buffer, and the con-
troller leavesa row openonly whena hit is predicted. Similarly,
Rambus’s RMC2 memorycontroller attempts to provideoptimal
channel bandwidth by using timing andlogical constraintsto de-
termine whenprechargecyclesmay beskipped[16].

Valeroet al. proposeefficient hardwareto dynamically avoid
bankconflicts in vector processors by accessingvectorelements
outof order. They analyzethissystem first for single vectors[18],
and then extend the work for multiple vectors[15]. del Corral
andLlaberiaanalyzearelated hardwareschemefor avoiding bank
conflictsamong multiplevectorsin complex memorysystems[8].
Theseaccess-scheduling schemesfocuson memorysystemscom-
posed of SRAM components (with uniform accesstime),and thus
they donot addressprechargedelaysandopen-row policies.

Corbal et al. extendthese hardwarevectoraccess designs to a
Command VectorMemory System[6] (CVMS) for out-of-order
vectorprocessors with SDRAM memories. The CVMS exploits
parallelism andlocality of referenceto improvetheeffectiveband-
width for vector accessesfrom out-of-ordervectorprocessorswith
dual-bankedSDRAM memories. Rather thansending individual
requests to specific devices,theCVMS broadcastscommandsre-
questingmultiple independent words,adesignideathatweadopted.
Sectioncontrollersreceivethebroadcasts, computesubcommands
for the portion of the data for which they are responsible, and
then issuethe addressesto thememorychipsunder their control.
The memory subsystemorders requests to each dual-banked de-
vice, attemptingto overlapprecharge operationsto eachinternal
SDRAM bank with accessoperationsto the other. Simulationre-
sultsdemonstrateperformanceimprovementsof 15%to54%com-
paredto a serial memory controller. At the behavioral level, our
bankcontrollersresemble CVMS sectioncontrollers,but thespe-
cific hardwaredesignand parallelaccessalgorithmis substantially
different. For instance,Corbal et al. state that for stridesthat are
not powers of two, 15 memory cyclesarerequiredto generate the
subcommands[6]. In contrast,thePVA requiresatmostfivemem-
orycyclesto generatesubcommandsfor stridesthatarenot powers
of two. Furtherarchitectural differencesarediscussedin ourother
reports[12, 11].

HsuandSmith study interleavingschemesfor page-modeDRAM
memory in vector machines [10]. They demonstrate the bene-
fits of exploiting spatial locality within dynamicmemory compo-
nents,finding that cache-line interleaving and block-interleaving
are superior to low-order interleaving for many vector applica-
tions. In their experiments,cache-line interleaving performances
nearlyidentically to block-interleaving for a moderate number of
banks (16-64), beyond which block-interleaving performsbetter.
Unfortunately, block interleaving complicatesaddressarithmetic.
It’s possible that low-order interleaving could outperform block
interleaving whencombined with accessorderingandscheduling
techniques,but we have not yet testedthis hypothesis.

Generatingcommunicationsetsand local addresseson indi-
vidual nodesinvolvedin a parallel computationrepresents a more
complicatedversion of thePVA problemof identifying which el-
ements reside wherewithin a bank. Chatterjeeet al. demonstrate
an HPF array storage schemewith a

� � �c  � �H���C� for which local
addressgeneration canbe characterized by a finite state machine
with at most

�
states,andthey present fastalgorithmsfor comput-

ing thesestatemachines[4]. Their algorithmsare implementedin
software,and thuscanafford to bemuch morecomplex than those
implemented in the PVA. Nonetheless,their experimentalresults
demonstratethat their FSM solution requires acceptable prepro-
cessingtime and exhibits li ttle run-timeoverhead.

9. Conclusion

Thispaperpresentsthemathematical foundationsfor aParallel
Vector Accessthatcanefficiently gathersparsedatafrom abanked
SDRAM memory system. Earlier performance evaluations [12]
showed that the resulting PVA designgathers sparsevectorsup
to 32.8 timesfasterthan a conventionalmemory systemand 3.3
timesfasterthanapipelinedvectorunit, withoutaffectingtheper-
formanceof normalcache-line fills.

More specifically, we have presented a series of algorithms
thatallow independent SDRAM bank controllersto determine in
a small number of cycles which elements(if any) from a base-
stride vectorreside in their bank. Thesealgorithms do not require
a serialexpansion of thevector into its component units, and can
be efficiently implemented in hardware. We showed that treat-
ing eachbankof SDRAM asif it werelogically anarrayof one-
wordwideSDRAM banksgreatlysimplifiesthealgorithm, which
in turn simplifies and improvesthe performance of the hardware
usedto implementit.

We areextendingour PVA work in a number of ways.We are
refining our implementationmodel andevaluating it in a detailed
architecture-level simulatorto determineits impact on large ap-
plications. We areextending its design to handlevector-indirect
scatter-gatheroperations,in addition to base-strideoperations. Fi-
nally, we are investigating the potential value of vector scatter-
gathersupport in the context of emerging multimediainstructions
sets(e.g., MMX).
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