
Algorithmic Foundations for a Parallel Vector Access Memory System

Binu K. Mathew, Sally A. McKee, JohnB. Carter, Al Davis
Departmentof ComputerScience

University of Utah
SaltLakeCity, UT 84112�

mbinu sam retrac ald � @cs.utah.edu

Abstract

This paper presents mathematical foundations for the
design of a memorycontroller subcomponent that helps
to bridge the processor/memory performance gap for ap-
plications with strided access patterns. The Parallel Vec-
tor Access(PVA) unit exploits the regularity of vectors or
streamsto access themefficiently in parallel on a multi-
bank SDRAMmemorysystem.ThePVA unit performsscat-
ter/gather operations so that only the elements accessed
by the application are transmitted acrossthe systembus.
Vector operations are broadcast in parallel to all memory
banks, each of which implements an efficient algorithm to
determinewhich vector elements it holds. Earlier perfor-
mance evaluations havedemonstratedthat our PVA imple-
mentation loads elementsup to 32.8 times faster than a
conventional memorysystemand 3.3 times faster than a
pipelined vector unit, without hurting the performance of
normal cache-linefills. Herewepresenttheunderlying PVA
algorithmsfor both word interleaved andcache-line inter-
leavedmemory systems.

1 Intr oduction

Processor speeds areincreasingmuch fasterthanmem-
ory speeds, and thus memory latency and bandwidth lim-
itations prevent many applications from making effective
use of the tremendous computing power of modern mi-
croprocessors. The traditional approachto addressing this
mismatchhas beento structurememory hierarchically by
adding several levels of cache betweenthe processor and
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the DRAM store. Cachesreduceaverage load/store latency
by exploiting spatialand temporal locality, but they may not
improve theperformanceof irregular applicationsthat lack
this locality. In fact, the cachehierarchy may exacerbate
the problem by loading andstoring entiredatacache lines,
of which the application uses only a small portion. More-
over, cachesdo not solve the bandwidth mismatchon the
cache-fill path. In caseswhere system-busbandwidth is the
limiting bottleneck, bettermemory system performancede-
pendson utilizing this resourcemore efficiently.

Fortunately, several classesof applications that suf-
fer from poor cachelocality have predictable access pat-
terns [1, 9, 2]. For instance,many datastructuresusedin
scientific and multimedia computations are accessedin a
regular pattern that can be described by the baseaddress,
stride, and length. We refer to dataaccessedin this way as
vectors. The work described here is predicatedon our be-
lief that memory systemperformance canbe improved by
explicitly informing thememory systemabout thesevector
accesses.

This paper presents algorithms to efficiently load and
store base-stride vectors by operating multiple memory
banks in parallel. We refer to the architectural mechanisms
used for this purposeas Parallel Vector Access, or PVA,
mechanisms. Our PVA algorithms have beenincorporated
into the design of a hardware PVA unit that functions asa
subcomponent of anintelligentmemory controller [3]. For
unstructured accesses,this PVA mechanismperforms nor-
mal cache-line fil ls efficiently, and for non-unit stridevec-
tors, it performsparallel scatter/gather operationsmuchlike
thoseof avector supercomputer.

We have implementeda Verilog model of the unit, and
havevalidated thePVA’sdesignvia gate-level synthesisand
emulation on an IKOS FPGA emulation system. These
low-level experiments provided timing andcomplexity es-
timates for anASIC incorporatingaPVA. Wethenusedthe
Verilog functional model to analyzePVA performancefor a
suiteof benchmarkkernelsfor whichwevaried thenumber
and type of streams, relative alignment,and stride,and we
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compared this performance to that of threeother memory
systemmodels. For thesekernels,the PVA-basedSDRAM
memory systemfills normal (unit-stride) cache linesasfast
asand up to 8% faster thanaconventional, cache-line inter-
leaved memory systemoptimized for line fills. For larger
strides,our PVA loadselementsup to 32.8times fasterthan
the conventional memory systemand up to 3.3 timesfaster
than a pipelined, centralizedmemory accessunit that can
gather sparse vector databy issuing (up to) one SDRAM
accessper cycle. At thecost of a modestincreasein hard-
ware complexity, our PVA calculatesDRAM addressesfor
gather operations from two to five times faster thananother
recently published design with similar goals [5]. Further-
more, exploiting this mechanismrequiresno modifications
to the processor, systembus, or on-chip memory hierarchy.
Completearchitectural detailsandexperimental resultsare
reportedelsewhere[12].

In the next section, we present background information
about theorganizationandcomponentpropertiesof thehigh
performance memory systemtargeted by our PVA mecha-
nism. The following sections define our terminology and
outline the operations performed by the PVA unit, then
provide a detailedanalysis of an initial implementation of
that functionality. We thenrefinetheoperation of the PVA
mechanisms,anddescribeefficient hardwaredesignsfor re-
alizing them.We discuss issuesof integratingthe PVA into
ahigh performanceuniprocessor systemandsurvey related
work. Finally, wediscussongoingwork within thisresearch
project.

2 Memory SystemCharacteristics

This section describes the basicorganization and com-
ponentcomposition of themainmemory systemcontaining
the PVA. Figure 1 illustrates the basicorganization. The
processor issuesmemory requestsvia thesystembus,where
they are seenby the Vector Command Unit (VCU). The
VCU is responsible for loading the data requestedby the
processor from the bank(s) where it is stored, andreturn-
ing it to the processor. The memory systemthat our work
targetsreturns requestedbase-stridedataascache linesthat
canbestoredin theprocessor’snormal cachehierarchy [3].
However, our PVA unit is equally applicableto systemsthat
store therequestedbase-stridedatain vectorregisters [5, 7]
or streambuffers[13]. For thesakeof clarity, wereferto the
chunksof base-stridedatamanipulated by thememory con-
troller asmemoryvectors, while we refer to the base-stride
datastructuresmanipulatedby the program asapplication
vectors.

We first review the basicoperationof dynamicmemory
devices, and then we then presentthe logical organization
of the memory systemand describe the vectoroperations
that our memory controller must perform.

2.1 BackendBasics

SinceDRAM storagecell arrays aretypically rectangu-
lar, a data accesssequence consists of a row access(indi-
catedby a RAS, or row addressstrobe, signal) followedby
oneor more column accesses(indicated by a CAS, or col-
umn addressstrobe, signal). During the RAS, the row ad-
dressis presentedto theDRAM. Data in thestoragecell sof
the decodedrow aremovedinto a bankof senseamplifiers
(also called a page buffer), which serves as a row cache.
During theCAS,thecolumnaddressis decodedandthese-
lecteddatais readfrom the senseamps. Once the sense
ampsareprechargedandtheselectedpage (row) is loaded,
thepageremainschargedlong enough for many columnsto
beaccessed. Beforereading or writing data fromadifferent
row, thecurrent row must be writtenback to memory (i.e.,
the row is closed), and thesenseamps mustbeprecharged
before the next row can be loaded. The time required to
close a row accounts for thedifferencebetweenadvertised
DRAM accessandcycle times.

The order in which a DRAM handles requests affects
memory performance at many levels. Within an SDRAM
bank, consecutiveaccessesto thecurrent row — calledpage
hits or row hits — require only a CAS, allowing datato be
accessedat the maximum frequency. In systemswith in-
terleavedbanks (either internal banks,or multiple devices),
accessesto different bankscanbeperformedin parallel, but
successive accessesto the samebankmust be serialized. In
addition, theorderof readswith respectto writesaffectsbus
utilization: every time the memory controller switchesbe-
tweenreading and writing, a busturnaround delay must be
introduced to allow datatraveling in theoppositedirection
to clear.

Memory system designers typically try to optimize
memory systemperformanceby choosing interleaving and
row management policies that work well for their intended
workloads. For example, independent SDRAM banks can
be interleavedat almost any granularity, from one-word to
one-row (typically 512-2048bytes)wide. Thenon-uniform
nature of DRAM accessescausesthechoiceof interleaving
schemeto affect thememory performanceof programswith
some accesspatterns.

Similarly, consecutive accessesto the same row canbe
performed more quickly than accesses to different rows,
since the latter require the first row to be written back
(closed)and the new row to be read(opened). The choice
of whento closearow (immediatelyaftereachaccess, only
after a requestto a new row arrives,or perhapssomecom-
bination of theseopenand closedpage policies) therefore
impactsperformance. As part of our analysis of the PVA
system[12], weexaminedavarietyof interleaving schemes
and row management policies, in addition to various PVA
implementationchoices.
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Figure 1. High-Level Organization of SDRAM MemorySys-

tem

2.2 Memory SystemOperation

Figure 1 ill ustratesthememory organizationassumed in
the restof the paper. Datapathsare omittedfor simplicity.
Weassumethat theprocessorhassomemeansof communi-
catinginformationabout application vectors to thememory
controller, and that thePVA unit merely receives memory-
vector requestsfrom the VCU and returnsresults to it. The
detailsof thecommunicationbetweentheVCU and thepro-
cessor over the system bus are not relevant to the ideas
discussedhere. This communication mechanismcantake
many forms,andsomeof thepossible optionsarediscussed
in our earlierreports [12, 19].

Processing a base-stride application vector involves
gathering strided words from memory, and scattering the
contentsof adensememory vector to stridedwordsin mem-
ory for awriteoperation. For example, to fetchconsecutive
column elements from an array stored in row-major order,
the PVA would needto fetch every � words from memory,
where � is the width of the array.

SDRAM’s non-uniform delaysmake such scatter/gather
operations significantly more expensive than they are
for SRAM. Consider the 8-bank, cacheline-interleaved
SDRAM memory systemillustratedin Figures2 and 3.

Figure 2 illustratestheoperations required to reada 16-
word cacheline whenall of the internal banks are initially
closed. First the row addressis sentto the SDRAM, after
which a delay equivalent to the RAS latency must be ob-
served (2 cycles). Then the column addressis sent to the
SDRAM, afterwhichadelayequivalent to theCASlatency
must be observed (2 cycles). After the appropriate delay,
the first word of dataappearson theSDRAM databus. As-
suming that the SDRAM hasa burst length of 16, it sends
out one word of dataon eachof thenext 15 cycles.

Figure 3 illustrateswhat happens when a simple vec-
tor unit usesthe same memory system to gathera mem-
ory vector with a large stride. In this case,we assumethat
the desired vector elements are spread evenly across the
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eight banks. As will be shown in Section4, the distribu-
tion acrossbanks is dependent on the vector stride. To load
the vector, thememory systemfirst determinestheaddress
for thenext elementelement. It performsa RAS andCAS,
asabove, andafter the appropriate delay, the data appears
on theSDRAM databus. Thecontroller thengeneratesthe
next element’s addressby adding the stride to the current
address, repeatingthis operation sequence until the entire
memory vector hasbeenread.

Thisexampleillustratesthat wheneachwordisaccessed
individually, aserialgatheroperation incursa latency much
larger than that of a cacheline fill. Fortunately, the latency
of such agathercanbereduced by:

� issuing addressesto SDRAMs in parallel to overlap
severalRAS/CASlatencies for better throughput, and

� hiding or avoiding latenciesby re-ordering the se-
quence of operations, and making good decisions on
whetherto closerowsor to keepthemopen.

To implement theseoptimizations, we needa method by
which eachbank controller candetermine the addressesof
vector elementsin its DRAM without sequentially expand-
ing the entire vector. The remainder of this paper describes
onesuchmethod. Using thisalgorithm, thePVA unit shown
in Figure 1 parallelizesscatter/gather operations by broad-
castingavector commandto acollectionof bankcontrollers
(BCs), each of which determinesindependently which ele-
mentsof thevector (if any) residein theDRAM it manages.
The primary advantage of our PVA over similar designs is
theefficiency of our hardwarealgorithmsfor computing the
subvectorfor which eachbankis responsible.



3 Termi nology

Three functions implement the core of our scheduling
scheme, �����
	��
�����
������� , ���������! "�#�
�#� , and �$��%&�! '�(�
�#� .
Beforederiving their implementations, wefirst definesome
terminology. Division denotesinteger division. References
to vectorsdenotememory vectors,unlessotherwisestated.

� Vectorsarerepresentedby thetuple )+*-,.�0/213/5476 ,
where )98 � is the base address, )98:1 is the sequence
stride,and );8 4 is the sequence length.� )�< �>= is the �(?>@ element in the vector ) . For exam-
ple, vector )+*-,7AB/5C&/EDF6 designateselements AG< HI= ,A�< C�= , and AG< JI= , where )0< H�=�*KAG< HI= , )0<MLN=O*PA�< C�= , etc.� Let Q be the number of memory banks, such thatQR*TS�U .� Let � bethenumberof consecutivewordsof memory
exported by each of the Q banks, i.e., the bank inter-
leave factor, suchthat �V*WS�X . We refer to these �
consecutive wordsasablock.� ���Y�
	I�
���F�����Z�>�[�\�
�I� returns the bank number for an
address �
�[��� , and can be implemented by the bit-
selectoperation �>�[�\�\�B]^���[_'	��`Q .� ���������! "�#�
��);/2aN� takesa vector ) anda bank a andre-
turnseither the index of thefirst elementof ) thathits
in a or a valueindicatingthatno elementshit.� �"�Y%&�b "�(�
��1;� returnsanincrement c suchthat if abank
holds )�< �O= , it alsoholds )0< ��d-cY= .� Let � be the distancebetween a given bank a and
the bank holding the vector’s baseaddress, )98 � . If���Y�
	I�
���F�����Z��);8 �e�gfPa , ��*h�����
	��
�����
���O�#);8 �G�3ia . Otherwise,�F*j�0�Y�N	��\�����
�����#)98 �G�kdlQmina .� Let opa represent the number of banks skipped be-
tween any two consecutiveelements )�< �#= and )�< �IdqLN= .o0ar*s��);8 1F_'	��;�tQh�vuv� .� Let w bethe block offsetof V’sfirst element,thus wF*)98 �x_'	��;� .� Let o0w bethe differencein offsetwithin their respec-
tiveblocksbetweenany two consecutiveelements )�< ��=
and )�< �[d-L
= , i.e., o0w�*+�#)98:1F_y	I�`�qQz�[_'	��;� . The
elementsmayresidewithin thesameblock if thestride
is smallcomparedto � , or they mayresidein separate
blockson differentbanks.

4 BasicPVA Design

This sectiondescribes a PVA Bank Controller design
and a recursive ���(�����! '�(�
��� algorithm for block interleav-
ing schemes.

The basicPVA designworks asfollows. To perform a
vector gather, theVCU issuesavectorcommand of theform){*-,h��/v1|/E4T6 on thevector bus. In response,each BC
performs thefollowing operations:

1. Compute �}*s���(�����! '�(�
��);/2a
� , where a is thenumber
of this BC’sbank. If there is no hit, break.

2. Compute c~*K�$��%��! '�#�
�#)98:19� .
3. Compute A}�[�\�~*P)98 �Td�)98:1"�`� .
4. While the end of thevector hasnot beenreached, do:

(a) Accessthememory location A��\�\� .
(b) Compute the next A��
���B*KA��\�\�gdl)`8:1'��c .

The key to performing theseoperations quickly is an effi-
cient ���(�I���! "�(�
��� algorithm.

4.1 ���(���N�! '�(�
�#)9/va
� Functionality

To build intuition behind the operation of the���������! "�#�
�()9/va�� calculation, we break it into three cases,
and thenillustratethesewith examples.
Case0: �����
	��
�����
������);8 �G�9*Ta
In thiscase, )�< H�= residesin bank a , so ���������! "�(���#);/2a��`*jH .
Case1: �����
	��
�����
������);8 �G���*Ta and o0wB*PH
Whenthevector stride is anintegermultiple of � , the vec-
tor alwayshits at the sameoffset ( w ) within the blocks on
the different banks. If )0< HI= resides in bank a�� , then )�<�L
=
hits in bank ��a���dxopa��[_'	��`Q , )0< SY= in �#av�Id�S\oya
�[_'	��`Q ,
and soon. By thepropertiesof modulo arithmetic, ��av�Ydp���opa��[_p	��`Q representsa repeatingsequencewith a period
of at most Q for �$*TH�/NL\/
8�8�8�� . Hence, when o0wG*TH , the
implementationof ���#�����! "���
�();/Ea
� takesoneof two forms:

Case1.1: );8 476�� and opa divides �
In this case,���#�����! '�(�
��);/2aN�9*K��u�oya .
Case1.2: );8 47��� or oya doesnot divide �
For all other ���#�����! '�(�
��);/2aN�9*j�Z	3����� .

Case2: �����
	��
�����
������);8 �G���*Ta and �^67o0w�6�H
If V[0] is contained in bank a�� at an offest of w , then V[1]
is in bank ��a��[d�opa3dK�>w�d�o0w\�vu��$��_y	I��Q , V[2] in �#av�[dS�opa�dx��w9dtS�o0w\�vuv�q�[_'	I��Q , etc. andV[i] in ��a
��d"�5oya�d��w�d-�bo0w[�Eu��t�[_p	���Q . Therearetwo sub-cases.

Case2.1: w�dP��);8 4ni�L��Z�ro�we,7�
In this casethe o0w\� never sum to N. So the se-
quence of banks in Case2.1 is the sameas for
case1 and we may ignore the effect of o0w on���#���N�! $���
�()9/va�� and use the sameprocedure as in
Case1.

Case2.2: w�dP��);8 4ni�L��Z�ro�wef7�
Whenever therunning sumof the o0w s reachesN,
the bank ascalculatedby Cases1 and2.1 needs
to be incremented. This incrementcancausethe



calculation to shift betweenmultiple cyclic se-
quences.

The following examples ill ustratethe more interesting
cases for Q�*jJ and ��*jC .

1. Let �s*PH , 1x*jJ , and 4l*�L�� .
This is Case1, with w�*PH�/�o0w�*KH�/��
�Z�[opa�*PS .
This vector hits the repeating sequence of banksH�/2S�/!C�/2��/EH�/2S[/EC�/2��/N8�8N8

2. Let �s*PH , 1x*j� , and 4l*jC .
This is Case2.1, with w�*KH�/Oo�w�*+LI/��
�Z��oyar*PS .
This vectorhits banks H�/vS[/5C�/2� .

3. Let �s*PH , 1x*j� , and 4l*�L�H .
This is Case2.2, with w�*KH�/Oo�w�*+LI/��
�Z��oyar*PS .
Note that when the cumulative effect of o0w exceeds� , thereis ashift fromthe initial sequenceof H�/vS�/!C&/E�
to thesequence L�/5D�/2�[/�� . For somevaluesof � , 1 and4 , the banks hit by thevector may cycle through sev-
eral suchsequencesor may have multiple sequences
interleaved. It is this casethat complicatesthe defini-
tion of the ���#�����! "���
�(� algorithm.

4.2 Derivation of ���������! "�(���()9/va��
In this section we usethe insightsfrom the case-by-case

examination of ���������! "�#�
�#� to derive a generic algorithm
for all cases. Figure 4 providesa graphical analogy to lend
intuition to the derivation. Figure 4(a) depicts the address
spaceas if it were a number line. The bank that a set of� consecutive words belong to appears below the address
line asa gray rectangle. Note that the banks repeatafter�$Q words.Figure4(b) showsasection of theaddress line
along with a vector ) with baseaddress � and stride 1 .

Let 1O�{*�)98:1F_p	��`�qQ . Bank accesspattern with
stridesover �qQ are equivalent to this factoredstride. The
figure therefore shows ) asan impulsetrain of period 1�� .
Thefirst impulsestartsat offset w fromtheedgeof thebank
containing � , denotedhere by a � . Thebank hit next is de-
notedby aN� . Note that av� is not the same as bank 0, but
is which ever bank the address � decodes to. Also, note
that a � is not necessarily the bank succeeding bank a � , but
is which everbank theaddress�ld"1 happensto decodeto.

The problem of ���(�����! '�#�
�#)9/va
� is that of finding the in-
tegral period � � of the impulsetrain during which the im-
pulse is within a block of � words belonging to bank a .
Because of the difference in the periodicity of the banks
and the impulse train, theimpulsetrain might go past banka several timesbeforeit actually entersablock of wordsbe-
longing to bank a . Note that for valuesof 1 lessthan � ,
thentheproblemcanbesolvedtriviall y by dividing thedis-
tancebetweena and a � on theaddresslineby 1 � . However,
when 1�6.� , theproblemis moredifficult. Thegeneral ap-
proachour algorithm takesis to split the original problem
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...Bank 0

0 1 2 N-1... ...N+1N+2 2N-1...
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Figure 4. Visualizing  |¡�¢
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into similar subproblems with smaller and smallervalues
for ©�ª , ©�« , ¬N¬�¬2©�­ , until we reacha value ©�­.®°¯ . At this
point, we solve the inequation trivially , and we propagate
the valuesup to the largersubproblems. This processcon-
tinuesuntil we have solvedtheoriginal problem.

Furthering theanalogy, let ± « bethe impulsetrain’s least
integral periodduring which it entersa region belonging to
bank ² afterpassing by bank ² , ±&³ timeswithout hitting that
bank. Thus ±�« is the leastand ±&³ the greatestintegerof its
kind. The position of the impulseon its ± « th interval wil l
be ´�µ�±�«�¶B©Oª . The relative distance betweenit and the
beginning of a block belonging to bank ² after allowing for
the fact that the impulsetrain passedby ± ³ timesandthat
themodulo distancebetween² and ² ª is ·3¶�¯ is ´kµB± « © ª�¸±&³�¯q¹ ¸ ·\¯ . For a hit to happen, this distanceshould be
lessthanN. Expressingthis asan inequality, we get:ºF» ´�µ$± « © ªr¸ ± ³ ¯$¹ ¸ ·[¯¼®7¯ (0)

Let ½'¾K´ ¸ ·[¯ . Weneedto find ± « and ± ³ suchthat:ºF» ½�µ"± « © ªg¸ ± ³ ¯q¹¿®7¯ (1)¸ ½ » ±O«
©�ª ¸ ±�³N¯q¹À®�¯ ¸ ½½qÁt±&³N¯t¹ ¸ ±O«N©Oª~Âl½ ¸ ¯© ª µ"½$Át± ³ ¯q¹ ¸�Ã ± «Ä¸tÅYÆ © ª Â7© ª µ'½ ¸ ¯ (2)

Since we have two variables to solve for in one inequality,
we needto eliminateone. We solve for ±�« and ±&³ one at a
time. If

© ª Âj© ª µx½ ¸ ¯ (3)

wecansubstitute(2) with:

© ª µ-½$Á�± ³ ¯t¹�Ç'È�·`© ª Âj© ª µx½ ¸ ¯ (4)



Recallthat w�*T)98 �x_'	��;� . Therefore:

we,.� (5)

Inequality (3) is satisfiedif He6-É0in� , which is trueif f:

�¼6�É�¼6.w~in�\��>��djL��5�^6�w
Therefore, since �Ê6¼w by inequali ty (5), inequality (3)
mustbetrue. We cannow solve for ��Ë usingthe simplified
inequality (4), andthenwe canusethevalueof � Ë to solve
for �O� . In other words, after solving for � Ë , we set �O�$*� Ë �$QKu�1 � or � � *ÌL}d�� Ë �qQKuI1 � , andone of thesetwo
valueswill satisfy (2).

Recall that � Ë �qQ¼_p	���1 � *� Ë ���qQ¼_p	���1 � ��_y	I��1 � . Substituting 1 � *�$Q¼_'	��`1�� , we needto solve 1�d7ÉTfz� Ë 1Z�O_y	��`1O�$61 � dnÉyi�� , for which weneedto find �&Í suchthat:

1 � dxÉqft�&ËY1 � ip�&ÍY1 � 6j1 � dxÉ0i��ig1 � itÉ$�t� Í 1 � ip� Ë 1 � ,hir1 � iqÉ�d-�i�Éq�h�M� Í dKLY�E1 � ip� Ë 1 � ,Ti�Éedl�HF�lÉedP����Í`dKL��51 � iy��Ë�1 � ,7� (6)

Notice that (6) is of the sameformat as(1). At this point
the same algorithm canbe recursively applied. Recursive
application terminates whenever we have an 1OÎ such that1�Î|,.� at steps (1) or (6). When the subproblem is solved,
the value of the � Î s may be propagatedback to solve the
preceding subproblem, and so on until the value of � � is
finally obtained.

Sinceeach 1�Î�*°1OÎ�Ï Ë _p	���1�Î�Ï � , the 1�Î s reducemono-
tonically. The algorithm will therefore always terminate
whenthere isahit. A simpler version of this algorithm withÉp*jw canbe usedfor �"�Y%��! "�(�
��� .
4.3 Efficiency

The recursive nature of the ���(�����! '�#�
�#� algorithm de-
rived above is not an impedimentto hardwareimplementa-
tion, since the algorithm terminates at the second level for
mostinputscorresponding to memory systemswith reason-
ablevaluesof � and Q . Therecursion canbeunraveledby
replicating the datapath, which is equivalentto “unrolling”
the algorithm once.

Unfortunately, this algorithm is not suitable for a fast
hardware implementation because it containsseveral divi-
sion and modulo operations by numbers that may not be
powers of two. The problem arises from Case2, above,
when vector stridesare not integer multiples of the block
width � . Since this straightforward, analytical solution for���������! "�#�
��� doesnot yield a low latency implementation
for cache-line interleaved memories,i.e., with �R6ÐL , we
now transform the problem to one thatcanbeimplemented
in fasthardwareat a reasonable cost.

Ñ Ñ ÑÑ Ñ ÑÑ Ñ ÑÑ Ñ Ñ
Ò Ò ÒÒ Ò ÒÒ Ò ÒÒ Ò Ò

Ó Ó ÓÓ Ó ÓÓ Ó ÓÓ Ó Ó
Ô Ô ÔÔ Ô ÔÔ Ô ÔÔ Ô Ô

Õ Õ ÕÕ Õ ÕÕ Õ ÕÕ Õ Õ
Ö Ö ÖÖ Ö ÖÖ Ö ÖÖ Ö Ö × × ×× × ×× × ×× × ×

Ø Ø ØØ Ø ØØ Ø ØØ Ø Ø
Ù ÙÙ Ù
Ù Ù
Ú ÚÚ Ú
Ú Ú

Û Û ÛÛ Û ÛÛ Û ÛÛ Û ÛÛ Û ÛÜ Ü ÜÜ Ü ÜÜ Ü ÜÜ Ü ÜÜ Ü ÜÝ Ý Ý Ý Ý ÝÝ Ý Ý Ý Ý ÝÝ Ý Ý Ý Ý ÝÞ Þ Þ Þ Þ ÞÞ Þ Þ Þ Þ ÞÞ Þ Þ Þ Þ Þ ß ß ßß ß ßß ß ß
à à àà à àà à à á á áá á áá á á

â â ââ â ââ â â
ã ãã ã
ã ã
ä ää ä
ä äå å åå å åå å åå å åå å åå å å

æ æ ææ æ ææ æ ææ æ ææ æ ææ æ æ
ç ç çç ç çç ç çç ç çç ç çç ç ç
è è èè è èè è èè è èè è è é é éé é éé é éé é éé é éé é éê ê êê ê êê ê êê ê êê ê êê ê ê

ë ë ëë ë ëë ë ëì ì ìì ì ìì ì ì í í íí í íí í í
î î îî î îî î î

ï ï ïï ï ïï ï ïð ð ðð ð ðð ð ð ñ ñ ññ ñ ññ ñ ñò ò òò ò òò ò ò ó óó óô ôô ô õ õ
õ õ
ö öö ö

..

.
..
.

÷ ÷ ÷÷ ÷ ÷÷ ÷ ÷÷ ÷ ÷÷ ÷ ÷ø ø øø ø øø ø øø ø øø ø øù ù ù ù ù ùù ù ù ù ù ùù ù ù ù ù ùú ú ú ú ú úú ú ú ú ú úú ú ú ú ú ú û û ûû û ûû û û
ü ü üü ü üü ü ü ý ý ýý ý ýý ý ý

þ þ þþ þ þþ þ þ

..

.
..
.

ÿ ÿ ÿ ÿ ÿ ÿÿ ÿ ÿ ÿ ÿ ÿÿ ÿ ÿ ÿ ÿ ÿÿ ÿ ÿ ÿ ÿ ÿ
� � � � � �� � � � � �� � � � � �� � � � � �

� � �� � �� � �� � �
� � �� � �� � �� � �

� � �� � �� � �� � �
� � �� � �� � �� � �

BANK - 0 BANK - 1

13 14 15

8 9 10 11

12

0

4 5

2

6 7

31

16 17 18 19

20 21 22 23

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � � � � �� � �� � �� � �� � �� � �� � �� � �� � �� � � 	 	 		 	 		 	 	
 
 

 
 

 
 
 � � �� � �� � �� � �� � �� � �
 
 

 
 

 
 
� � �� � �� � � � � �� � �� � �� � �� � �� � � � �� �� �� � � �
� �
� �� �24 25 26 27

28 29 30 31

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � � � � �� � �� � �� � �� � �� � �� � �� � �� � �� � �

Figure 5. PhysicalView of Memory

5 Impr oved PVA Design

Wecanconvert all possiblecasesof ���(���
�! $�#�
�#� to either
of the two simple cases from Section4.1 by changing the
way we view memory. Assume that memory is physical
divided into two eight-word wide banks of SDRAM (i.e.,Q�* S and � *+J ), asillustratedin Figure 5. Recallthat
it is difficult for each bank to quickly calculate ���(�����! '�(�
���
when the strideof a givenvector is not an integer multiple
of Q (and thus o�w is non-zero).

If, instead,we treatthis memory systemas if it had six-
teenone-word wide banks (i.e., Q *RL�� and � * J ),
then o�w will always be zero. To seethis, recall that o�w
is the change in block offset betweeneachvector element
and its predecessor. If, however, every block is only one-
word wide, theneach vector element muststartat thesame
offset (zero) in each block. Thus, if we treat the memory
systemas if it were composed of many word-interleaved
banks, we eliminate the tricky Case2 from the algorithm
derivedin Section 4.1. Figure 6 il lustratesthis logical view
of thememory system.In general, a memory systemcom-
posedof Q banks of memory each � words wide canbe
treatedasa logical memory systemcomposedof Qz� log-
ical banks (denoted 49� to 4������ Ï � ), each one-word wide.

Wecannow simplify the ���(�����! '�(�
��� algorithm, andthe
resulting hardware, by giving eachlogical bank its own���������! "�#�
�(� logic, whichneedonly handleCase0 and Case
1 from Section4.1 (since o�we*TH when �¼* L ). This log-
ical transformation requires us to build �qQ copies of the���������! "�#�
�(� logic, whereaswe required only Q copies in
our initial design, but the ���������! "�#�
�(� logic required in this
caseis much simpler. Our empirical observation is that the
sizeof the �tQ copiesof thesimplified ���#�����! "���
�(� logic
is comparable to thatof the Q copiesof the initial design’s
logic.

Wenow deriveimprovedalgorithmsfor ���#�����! '�(�
��� and�$��%&�! '�(�
��� for word interleaved memory systems. For
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Figure 6. LogicalView of Memory

the purposesof this discussion, memory systems with �
greater than one are equivalent to a memory system with� *sL where � banks sharing a common bus.The param-
eter � *�L is assumedin the following discussion.

Let a � *h�0���
	��[�Y���
�����#)98 �F� , i.e., a � is thebank where
the first elementof ) resides.Recall that � is the distance
module Q betweensomebank a and av� .
Lemma 5.1 To find the bank accesspatternof a vector )
with stride );8 1 , it sufficesto considerthe bank accesspat-
tern for stride );8 1G_'	��`Q .

Proof: Let 1z*hgji�QRdK1 U , where 1 U *Ð1F_'	��`Q andg i is someinteger. Let alk�*P�0���
	��\�Y�G�\�����#)98 �F� . For
vector element )0< �O= to hit abank atmodulo distance �
from av� , it must be thecase that ���y�g1;�[_p	���Q *z� .
Therefore, for some integer gjm :

����1x*ng m ��Q dl�
�����og i Q d�1 U �9*pgqm�d-�����1 U *+�og m it����gqi
�EQ dl�
Therefore �>����1 U �[_'	��`Q�*P� .

Thus, if vector ) with stride );8:1 hits bank a at distance �
for )0< ��= , then vector ) � with stride ) � 8:1 � , where )98:1 � *��);8 1F_p	I�`Qz� , will alsohit a for )O�I< ��= .

Lemma5.1 says thatonly the leastsignificant _ bits of
the stride( );8 1 ) arerequiredto find thebankaccess pattern
of ) . When element )0< ��= of vector ) with stride );8:1 hits
bank a , thenelement ) � < ��= of vector ) � with stride ) � 8 1 � *��);8 1F_p	I�`Qz� will alsohit bank a . Henceforth, references
to any stride 1 will denote only the leastsignificant _ bits
of )98:1 .

Definit ion: Every stride 1 canbewritten as r0�}S i , wherer is odd. Usingthis notation, � is thenumber of least
significantzeroesin 1 ’s binary representation[6].

For instance, when 1 *¼�l* DF�~S � , then r+* D and�~* L . When 1l*��G*��r�rS � , rt*�� and �~*hH , and when1x*jJ�*zL`��S Í , r'*+L and ��*jD .
Lemma 5.2 Vector ) hits bank a iff � is somemultiple ofS i .
Proof: Assume that at leastoneelement )0< �O= of vector )

hitsonbank a . For this to betrue, �>���Z19��_p	���Q *P� .
Therefore, for someinteger g :
����1n*pgr��Q dl�
����r���S i *pgr��Q dl�G*pgr��SIU.dl�
�G*K����r���S i isgg��S�UT*TS i ���0��ryitg\S�U Ï i �
Thus, if someelement � of vector ) hits on bank a ,
then � is amultiple of S i .

Lemma5.2saysthataftertheinitial hit onbank av� , everyS i �5� bank will have a hit. Note that the index of the vector
maynot necessarily follow thesamesequenceasthatof the
banks that are hit. The lemma only guaranteesthat there
will be a hit. For example, if 1j*ÐLYS , and thus �G* S (be-
cause LYSB*KD|��S Ë ), thenonly every C ?>@ bank controller may
containanelementof thevector, starting with a � and wrap-
ping modulo Q . Note thateventhoughevery S i banksmay
contain an element of the vector, this doesnot mean that
consecutive elementsof the vector will hit every S i banks.
Rather, someelement(s)will correspond to eachsuchbank.
For example, if Q *ÐL�� , consecutive elementsof a vector
of stride L�H ( �q*^L ) hit in banks S[/NLYS�/E��/EH�/�LNH�/EC�/NL�C�/EJ�/2S ,
etc.

Lemmas 5.1 and 5.2 let us derive extremely efficient
algorithmsfor ���(�����! '�(�
��� and �$��%&�! '�(�
�#� .

Let u Î bethe smallest vectorindex thathits a bank a at
a distancemodulo Q of �"*s�k�gS i from a � . In particular,
let u � be the smallest vector index that hits a bank a at a
distance �F*PS i from a � . Since )�< u Î = hits a we have:�ou Î ��1;�[_p	���Q *P�u Î �vr'��S i *¼�og Î ��SIUTdj�|��S i � where g Î is the least
integersuchthat Q divides u�ÎO�`1 producing remainder � .
Therefore,

u Î * �wg Î ��SIU Ï i d-�b�r
Also, by definition, for u � , distance �F*�L`��S i .
Therefore,

u � * �og � ��S U Ï i dKL��r
where g � is the least integersuch that r evenly divides g � �S U Ï i dKL .
Theorem 5.3 ���(�I���! "�(�
��);/2a
�9*pu�Îk*��xu � �Y�!�[_p	���SIU Ï i .
Proof: By induction.



Basis: u � *yu � _'	��`S�U Ï i . This is equivalent to prov-
ing that u � ,WS�U Ï i . By lemma 5.2, the vector will
hit banks at modulo distance 0, S i , SB��S i , DG��S i , ...
from bank a � . Every bank hit will be revisited withinQKu�S i *zS U Ï i strides. Thevector indicesmay not be
continuous,but thechange in index before av� is revis-
itedcannot exceedS�U Ï i . Hence u � ,7SIU Ï i . QED.

Induction step: Assume that theresultholds for �Ä*K� .
Then u�zW* {}|�~l� Ë�������� z��� * �ou0�����I��_p	���S�U Ï i ,
where g z is theleastinteger such that r evenly dividesg z ��S�U Ï i d-� .
This means that u � �0�¼*�� z �'SIU Ï i d�u z *��z;��SIU Ï i d�{}|�~l� Ë�������� z��� for someinteger ��z .
Therefore: u � �P��d�u � * � z �hS�U Ï i d{}| ~ � Ë�������� z � |���� Ë�������� ���� , and u � �0���Fd LY�t*�� z �
S�U Ï i d�{}| ~ � |�� � � Ë�������� { z � ���� .
Since g � and g z are the least such integers, it follows
that the leastinteger g z � � such that r evenly dividesg�z � �9��S�U Ï i dP���}dKL�� is �ogqz;d�g��
� .
By thedefinition of u0Î , {�| ~ � |�� � � Ë�������� { z � ���� *nu z � � .
Therefore: u � ���>�Gd+LY�y*�� z �BSIU Ï i d�u z � � , oru z � � *+�ou � �����}dKL��5��_y	I��S U Ï i .
Hence, by the principle of mathematical induction,u Î *��xu � �`�!�[_'	��`S�U Ï i�� �967H .

For the above induction to work, we must prove that
the least integer g z � � , such that r evenly dividesg z � � ��S�U Ï i dP���}dKL�� , is �wg z d�g � � .

Proof: Assume thereexists another number g���, g z d¡g �
such that r evenly divides %-*�gl�O��S U Ï i d��>��dzLY� .
Since r divides ¢+*�g � �GS�U Ï i d L , it should also
divide %0it¢�*s�ogl�Oi£g � ���rS�U Ï i dl� . However, since
we earlier said that g � ,¤g�z~d¥g�� , we have found a
new number g z2� *¦g � i§g � that is lessthan g z and
yetsatisfiestherequirementthat r evenly divides g z�� �S�U Ï i d7� . This contradictsour assumption that gqz is
the leastsuchnumber. Hence g � doesnot exist andg z � � *¡g z d¨g � .

Theorem 5.4 �$��%&�! $���
�#19�9*Kc~*TS�U Ï i .
Proof: Let the bank at distance �Ð*R�g��S i have a hit.

Then u�ÎZ��1h*hgNÎ���QRdK� , where g�Î is the leastin-
teger that satisfies this equation. Sincethere is a hit
at vector index u Î dsc on the same bank, we have�wu Î dzcI���G1 *�g�©B��QÀd�� , where gª© is the least
integer that satisfiesthis equation. Subtracting thetwo
equations,we get:�wu�Î;dzcI�g�G1Pipu�Î;��1�* ce��1�* cF�«r��FS i *�wg © isg�Î#����QR*s�wg © itg�Î#�Z��S�U .

c�* {}|�¬ Ï |�­ � � Ë������� .

Recallthat r is anodd number. For r to divide a mul-
tiple of a power of two, it must be that �xg�©�i¡g Î �p*�$�®r . Since g © and g Î are the least integers that sat-
isfy their respective equations,it mustbethe casethat�$*¡g © isgNÎk*�L . Therefore, c~*PS U Ï i .

6 Implementation Strategies for ¯±°�²´³�µq¶§°�µ�·�¸
and ¹§º¼»½µ�¶§°�µ�·�¸

Using Theorems5.3 and 5.4 and given a , Q , );8:1 modQ , and )98 �B_'	I�[Q asinputs, eachBank Controller canin-
dependently determine the sub-vector elementsfor which
it is responsible. Several options exist for implementing���������! "�#�
�(� in hardware;which makesmostsensedepends
on the parameters of the memory organization. Note that
the valuesof u Î canbe calculatedin advance for every le-
gal combination of Q , )98:1F_p	���Q , and )98 �x_'	��`Q . If Q
is sufficiently small,anefficient PLA (programmable logic
array) implementationcould take �"* ��agi�a � ��_y	I��1 and)98:1 as inputs andreturn u�Î . Larger configurations could
use a PLA that takes 1 and returns the corresponding u0�
value,and thenmultiply u � by asmallinteger � to generateu Î . Block-interleavedsystems with small interleave factor� could use � copiesof the ���������! "�#�
�(� logic (with either
of theaboveorganizations),or could includeoneinstanceof
the ���������! "�#�
�#� logic to compute u�Î for the first hit within
theblock,and thenuseanadderto generateeachsubsequentu Î � � . The various designs tradehardwarespacefor lower
latency andgreaterparallelism. �$�Y%&�! "���
�(� canbe imple-
mentedusing a small PLA that takesS asinput andreturnsS U Ï i (i.e., c ). Optionally, thisvaluemaybeencodedaspart
of the ���#�����! "���
�(� PLA. In general, most of the variables
used to explain the functional operation of thesecompo-
nentswil l never becalculatedexplicitly; instead, their val-
ueswill becompiled into thecircuitry in the form of lookup
tables.

Given appropriate hardware implementations of���������! "�#�
�(� and �q�N%��! "�#�
��� , the BC for bank a performs
the following operations (concurrently, wherepossible):

1. Calculatea � *{�0�Y��	��\�����
�Z���()98 �G� via a simple bit-
selectoperation.

2. Find �$�N%��! "�#�
��19�9*Pc~*PS�U Ï i via aPLA lookup.

3. Calculate � * ��ali^av���[_'	��`Q via an integer
subtraction-without-underflow operation.

4. Determine whetheror not � is a multiple of S i via a
table lookup. If it is, return the u � or u�Î valuecorre-
sponding to stride );8:1 . If not, return a “n o hit” value,
to indicatethat a doesnot containany elementsof ) .

5. If a containselementsof ) , ���������! "�#�
�()9/EaN� caneither
bedeterminedvia thePLA lookup in thepreviousstep
or becomputedfrom u � as �wu � ���!�[_p	���SIU Ï i . In the



lattercase,thisonly involvesselecting theleastsignif-
icant _Wil� bits of u � ���>�0] ���E� . If 1 is a power of
two, this is simply a shift and mask. For otherstrides,
this requires asmall integer multiply and mask.

6. Issuetheaddress �[�
�\�~*P);8 �pde);8 1}�����������! "�#�
�()9/va�� .
7. Repeatedlycalculateand issuethe address �[�
�\� *�[�\�\�rdP��)`8:1t¾ �>_Ðix���5� usinga shift and add.

7 SomePractical Issues

7.1 Scaling Memory SystemCapacity

To scalethe vector memory system, we hold Q and �
fixedwhile adding DRAM chips to extend thephysicalad-
dressspace.Thismaybedonein several ways. Onemethod
would usea Bank Controller for eachslot where memory
could be added. All BCs corresponding to the same phys-
ical bank number would operate in parallel and would be
identical. Simple addressdecoding logic would be used
along with the addressgeneratedby the BC to enable the
memory’s chip selectsignal only when the addressissued
residesin that particular memory. Another method would
use a single BC for multiple slots, but maintain dif ferent
current-row registersto trackthehot rows insidethediffer-
ent chips forming a single physicalbank.

7.2 Scaling the Number of Banks

The ability to scale the PVA unit to a large number of
banks depends on the implementation of ���#�����! "���
�(� . For
systems that usea PLA to compute theindex of the first el-
ement of ) that hits in a , thecomplexity of the PLA grows
as thesquare of thenumber of banks. This limits the effec-
tive sizeof such a designto around 16 banks. For systems
with a small numberof banks interleaved at block-size � ,
replicating the ���#�����! '�(�
��� logic � timesin eachBC is op-
timal. For very large memory systems, regardless of their
interleaving factor, it is best to implementa PLA thatgen-
eratesu � and add asmall amount of logic to then calculateu Î . The complexity of thePLA in thisdesignincreasesap-
proximatelylinearlywith thenumber of banks,and therest
of the hardwareremainsunchanged.

7.3 Interaction with the Paging Scheme

The opportunity to do parallel fetches for long vectors
existsonly whena significant part of the vector is contigu-
ous in physical memory. Performance will be optimal if
eachfrequently accessed, largedatastructurefits entirely in
onesuperpage. In that case, the memory controller canis-
sue vector operations that arelong enough to gather/scatter

a whole cache line, on thevector bus. If thestructurecan-
not residein onesuperpage,then thememory controller can
split a single vector operation into multiple vector opera-
tions such that eachsub-vectoris contained in a single su-
perpage.For agivenvector ) , thememory controller could
find thepageoffsetof );8 � anddivideit by );8 1 to determine
the number of elementsin the page, after which it would
issue a single vector busoperation for thoseelements.Un-
fortunately, the division required for this exact solution is
expensive in hardware. A more reasonable approachis to
compute a lower bound on the number of elementsin the
pageand issuea vector bus operation for that many ele-
ments. We can calculate 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 elements that re-
sidein theregion betweenthefirst element in thevector and
the end of the (super)page.Effectively, this turnsaninteger
division into a shift.

8 RelatedWork

In this section we limit our discussion to relatedwork
that pertains to vector accesses,andespeciall y to loading
vector data from DRAM. In his studies of compile-time
memory optimizations for streams,Moyer defines access
scheduling as those techniques that reduce load/store in-
terlock delayby overlapping computation with memory la-
tency [14]. In contrast,Moyerdefinesaccessorderingto be
any techniquethatchangestheorderof memory requeststo
increasememory systemperformance. He develops com-
piler algorithmsthatunroll loopsand groupaccesseswithin
each streamto amortize the cost of each DRAM pagemiss
over several referencesto thatpage[14].

TheStreamMemory Controller built at theUniversityof
Virginia extends Moyer’s work to implement accessorder-
ing in hardware dynamically at run time [13]. The SMC
reorders streamaccessesto avoid bank conflicts and bus
turnarounds, and to exploit locality of referencewithin the
row buffers of fast-pagemode DRAM components. The
simple reordering schemeusedin this proof-of-concept se-
rial, gathering memory controller targetsasystem with only
two interleaved banks, andthus the SMC asimplemented
cannot fully exploit the parallelism in a systemwith many
banks. Like theSMC,our PVA unit strivesto exploit bank
parallelism and locality of referencewhile avoiding bus
turnaround delays, but it doesso via very different mech-
anisms.

A few commercial memory controllers use prediction
techniquesto attempt to manage DRAM resources intelli-
gently. The Alpha21174 memory controller implements a
simple accessscheduling mechanismfor anenvironmentin
which nothing is known about future accesspatterns (and
all accessesare treatedasrandom cache-line fills) [17]. A



four-bit predictor tracks whetheraccesseshit or miss the
mostrecentrow in eachrow buffer, andthecontroller leaves
a row openonly whena hit is predicted. Similarly, Ram-
bus’sRMC2 memory controller attemptsto provideoptimal
channel bandwidth by usingtiming and logical constraints
to determine whenpre-chargecyclesmaybeskipped[16].

Valero et al. proposeefficient hardwareto dynamically
avoid bank conflicts in vector processors by accessingvec-
tor elements out of order. They analyze this systemfirst
for single vectors [18], andthenextend the work for multi-
ple vectors [15]. del Corral and Llaberia analyze a related
hardwareschemefor avoiding bankconflicts among multi-
ple vectors in complex memory systems[8]. These access-
scheduling schemesfocus on memory systems composed
of SRAM components (with uniform accesstime),and thus
they donot addressprechargedelaysandopen-row policies.

Corbal et al. extend these hardware vector access de-
signs to a Command Vector Memory System[6] (CVMS)
for out-of-ordervector processorswith SDRAM memories.
TheCVMS exploits parallelismand locality of referenceto
improve the effective bandwidth for vectoraccesses from
out-of-order vector processors with dual-banked SDRAM
memories. Rather thansending individual requeststo spe-
cific devices, the CVMS broadcastscommands requesting
multiple independent words,a design ideathat we adopted.
Section controllers receive the broadcasts,compute sub-
commands for the portion of the data for which they are
responsible, and then issue the addressesto the memory
chips under their control. The memory subsystemorders
requeststo eachdual-banked device, attempting to overlap
precharge operations to eachinternal SDRAM bank with
accessoperations to the other. Simulation results demon-
strateperformanceimprovementsof 15%to 54% compared
to a serial memory controller. At the behavioral level, our
bank controllers resemble CVMS section controllers, but
the specific hardwaredesign andparallel access algorithm
is substantiall y different. For instance, Corbal et al. state
that for stridesthat are not powersof two, 15 memory cy-
cles are required to generatethesubcommands[6]. In con-
trast, the PVA requires at most five memory cycles to gen-
eratesubcommands for stridesthat are not powers of two.
Further architectural dif ferencesare discussedin our other
reports [12, 11].

Hsu and Smith study interleaving schemes for page-
mode DRAM memory in vector machines [10]. They
demonstratethebenefitsof exploiting spatiallocality within
dynamic memory components,finding that cache-line in-
terleaving and block-interleaving are superior to low-order
interleaving for many vector appli cations. In their experi-
ments,cache-line interleaving performances nearly identi-
cally to block-interleaving for a moderatenumberof banks
(16-64), beyond which block-interleaving performs better.
Unfortunately, block interleaving complicatesaddressarith-

metic. It’s possiblethat low-order interleaving could out-
perform block interleaving whencombinedwith accessor-
dering and scheduling techniques, but wehavenot yettested
thishypothesis.

Generating communication setsand local addresseson
individual nodes involved in a parallel computation rep-
resents a more complicated version of the PVA problem
of identifying which elements reside wherewithin a bank.
Chatterjeeet al. demonstrateanHPFarray storage scheme
with a �ª¢[�l¿>�#�I�#��� for which local addressgeneration canbe
characterizedby afinite statemachinewith atmost � states,
and they presentfastalgorithms for computing thesestate
machines [4]. Their algorithms are implemented in soft-
ware, and thus canafford to be much more complex than
thoseimplemented in the PVA. Nonetheless, their experi-
mentalresultsdemonstratethat theirFSMsolution requires
acceptable preprocessing time and exhibits little run-time
overhead.

9 Conclusion

This paper presentsthe mathematical foundations for a
Parallel Vector Access thatcanefficiently gathersparsedata
from a banked SDRAM memory system. Earlier perfor-
manceevaluations [12] showed that the resultingPVA de-
sign gathers sparsevectors up to 32.8 times faster than a
conventional memory system and 3.3 times faster than a
pipelinedvector unit, without affectingtheperformanceof
normal cache-line fills.

More specifically, we have presented a seriesof algo-
rithmsthat allow independentSDRAM bankcontrollers to
determine in a small number of cycleswhich elements (if
any) fromabase-stridevectorresidein their bank. Theseal-
gorithmsdonot require aserialexpansionof thevectorinto
its component units, andcanbeefficiently implemented in
hardware. We showed that treating eachbank of SDRAM
asif it werelogically an array of one-word wide SDRAM
banks greatly simplifies the algorithm, which in turn sim-
pli fiesandimprovesthe performanceof thehardware used
to implement it.

We areextending our PVA work in a number of ways.
We are refining our implementation model and evaluating
it in a detailedarchitecture-level simulator to determine its
impacton largeapplications. Weareextending its design to
handle vector-indirect scatter-gather operations, in addition
to base-stride operations. Finall y, we are investigating the
potential valueof vectorscatter-gather support in the con-
text of emerging multimediainstructionssets(e.g., MMX) .
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