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Abstract— Cache takesadvantageof the spatial and temporal
locality commonly found in programs to bridge the gap be-
tween processorand memory speeds.Dynamic Data-Layout, to
maintain a high level of spatial locality thr oughout the entire
course of the application run, has attracted some attention
recently. However, its usage has been highly conservative, due
to the concerns over power and executiontime increaseresulting
fr om the explicit-copying required by the processorsto change
layout at run-time. In this paper we show that such concerns
can be allayed to a large extent thr ough the use of DMA-
Capable Memories (i.e. memories with specializedDMA which
perform the layout changeinexpensively). We validate our claims
by performing dynamic data-layout on � ve applications. Our
testing envir onment is an integrated SystemC-basedsimulator
which tracks, on a cycle-by-cyclebasis,the energy spent by each
component of the system. By performing dynamic data-layout
using the proposedschemewe get over 20% reduction in energy
and execution time, even for applications where explicit copy
actually results in worse performance compared to the static
layout situation.

I . INTRODUCTION

Cacheprovidesfastandcheap(in termsof power) accessto
thedatacomparedto the lower level memories(L2-cacheand
main memory). It is able to do so by virtue of being closer
to the processorandmuchsmallerin sizecomparedto lower
level memories.Cachethereforeallowsconsiderablereduction
in overallexecutiontimeandpowerconsumptionof embedded
systems.For thecacheto performwell, however, theprogram
mustexhibit high temporalandspatiallocality.

In general, array elementswith nearby indexes tend to
be accessedcloser in time. This characteristicexhibited by
ordinary programsis called spatial locality. Cachesexploit
this by loadinga cache-line,i.e. a numberof nearbymemory
locationswhenever any oneof thoselocationsareaccessed.

Loop transformationscanbe usedto improve spatiallocal-
ity. However, as noted in [7], there are three drawbacks to
using loop transformationsto in�uence spatiallocality:

� loop transformations are constrained by data-
dependencies

� complex imperfectly nestedloops posea challengefor
loop transformations

� locality characteristicsof all the arraysaccessedin the
nestareaffectedby them,someperhapsadversely

If the layout of every array remains�x ed throughoutthe
entire duration of the program we term it as static data-
layout. The layout of the individual arrayscould be different
within the sameprogram.Note that with an m-dimensional

array, m-factorial layoutsarepossible.If we includediagonal
layouts,thenmany morecombinationsarepossible.Whatever
the layout for eachof thearraysin theprogram,if they areall
�x ed for the entiredurationof the programexecutionwe still
refer to it asstatic-layout.If the layout of an arrayis changed
at run-timewe term it asdynamicdata-layout.

for(i=...)for(j=...)f1(a[i][j]);
...
for(i=...)for(j=...)f2(a[j][i]);

In the toy-exampleabove, the array a is accessedin �rst
line in row-major form. The samearrayfurther down in third
line is accessedin column-majorform. Assumingthe arrayis
quite large thatonly a small part of it �ts in thecache,spatial
locality would play a big role in the cacheperformanceof
theabove code.For high spatialreuse,thearraymustinitially
be stored in row-major form and then must be laid out as
column-majorfor the third line.

Dynamic layout, as in example above, has its advantages
anddrawbacks.While it canbe effective in increasingspatial
locality once the layout has been changedto the locally
optimal one, the re-mappingitself may need large amount
of data transfers. That is, there is an overhead involved
which may actually increasethe overall execution time and
energy consumption.However, in this paper we show that
with new hardwarepossibilitiesthis overheadcanbe reduced
signi�cantly. The novel idea introducedin this paperis that
by using DMA-Capable-Memories(i.e. memories coupled
with an intelligent DMA) layout changescan be donerather
inexpensively at run-time and so even for program regions
wherereuseis nothigh, layoutchangescanbeusedto improve
power and execution time by increasingthe spatial locality
exploitation capacityof the datacache.In fact, for suchcases
we were able to obtain more than 20% reductionin energy
andexecutiontime.

I I . RELATED WORK

Thestate-of-the-artin techniquesto improvetemporallocal-
ity of programsis quite advancedtoday [2][12], even though
it hasbeenlimited somehow to accessto arraysinsidenested
loopsby indexesthatarelinearfunctionsof enclosingiterators.
Loop transformationscansometimesbe suf�cient to improve
spatiallocality. But, asdiscussedbefore,relying alwaysupon
themmay not be a good idea.



A formal framework for improving spatiallocality of arrays,
that are accessedin loop-nestby af�ne subscriptfunctions,
by changinglayout of arrays in memory was presentedby
Kandemiret al [6]. The authorsconsiderloop anddatalayout
transformationstogetherin a uni�ed framework and attempt
to comeup with transformationsfor both (loop and data) to
improve temporalandspatiallocality. For eacharraythey try
to establisha fastestchangingdimension, i.e. a single array-
dimensionwhich changeswhen the innermostloop executes.
The array is laid out with the fastest changing direction
being the innermostdimensionin the traversal of the array
in memory. Andersonet al [1] had a similar approachfor
improving spatiallocality but wererestrictedto inheritingloop
transformationdecisionsmadein a previousstepby theSUIF
compiler [11].

Dynamic data-layouthas attractedattentiononly recently.
Ding and Kennedy [3] look at the problem from the per-
spective of irregular programs,such as moleculardynamics
simulations,whereaccesspatternareunknown until run-time
and keep changingthroughoutthe execution. This situation
canoccur in multi-mediasystemsaswell andwe arelooking
at that but in this paperwe limit ourselves to regular access
insidenested-loops.

In [5] Kandemirextendshis earlier work on static layout
[6] to handlelayout changesat run-time.The layoutof arrays
for different regions of the code (program segments) are
determinedat compile-timeand the book-keepingcode that
is necessaryto dynamically transformthe layouts of arrays
betweendifferent programsegmentsis insertedin the code
(again at compile time). However the layouts are changed
during programexecution.

Recently, algorithmsto improve cachebehavior of signal
transforms,e.g. Fast Fourier Transform (FFT) and Walsh-
HadamardTransform(WHT), usingdynamicdata-layouthave
beenformulated[9]. The optimizationhowever is applicable
only to the classof signal transformsthat canbe factorized.

I I I . DYNAMIC DATA LAYOUT WITH DCM

A. Motivating Example

Consider the code below which is an adaptationof the
programto computeinverseof a matrix [10]. Here,anN � N
givenmatrix A is decomposedinto a lower triangularmatrix L
andanuppertriangularmatrix U suchthatA = LU . Thenew
matricesL andU canbe usedto solve the equationAx = b,
wherex is a N � 1 vector of N unknowns and b is N � 1
vector of given constants.Since A = LU , Ax = b can be
re-written as L(Ux) = b. Firstly we solve Ly = b, treating
y asa N � 1 vectorof N unknowns.This is trivial to solve.
Oncewe have the valuesfor y, we solve Ux = y to �nd the
vector x. The Eq. Ax = b is solved repeatedly, settingx to
(1000:::); (0100::); (0010:::). The solutionsform the columns
of matrix of A � 1.

/*decompostion : A = LU */
for(i = 0 ; i < n ; i++)

for(j = 0 ; j < n ; j++){

sum = 0 ;
if( j > i ){

for( k = 0 ; k < i; k++ )
sum += L[j][k] * U[k][i];

L[j][i] = (A[j][i] - sum)/U[i][i];
}else{

for(k = 0 ; k < j; k++)
sum += L[j][k] * U[k][i];

U[j][i] = A[j][i] - sum ;
}

}
/*solve Ax=b repeatedly (b unit vec)*/
...
for( j = 0 ; j < n ; j++){

...
for( i = n-1 ; i > 0 ; i--){

sum = 0 ;
for( k = i+1; k < n ; k++)

sum += U[i][k]*x[k]
x[i] = (x[i] - sum)/U[i][i];

}
}

Supposethe matricesinvolved above are much large than
the cachesize. In such cases,for the secondpart (solving
Ax = b), having matricesL andU storedasrow majorwould
be muchbetterfor cacheperformance.Now for the �rst part
(decomposition),we canindeedperformloop transformations
to changeaccessof U from column-major(as in the code
above) to row-major. But thenwe would have changedaccess
to L from row-major to column-major. This is a classical
problem of using loop transformationto in�uence spatial
locality. What, therefore,is requiredin theabove exampleis a
dynamiclayoutchangeof U from column-majorto row-major,
at the point wherethe LU-Decompositionends.

The main drawback of changingthe layout at run-time to
improve spatial locality is that moving the data in memory
to instrumentlayout changetakesextra energy and time. We
attemptto resolve this problemin the next section.

B. Ef�cient LayoutChange with DMA-CapableMemories

In a traditionalsetting,the processoris usedto changethe
layout.Basically, the processorcopiesan arrayelementto its
register and then writes it back to its new location.We term
this processasexplicit copy. Sinceprocessorsareinef�cient in
doing data-transfers,performanceand energy is lost. making
layout changean expensive process.Such a solution was
assumedin [5]. Naturally, the author provides an elaborate
schemeon how to keeplayout changesto a minimum.

In our system,we equip the memorieswith a customized
memory accesscontroller (DMA). Originally, DMAs were
developedas a co-processorto free the processorfrom per-
forming slow IO-operations.They copy data in bursts.Burst
transfers require less cycles to complete than transferring
eachdata at a time as is done by the processor. The DMA
in our systemis closely coupled with the memory and is



able to transfera set of array elementsfrom one location in
memoryto another. We provide a high-level API to program
theDMA. Onceprogrammed,theDMA is ableto transforman
entiretwo-dimensionalarrayfrom row-majorto columnmajor
(andvice-versa).It generatesan interruptoncethe transferis
complete.The processorcan perform other tasksduring the
transfer.

Therefore,concernsover performanceandpower overhead
resulting from aggressive usageof dynamic data-layoutcan
be allayed to a large extent using our proposedtechnique.
This opensup new opportunitiesin active localized layout
transformationfor not only improving spatiallocality but also
reducingcon�ict misses[8].

IV. EXPERIMENTS

A. TestingEnvironment

We performedour experimentson a SystemC-basedcycle-
accuratemodel of ARM multi-processorenvironment. The
ARM processorhas a local instruction cache(2KB Direct
Mapped)and a data cache(2KB Direct Mapped).They are
connectedvia the systembus (STBus) to the main memory
(SDRAM). This memoryhasa customizedDMA which can
transfera set of datafrom one location to another. Not only
that, it can changethe layout of the data(for example,from
row-major to columnmajor),during the copying. The system
usespower modelsto computeenergy consumption[4].

B. Benchmarks

In total we performedexperimentswith � ve applications.
For someapplicationsit was very clear from the high reuse-
factor that changinglayout would be bene�cial. For othersit
dependson how much the layout changeitself would cost.
For thesecaseswe attemptto establishthat our approachis
superiorto the existing art (explicit-copy).

1) Matrix Addition: This is a simple programwhere two
N � N matricesA and B are combineto generatea third
matrix C, suchthat C = A + B T . A and B are assumedto
be storedoriginally in row-major format. If N � N is small
enoughso that A, B and C can all �t conveniently together
in the cache,then no layout changeis necessary. If fact, it
would beanover-kill. We thereforesetN � N to largeenough
(128� 128). Matrix additionis a simpleprocesswith no reuse,
i.e. eachelementis accessedonly once,and so the question
is whetherit is still a good idea to do layout transformation.

2) Matrix Multiplication: Two matricesA and B , each
(50� 50), aremultiplied to generatea third matrix C = A �B .

3) GamingSound: In a typical PC or handheldwar-game
the user(hero)receivessoundsfrom many directionsto which
he must react to protect himself. The sound reaching the
herois delayedandattenuateddependingon the distanceand
obstructionbetweenthebeasts(source)andthehero(receiver).
Thealgorithmusedhereperformsamix of thedifferentsounds
reachingthe herowith variousattenuationanddelays.
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Fig.1. Totalenergy spentin eachversion(static-layout;dynamicwith explicit
copy; anddynamicwith DMA-CapableMemories)of eachapplication.
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Fig. 2. Energy requiredto changethe layout is comparedwith energy spent
in executingthe entireapplication.

4) Sound-Spatialization:This applicationis from the do-
main of audio signal processing.In a typical movie-hall or
themodernhome-theatersystem,thereareusuallysix to eight
independentsourcesof sound (speakers) placed in various
directions.The listener thereforegets to enjoy a 3-D audio
�eld. Whenusersareconstrainedto useheadphones(asin an
aircraft), the sameimpressionof 3-D soundcan (almost)be
re-createdby mixing the soundsfrom the six channelsin a
way that takes into accountthe humanauditory system.The
algorithm that we use has a large set of coef�cients which
�lter eachof thesoundinputs.Thereis high datareusein this
application.

5) Matrix Inversion by LU-Decomposition:This applica-
tion wasexplainedin detail before.

V. RESULTS

For each application we have performedsimulation with
three versions of the code (a) static layout, (b) dynamic
layoutwith explicit-copy and(c) dynamiclayoutusingDMA-
Capable-Memories.Fig. 1 shows the total energy spent by
the systemfor eachversionandeachapplication.For Matrix-
Addition we tried to improve spatial locality �rstly by per-
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Fig. 4. Total execution time for each application. For Matrix-Addition
andGame-Soundapplicationsexplicit-copy worsensthe situationover static
layout.

forming explicit copy (of arrayB from row-major to column-
major).Even thoughduring theadditionphasespatiallocality
is good, the processof copying spendstoo much energy and
so the overall performanceis worse than the static-layout.
Implementingthe samelayout changeusing DMA-Capable-
Memoriesgivesa muchbetteroverall performance.

Fig. 2 shows comparesthe price paid in energy for doing
the explicit-copy itself. For eachapplicationwe show in the
secondcolumn the energy spentin just changingthe layout.
For a fair comparisonits value is normalizedwith respect
to the energy of running the original application(with static-
layout).ComparingFig. 1 andFig. 2 it is clearthatMatrix-Add
andGameSounddo not farewell with explicit-copy because
it is far too expensive comparedto theenergy requirementsof
the whole applicationitself.

Fig. 3 shows the energy spent by different components
of the systemfor eachversion of the Matrix-Add example.
Becausewe use ARM7 core, the processorenergy is high
comparedto the restof the system.This underminesto some
extent the signi�cant gains on data cache and RAM. The
increasein energy of explicit-copy comesfrom two sources,

RAM andthecoreandto someextant thedataandinstruction
cache.The DMA-Capable-Memoriesapproachconserve the
processorenergy by using the DMA. The DMA itself, being
a dedicatedengine,usesnegligible energy asseenin Fig. 3.

Fig. 4 shows theoverall executiontime for eachapplication.
Note that in termsof both energy andexecutiontime for the
applicationsMatrix-Mult, 3D-Soundand Inverse by LU-D,
explicit-copy is muchbetterthanstaticlayoutandonly slightly
worse than layout changeusing DMA-Capable Memories.
This is so becauseof high reuse.In suchcases,the bene�ts
from layout improvementis so large that the cost of making
the changeis almostmasked.

VI . CONCLUSION

In this paperwe have shown that changingthe layout of
multi-dimensionalarraysin memoriesat run-time,to improve
spatial locality in cache,can be done in a much more cost
effective mannerusing DMA-CapableMemories.Resultsre-
veal that even in caseswherean arraywith the new layout is
usedonly once,suchasin Matrix-Add, a signi�cant 20%over
gain in energy andexecutiontime canbeobtained.Therefore,
our study attemptsto create a new-mindset wherein data-
layoutoptimizationareperformedat run-timein a muchmore
aggressive mannercomparedto what exists today. We are
currentlyworking to extendour techniqueto localizedlayout
transformationswhich would impart to a goodextantthesame
degree of freedomto layout transformationsas is currently
enjoyed by loop transformations.
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