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Abstract— Cache takes advantage of 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 throughout the entire
course of the application run, has attracted some attention
recently However, its usage has been highly consewative, due
to the concems over power and executiontime increaseresulting
from the explicit-copying required by the processorsto change
layout at run-time. In this paper we show that such concens
can be allayed to a large extent through the use of DMA-
Capable Memories (i.e. memories with specialized DMA which
perform the layout changeinexpensiely). We validate our claims
by performing dynamic data-layout on ve applications. Our
testing ervironment is an integrated SystemC-basedsimulator
which tracks, on a cycle-by-cyclebasis, the enemgy spentby 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) accesgo
the datacomparedo the lower level memoriegL2-cacheand
main memory). It is able to do so by virtue of being closer
to the processomand much smallerin size comparedo lower
level memoriesCachethereforeallows considerableeduction
in overall executiontime andpower consumptiorof embedded
systemsFor the cacheto performwell, however, the program
must exhibit high temporaland spatiallocality.

In general, array elementswith nearby indexes tend to
be accessectloserin time. This characteristicexhibited by
ordinary programsis called spatial locality. Cachesexploit
this by loadinga cache-linej.e. a numberof nearbymemory
locationswheneer ary one of thoselocationsare accessed.

Loop transformationsan be usedto improve spatiallocal-
ity. However, as notedin [7], there are three dravbacksto
usingloop transformationgo in uence spatiallocality:

loop transformations are constrained by data-
dependencies

complex imperfectly nestedloops posea challengefor
loop transformations

locality characteristicof all the arraysaccessedn the
nestare affectedby them, someperhapsadwersely

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-factoriallayoutsare possible.If we includediagonal
layouts,thenmary morecombinationsare possible Whatever
thelayoutfor eachof the arraysin the program,if they areall
x edfor the entiredurationof the programexecutionwe still
referto it asstatic-layoutlf thelayoutof anarrayis changed
at run-timewe termit as dynamicdata-layout

for(i=...)for(j=...)f1(a[il[i]);
];ar(i:. Lfor(j=..)f2@[]N);

In the toy-example above, the array a is accessedn rst
line in row-major form. The samearray further down in third
line is accessedh column-majorform. Assumingthe arrayis
quite large thatonly a small partof it ts in the cache spatial
locality would play a big role in the cacheperformanceof
the above code.For high spatialreuse the array mustinitially
be storedin row-major form and then must be laid out as
column-majorfor the third line.

Dynamic layout, as in example above, hasits 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 executiontime and
enegy consumption.However, in this paperwe showv that
with new hardware possibilitiesthis overheadcan be reduced
signi cantly. The novel ideaintroducedin this paperis that
by using DMA-Capable-Memories(i.e. memories coupled
with an intelligent DMA) layout changescan be donerather
inexpensvely at run-time and so even for program regions
wherereuseis not high, layoutchange€anbe usedto improve
power and executiontime by increasingthe spatial locality
exploitation capacityof the datacache.In fact, for suchcases
we were able to obtain more than 20% reductionin enegy
and executiontime.

Il. RELATED WORK

The state-of-the-arin techniqueso improve temporalocal-
ity of programsis quite advancedtoday[2][12], even though
it hasbeenlimited somehav to accesdo arraysinside nested
loopsby indexesthatarelinearfunctionsof enclosingterators.
Loop transformationgan sometimeshe sufcient to improve
spatiallocality. But, asdiscussedefore,relying alwaysupon
them may not be a goodidea.



A formal framework for improving spatiallocality of arrays,
that are accessedn loop-nestby af ne subscriptfunctions,
by changinglayout of arraysin memory was presentecby
Kandemiret al [6]. The authorsconsideroop anddatalayout
transformationgogetherin a uni ed framewvork and attempt
to come up with transformationgor both (loop and data)to
improve temporaland spatiallocality. For eacharraythey try
to establisha fastesichangingdimension i.e. a single array-
dimensionwhich changesvhenthe innermostloop executes.
The array is laid out with the fastestchanging direction
being the innermostdimensionin the traversal of the array
in memory Andersonet al [1] had a similar approachfor
improving spatiallocality but wererestrictedto inheritingloop
transformatiordecisionsmadein a previous stepby the SUIF
compiler[11].

Dynamic data-layouthas attractedattentiononly recently
Ding and Kennedy[3] look at the problem from the per
spectve of irregular programs,such as molecular dynamics
simulations whereaccesgatternare unknown until run-time
and keep changingthroughoutthe execution. This situation
canoccurin multi-mediasystemsaswell andwe arelooking
at that but in this paperwe limit oursehesto regular access
inside nested-loops.

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

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

I1l. DYNAMIC DATA LAYOUT WITH DCM
A. Motivating Example

Considerthe code belonv which is an adaptationof the
programto computeinverseof a matrix [10]. Here,anN N
givenmatrix A is decomposethto alower triangularmatrix L
andanuppertriangularmatrix U suchthatA = LU . Thenew
matricesL and U can be usedto solve the equationAx = b,
wherex isa N 1 vectorof N unknovnsandbis N 1
vector of given constantsSinceA = LU, Ax = b canbe
re-writtenas L (Ux) = b. Firstly we solve Ly = b, treating
y asaN 1 vectorof N unknowns. This is trivial to solve.
Oncewe have the valuesfor y, we solve Ux = y to nd the
vectorx. The Eq. Ax = b is solved repeatedlysettingx to
(1000:3); (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 = 0O ;
ifC ] >i )
for( k =0; k <i ktt+t)
sum += L[jk] * ULK][l;
L0 = (AL - sum)/Uil;
telsef
fork =0 ; k <}j k++)
sum += L[j]K] * ULK][l;
U = Al - sum ;
} }
[*solve  Ax=b repeatedly (b unit vec)*/
for( j =0, j <n; jH)
for( i =n1 ; i >0 ; i-{
sum = 0O ;
for( k = i+l; k < n ; k++)
sum +=  U[i][K]*x[K]
Xl = &[] - sum)/ULi;
}
}

Supposethe matricesinvolved abore are much large than
the cachesize. In such cases,for the secondpart (solving
Ax = b), having matricesL andU storedasrow majorwould
be muchbetterfor cacheperformanceNow 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 s requiredin the above exampleis a
dynamiclayoutchangeof U from column-majotto 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 datain memory
to instrumentlayout changetakes extra enegy andtime. We
attemptto resole this problemin the next section.

B. Efcient Layout Chang with DMA-CapableMemories

In a traditional setting,the processoiis usedto changethe
layout. Basically the processorcopiesan array elementto its
register and thenwrites it backto its new location. We term
this processasexplicit copy. Sinceprocessorsreinef cient in
doing data-transfersperformanceand enegy is lost. making
layout changean expensve process.Such a solution was
assumedn [5]. Naturally, the author provides an elaborate
schemeon how to keeplayout changego a minimum.

In our system,we equip the memorieswith a customized
memory accesscontroller (DMA). Originally, DMAs were
developedas a co-processoto free the processorfrom per
forming slow 10-operations.They copy datain bursts. Burst
transfersrequire less cycles to complete than transferring
eachdataat a time asis done by the processarThe DMA
in our systemis closely coupled with the memory and is



ableto transfera setof array elementsfrom one locationin
memoryto another We provide a high-level API to program
theDMA. Onceprogrammedthe DMA s ableto transforman
entiretwo-dimensionahrrayfrom row-majorto columnmajor
(andvice-versa).lt generatesn interruptoncethe transferis
complete.The processorcan perform other tasksduring the
transfer

Therefore,concernsover performanceand power overhead
resulting from aggressie usageof dynamic data-layoutcan
be allayedto a large extent using our proposedtechnique.
This opensup new opportunitiesin active localized layout
transformatiorfor not only improving spatiallocality but also
reducingcon ict misses[8].

IV. EXPERIMENTS

A. Testing Environment

We performedour experimentson a SystemC-basedycle-
accuratemodel of ARM multi-processorervironment. The
ARM processorhas a local instruction cache (2KB Direct
Mapped)and a datacache(2KB Direct Mapped).They are
connectedvia the systembus (STBus)to the main memory
(SDRAM). This memoryhasa customizedDMA which can
transfera set of datafrom onelocationto 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 computeenegy consumption4].

B. Bendimarks

In total we performedexperimentswith ve applications.
For someapplicationsit was very clear from the high reuse-
factorthat 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, suchthatC = A+ B”. A andB are assumedo
be storedoriginally in row-major format.If N N is small
enoughsothatA, B andC canall t corvenientlytogether
in the cache,then no layout changeis necessarylf fact, it
would beanover-kill. We thereforesetN N to largeenough
(128 128). Matrix additionis a simpleprocesswith noreuse,
i.e. eachelementis accessewnly once,and so the question
is whetherit is still a goodideato do layout transformation.

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

3) GamingSound: In a typical PC or handheldwar-game
the user(heroyecevessoundsfrom mary directionsto which
he must react to protect himself. The sound reaching the
herois delayedand attenuatediependingon the distanceand
obstructiorbetweerthe beastgsourceandthehero(recever).
Thealgorithmusedhereperformsa mix of thedifferentsounds
reachingthe herowith variousattenuationand delays.
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Matrix Add 3D-Sound

Fig.1. Totalenegy spentin eachversion(static-layoutdynamicwith explicit
copy; anddynamicwith DMA-CapableMemories)of eachapplication.
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Fig. 2. Enegy requiredto changethe layoutis comparedwith enegy spent
in executingthe entire application.
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4) Sound-Spatialization:This applicationis from the do-
main of audio signal processingIn a typical movie-hall or
the modernhome-theatesystem thereareusuallysix to eight
independentsourcesof sound (spealers) placed in various
directions. The listener thereforegetsto enjoy a 3-D audio
eld. Whenusersare constrainedo useheadphonegasin an
aircraft), the sameimpressionof 3-D soundcan (almost) be
re-createcby mixing the soundsfrom the six channelsin a
way that takes into accountthe humanauditory system.The
algorithm that we use has a large set of coefcients which
Iter eachof the soundinputs.Thereis high datareusein this
application.

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

V. RESULTS

For eachapplicationwe have performedsimulation with
three versions of the code (a) static layout, (b) dynamic
layoutwith explicit-copy and(c) dynamiclayoutusing DMA-
Capable-MemoriesFig. 1 shows the total enegy spentby
the systemfor eachversionand eachapplication.For Matrix-
Addition we tried to improve spatial locality rstly by per
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Fig. 3. Enegy break-upfor the matrix addition application. Note the
signi cant increasein processomand RAM enegy for the explicit copy case
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Fig. 4. Total execution time for each application. For Matrix-Addition
and Game-Soundpplicationsexplicit-copy worsensthe situationover static
layout.
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forming explicit copy (of arrayB from row-majorto column-
major). Eventhoughduring the additionphasespatiallocality
is good, the processof copying spendstoo much enegy and
so the overall performanceis worse than the static-layout.
Implementingthe samelayout changeusing DMA-Capable-
Memoriesgives a much betteroverall performance.

Fig. 2 shavs compareghe price paid in enegy for doing
the explicit-copy itself. For eachapplicationwe show in the
secondcolumn the enegy spentin just changingthe layout.
For a fair comparisonits value is normalizedwith respect
to the enegy of runningthe original application(with static-
layout). ComparingFig. 1 andFig. 2 it is clearthatMatrix-Add
and GameSounddo not fare well with explicit-copy because
it is fartoo expensve comparedo the enegy requirement®f
the whole applicationitself.

Fig. 3 shavs the enegy spentby different components
of the systemfor eachversionof the Matrix-Add example.
Becausewe use ARM7 core, the processoreneny is high
comparedo the restof the system.This underminedo some
extent the signi cant gains on data cacheand RAM. The
increasein enegy of explicit-copy comesfrom two sources,

RAM andthe coreandto someextantthe dataandinstruction
cache.The DMA-Capable-Memoriesapproachconsere the
processoienegy by usingthe DMA. The DMA itself, being
a dedicatedengine,usesnggligible enegy asseenin Fig. 3.

Fig. 4 shavs the overall executiontime for eachapplication.
Note that in termsof both enegy and executiontime 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 suchcasesthe bene ts
from layout improvementis so large that the cost of making
the changeis almostmasled.

VI. CONCLUSION

In this paperwe have shovn that changingthe layout of
multi-dimensionalarraysin memoriesat run-time,to improve
spatial locality in cache,can be donein a much more cost
effective mannerusing DMA-CapableMemories.Resultsre-
veal thatevenin casesvherean arraywith the new layoutis
usedonly once,suchasin Matrix-Add, a signi cant 20% over
gainin enegy andexecutiontime canbe obtained.Therefore,
our study attemptsto createa new-mindset wherein data-
layout optimizationareperformedat run-timein a muchmore
aggressie mannercomparedto what exists today We are
currentlyworking to extend our techniqueto localizedlayout
transformationsvhich would impartto a goodextantthe same
degree of freedomto layout transformationsas is currently
enjoyed by loop transformations.
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