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Abstract— Although many studies have demonstrated the ben-
efits of reconfigurable computing, it has not yet penetrated
the mainstream. One of the biggest unsolved problems is the
management of the reconfigurable hardware in a multi-threaded
environment. Most research in reconfigurable computing has
assumed a single-threaded model, but this is unrealistic for
personal computing and many types of embedded computing. In
these cases, there may be several different threads or processes
running simultaneously, each wishing to use the reconfigurable
hardware. The operating system must decide how to allocate
the hardware at run-time based on the status of the system.
The system status could also influence the choice of different
implementations for each circuit based on area/speed tradeoffs.
This paper examines reconfigurable computing as it could be
used in mainstream systems, focusing on a proposed scheduling
algorithm to allocate the reconfigurable hardware. Our initial
tests indicate that reconfigurable computing with our scheduler
can easily achieve at least a 20% system-level speedup.

I. INTRODUCTION

Recon gurablehardware is able to acceleratea variety of
applications,such as DNA sequencingMPEG, and satellite
dataprocessindl1]. Hardwareis inherentlymore parallelthan
a microprocessorand avoids the overheadof reading and
decodinginstructions.Recon gurability allows the hardware
to acceleratedifferent applicationsand sectionsof a single
applicationat differenttimes. A variety of systemswith re-
con gurablehardwarehave beenproposedandbuilt, including
Splash2[2], PAM [3], RaPiD[4], and PipeRencHh5].

Frequently this recon gurable hardware is usedas a co-
processorto a general-purposeprocessor[6][7][8][9], as
showvn in Figure 1. The control-intensie partsof an applica-
tion typically executein software,while the compute-intensie
sectionsaareimplementedn recon gurablehardware.We refer
to theselatter sectionsas application“kernels”. Kernelsare
usuallyheavily executedoopsthatcanbe partly or completely
computedn parallel.An applicationmay have severalkernels,
and the hardware may be recon gured during execution to
implementeachof thesekernelsas neededThis techniqueis
known asrecon gurablecomputing(RC).

However, most work in recon gurable computingfocuses
onthedesignof therecon gurablelogic itself or its connection
to a hostprocessarTherearea variety of problemsremaining
to be solved before recon gurable hardware will be able to
go mainstreamas general-purpos@cceleratorsn consumer
devices. This paperpresentsa paradigmfor the useof recon-
gurable acceleratorshat addresseswo of theseissues.
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Fig. 1. Reconfigurable accelerator as a co-processor

First, applicationdevelopersmust be able to easily taget
the recon gurable hardware. Various groupsare researching
compilersthat can automaticallydetectthe sectionsof an ap-
plication that shouldbe acceleratedn hardware [12][13][14].
Thegoalis to createcompilersthatwill take a programwritten
in a high level languagesuchas C++ or Java, and outputboth
a binary executableand one or more con guration bitstream

les for the targetedrecon gurablehardware. Currently this
depend®n knowing exactly whatthathardwarewill look like,
andin mary caseson guration bitstreamsare not backward-
compatible This meansfor ary upgradeof the recon gurable
logic in a systemthe applicationmustbe recompiled Support
of that hardware then becomedessappealing.

Secondmost previous researcthasassumednly a single
threadof execution,wherethe given applicationhasfull own-
ershipof both the hostmicroprocessoandthe recon gurable
logic. While this can be a valid assumptionfor application-
speci c andsomedomain-speci cervironmentsjt is notvalid
for moregeneral-purposeomputingandevensomeembedded
systemssuchasPDAs andcellular phones.The pushtowards
chip multiprocessor{CMP) and simultaneousmultithreaded
(SMT) designsexacerbatethis issue. Multiple threadsfrom
multiple applications(or even from a single application)may
simultaneouslydemandto usethe recon gurablehardvare.

To solve thesetwo problems,we proposedistributing ap-
plications both as a full software binary and with generic
hardware representationsf the applicationkernels,scheduled
dynamicallyby the operatingsystemWe rst briey describe
the distribution method to addressthe rst problem, then



discussthe execution ervironmentand schedulingalgorithm
to solve the secondproblem.

1. APPLICATION DISTRIBUTION MODEL

If recon gurablecomputingbecomesnainstreamtherewill
likely be multiple differenthardware designs.One reasonfor
this is varying consumemwantsand needs.The graphicscard
industry is an example of this effect, with high-endgamers
demandingsigni cantly more powerful cards than low-end
home of ce users. Furthermore,some consumersupgrade
quickly to new designs,and others stay with what already
worksfor them.In orderfor RC to betruly easyfor application
designergo support(critical for mainstreanacceptance}hey
mustbe ableto compilean applicationonceandhave it work
for arny of thesedesigns.

The SCOREproject[10] proposeghat applicationdesign
would not tamget a speci ¢ implementation(software, RC,
ASIC). Insteadthe o w of datastreamss the focus.HASTE
[11] proposesusing a unied representatiorfor programs
which can be efciently executedby both the CPU and the
RC units. Because speciallSA mustbe designedo facilitate
runtimehardwarecompilation,it is dif cult to maintainbinary
compatibility with today’s mainstream SAs. While theseare
interestingdirectionsthat would solve a numberof problems
in RC, they would require a paradigmshift in application
developmentthat is unlikely to occur in the near or even
mid-term future. Our work thereforemaintainsa separation
betweensoftware and hardware.

We proposehatanapplicationbe distributedwith bothsoft-
ware and hardware descriptionsof compute-intensie kernels.
Thehardwaredescriptiorwould bein a genericlow-level form
suchasa combinationof RTL andstructuralVerilog, possibly
encryptedo protectthe vendor Uponinstallation,the generic
hardwaredescriptiorwould undego a nal implementatioron
the target hardware. The hardware format would have to be
genericenoughthat it could be implementedon almostary
likely design,but speci c enoughthatthe nal translationto
actual hardware could be done quickly. The implementation
phasepotentially includessimple synthesisoperations,map-
ping, placementandrouting. The driver for therecon gurable
acceleratoiwould perform this task. The OS would call the
driver asnecessarin responséo hardwarechangegupgrades)
or software installations.Applications could run “normally”
immediately after install but much fasterafter the hardware
has beenfully implementedin the background,or a longer
install time could provide immediateaccelerationMeanwhile,
the softwareversioncould be usedif recon gurablehardware
is not presentbusy, or not yet con gured.

Figure 2 shawvs an applicationincluding both a software-
only binary and a set of hardware kernels.Eachkernel may
have one or more hardware versionsat different area/speed
trade-ofs. In the gure, Kernel 1 hastwo implementations,
Kernel 2 hasthree, and Kernel 3 has one. Thesehardware
implementationsare in addition to the software-only imple-
mentationcontainedin the binary executable.The multiple
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Fig. 2. Application distribution model

implementationsould be createdautomaticallyduring appli-
cation development,or even perhapsduring the application
installationphase.

I11. RCIN A MULTI-THREADED ENVIRONMENT

The previous sectiondiscussedpplicationdistribution and
installation. We now discussrun-time issues.The key issue
for RC in a multi-threadedervironmentis the competition
betweenthreaddor the hardware.Becauseaheapplicationsare
distributed with both software and hardware implementations
of the kernels,we can decide at run-time which thread(s)
should use the hardware, and which should insteadrun in
software.Figure3 shavs anexampleof threedifferentthreads,
TO, T1,andT2, executingin a system.The shadedareasshow
hardware use, whereasthe light sectionsshov executionin
software.Multiple threadsusethe CPU andtherecon gurable
hardware concurrently
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Fig. 3. Thread execution over time in SW (white) and HW (shaded)

Ideally, all threadscould use the recon gurable hardware
wheneer needed However, this may not always be possible
due to resourcelimitations. The systemshould not rely on
the threadsto scheduletheir own use, as invariably at least
one threadwill not "play fair” with device allocation. The
operatingsystemis a natural choice as independentarbiter
of the recon gurableresourceqg15]. We will presentmulti-
ple schedulingalgorithmsthat could be usedby the OS to
dynamicallybind applicationkernelsto software or hardware
dependingon the currentsystemernvironment,set of threads,
and executionphaseswithin the threads.



The job of the scheduleris to put the recon gurable
hardware to the bestusepossible.This could be to accelerate
the systemas a whole, or to acceleratea speci ¢ compute-
intenseapplication.Note that the metric of “best use” need
not be performanceand may also changeover time. Perhaps
while a device is powvered by AC, high performanceis the
goal. However, when the device is powered by a battery
power consumptiormay be morecritical. Basedon the current
metric, the schedulercould even choosedifferent kernelim-
plementationsf multiple areavailable.We testtheimportance
of this ability later This choice can also be affected by the
numberof threadscurrentlyrunningin the systemlf only one
or a few threadsare running, perhapshe fastest(but largest)
implementationss appropriatelf mary threadsare running,
smallerversionscould be usedto acceleratemorethreads put
eachto a lesserdegree.

As with ary recon gurablesystem,the con guration over-
headis a signi cant issue,and thereforeis importantto the
scheduling problem. The con guration overhead must not
eclipsethe bene t of hardware execution. While work has
beendone to minimize this con guration overheadboth in
termsof the underlyingcon guration hardware of the device
[16] andthroughsoftwaretechniquesuchas prefetchingand
cachingof con gurations[17] [18], this work hasfocusedon
a single-threade@rnvironment.A multi-threadedervironment
introducedurtheruncertaintyof the next needeccon guration.
The full details of how our schedulerhandlescon guration
overheadwill be presentedater, but rst we discussa few
assumptionsboutthe con guration architectureand process.

To minimize con guration overheadaswell asto simplify
the issuesof dynamicschedulingwe have chosena partially
recon gurablemodelthat allows con gurationsto be quickly
relocatedo differentareasof the hardware.This is admittedly
a large assumptiorto make, asthere certainly are hardware-
level dif culties for this type of e xibility. However, this is
not a new idea, and several techniqueshave beenproposed.

The PRTR FPGA s a physical solutionthat allows for 1D
relocationof both incoming con gurations and thosealready
on the hardware [16]. Alternately a hardware abstraction
solution involves dividing the hardware into tiles, where a
tile represents groupingof recon gurableresourcesand is
the atomic block of recon guration.Con gurationswould be
dividedinto a setof placedandroutedtiles. Whenthe con g-
urationis placedonto the hardware,only the relative location
of the tiles andthe connectiondbetweenthemwould needto
be computedThis would allow for afast nal place-and-route
passat runtime. A physical variant of the tiling techniqueis
to connecthardwaretiles via a specialbus[10]. Con guration
tiles canthenbe placedin ary physical tile without requiring
very much if ary run-time routing operations.We plan to
further examinetheseideasin future efforts.

Finally, for ary recon gurablecomputingsystem,we must
examine the connectionof the recon gurable hardware to
a host microprocessorWe assumethe recon gurable co-
processoliis attachedo a host microprocessorandis tightly
coupledwith the hostprocessos main memory or better the

datacache Additionally, we mustconsiderhow the processor
and recon gurable hardware interact during schedulingand
recon guration. For example, if we wish to avoid modify-
ing the processarthe OS must intercept function calls to
applicationkernels and replacethem as neededwith called
to the recon gurablelogic. Alternately we could extend the
processorinstruction set in a backward-compatiblemanner
so the given application can also run on a systemwithout
amodi ed processoandrecon gurableacceleratorThis type
of modi cation would be similar to Intel's introduction of
MMX, SSEandSSEZ2to its old x86 ISA. A special‘branch”
instructioncanbeaddedhatwill performasimplelow-lateng
tablelookupto checkif the kernelis presentlyin hardware. If
so, the hardware versionwill be used.If not, the kernel will
executein software. Meanwhile, moving kernelsinto or out
of hardware would remainthe job of the scheduler

IV. SCHEDULING AND RUN-TIME BINDING OF KERNELS

Schedulingof con gurationsontothe hardwareis critical in
orderto maximizethe hardwarebene t andkeepcon guration
overheadsin check, especiallyas the number of hardware
acceleratabl&ernelsactive in the systembecomedarger. This
schedulingproblem has been examined by a few different
researctgroups.

The SCORE project [10] examines dynamic scheduling,
but concludesthat the particulartechniquesusedcausedtoo
much overhead.Instead,the work proposesstatic and quasi-
statictechniquesThesescheduleimplementationglo not yet
considerexecutionin software to be a viable alternatve to
hardware. Also, althoughthe paperdiscusseghe possibility
of usinga differentamountof hardwareresourcesn different
execution situations,it doesnot appearthat this situationis
yet coveredby the proposedschedulingtechniques.

Dales describeda recon gurable resourcesmanager the
CustomInstruction Scheduler(CIS) [19], that scheduleRC
hardwarein a workstationernvironment.However, CIS (which
is partof the OS), is invoked eachtime a kernelis calledthat
is not presenton the hardware, which could causesigni cant
overhead While this work doesallow for both hardware and
software kernel implementations,it does not consider the
possibility of multiple hardware kernel implementationsto
allow the schedulemore e xibility in makingdecisionsbased
on speedand areatradeofs.

Before delving into our own schedulingprocess,we will

rst make an important assertion.Most programs exhibit
“phases’in their execution[23]. Eachphasemay have its own
unique programbehaior, where certain kernelsare invoked
much more often than others.The programmaves from one
phaseto anotherduring execution, but inside eachphase the
programs behaior canbe consideredasstable Therefore we
can considerthe behaior of a programduring a short time
period to be approximatelystatic. This meansthat we can
also considerthe allocationof recon gurablehardwareto be
a static optimizationproblem.

Therefore,in all of our schedulingalgorithms,we consider
executiontime to be divided into a sequenceof time slices,



known as RC schedulingintervals. At the beginning of each
intenal, the schedulerexaminesa set of candidatekernel
implementationsand determineswhich kernels (and which
implementationof eachif multiple are available) should be
implementedin hardware. When an application attemptsto
executea kernelusingthe extendedspecialbranchinstruction,
the kernelis computedn hardwareif it is alreadycon gured,
or software otherwise.

Thefrequeng of kerneluseis monitoredusinga hardware-
basedscoreboardWhena kernelnot yet on the scoreboards
called, it is addedto the scoreboardvith a scoreof 1. Each
time the kernel is usedagin its scoreboardvalue is incre-
mented.This scoringis performedautomaticallyregardlessof
whetherthe kernelis usedin hardware or software.

Periodically the scoreboards ushed to allow kernelsthat
are no longer neededto drop off the board.If we chooseto
ush the scoreboardvery schedulingintenal, the scoreboard
value for eachkernelis actuallyits usagecountstartingfrom
the last schedulingevent. The scoreboardvalue can also be
viewed as an execution frequeng of the associateckernel
sincethe last ush.

Each time RC schedulingis performed,only kernelson
the scoreboardre candidatesor hardware con guration. The
kernel implementationsdeterminedby the schedulerto be
most bene cial are loadedonto the hardware if they are not
already present.The hardware maintainsa table of all the
kernelscurrently available that is updatedwheneer kernels
are con gured onto or removed from the hardware as a
result of the scheduler During the normal execution, when
a threadcalls a kernel,it usesthe modi ed instructionsetto
conditionallyexecutein hardware. This instructionchecksthe
hardware tableto seeif the kernelis alreadyloaded.If so, it
triggershardwareoperationlf not,thekernelrunsin software.
Eitherway, the scoreboardaluefor thatkernelis incremented
as statedabove.

In some cases,a kernel may be called while it is being
con gured onto the hardware. In this case,the thread will
usethe software versionto help hide con guration lateng/—it
doesnot stall waiting for con guration to complete After the
con guration completessuccessie callsto thekernelwill use
the hardware implementation.

Next we outline several algorithms to perform kernel
scheduling.Thesealgorithmsnot only choosewhich kernels
shouldbe implementedn hardwarefor eachschedulingnter
val, but alsothe speci ¢ hardware implementationdor those
kernels.Multiple hardware implementationsof a kernel may
be availablein orderto allow for a varying trade-of between
speedand area.This procesds usedto balancethe hardware
resourcemmongsthe competingthreadsandchoosethe best
combinationof hardwarefor eachschedulingnterval. We rst
presenttwo simple and fast-eecuting heuristicsbasedon a
greedy method. Next we presenta schedulerthat usesthe
Multi-Constraint KnapsackProblem (MCKP) [21] to model
hardware scheduling.

A. Most Frequently Used

The bene t of the Most FrequentlyUsed (MFU) scheduler
is its simplicity and short runtime. It selectsthe kernelsto
be implementedin hardware basedonly on the scoreboard
counter Working from highest scoreboardvalue to lowest,
eachkernelis examinedto seeif its smallestimplementation
will t ontheavailableareaof the recon gurablehardware.f
so,thatkernelis choserfor hardware,andtheareaconstrainis
updatedaccordinglybefore consideringthe next kernel. This
processcontinuesuntil RC hardware is full or thereis no
valid kernelleft in the candidateset.Pseudocodéor the MFU
algorithmis givenin Figure 4.

let S = set of all kernels In the scoreboard;
l et occupi ed hardware area A = O;
while ( Sis not enpty & A < Wnax )
let k = kernel in S with max scoreboard count;
let i = smallest inplenmentation of k;
if (A+ area(i) <= Wnax) then
select i for hardware use;
A=A+ area(i);
renove k fromsS;

Fig. 4. Pseudocode of Most Frequently Used method

B. Best Speedup

The Best Speedupalgorithm uses a greedy method to
choosekernels for hardware implementationbasedon the
speedupachieved over software. In very iteration, the kernel
implementationwith the highestspeedupmetschosenif it ts
in the remainingarea. This processcontinuesuntil the RC
hardwareis full or the candidatesetis empty Pseudocodéor
the Best Speedupalgorithmis givenin Figure5.

let S =set of all inplenentations of all

kernels in the scoreboard,;
| et occupi ed hardware area A = 0;
while ( Sis not enpty & A < Wmax )
let i = inplenentation in S with max speedup;
if (A+ area(i) <= Wnax) then
select i for hardware use;
A=A+ area(i);
let k = kernel inplenented by i;
renmove all inplenentations of k fromsS;
else renobve i fromsS;

Fig. 5. Pseudocode of Best Speedup method

C. Multi-Constraint Knapsack

The previous two algorithmsarebasedon simplistic greedy
methodsLooking morecloselyat the schedulingoroblem,we
canformulateit asfollows: thereare N kernels,possiblyfrom
different processesn the system,eachhaving 5,, different
hardware implementationsn additionto the default software
implementation.The multiple hardware implementationof a
kernel usually represendifferent trade-of points of areavs.
speedor othermetrics.The schedules problemis to allocate
the limited hardware RC resourcedo a subsewf thesekernel



implementationgo maximizesomevalue of the system,such
aslow power or high performancewhile only limiting each
kernelto at mostone hardware implementatiorat a time.

Mathematicallyevery kernelimplementatiom is associated
with a valuev(n, m) anda weightw(n, m). Thev represents
thebene t (speeduppower reduction etc) of usingthe partic-
ular hardware implementationn, while w representshe cost
of using the hardware, such as the size of the con guration
(areaon the hardware, con guration time of the kernel). The
goalis to selectnot only the “best” kernel(s)from the current
threadsbut also the “best” implementation of those kernels
during ary given time slice.

Towardsthis end, a schedulercan attemptto maximize

V= Zx(n, m)v(n,m), wherez(n,m) = {0,1}

n,m

while satisfying:
W = Zx(n,m)w(n, m) < Warax,

and

Sn
Zm(n,m) <l,n=1,...,N
m=1

A valuel of z(n,m) in the solutiondenoteshat hardware
versionm shouldbe executedfor kerneln in this scheduling
interval. The rst inequality re ects the areaconstraint.The
secondone guaranteeghere can be at most one hardware
implementation selected for each kernel. If none of the
x(n,m) for a particularkernelare one, it meansthe software
implementationis selected.

This problemcanbe modeledby the multi-constraintknap-
sackproblem(MCKP). Herethe knapsacks the RC hardware
which only has a limited area W,,;4x (total weight the
knapsaclkcancarry), andthe scheduleiis trying to Il the RC
resourceso asto maximizeV (the total value of the items).
Thenext sectiondiscusseshe MCKP andsolutiontechniques.

1) Solving MCKP: A numberof algorithmshave beende-
signedto solve the multi-constraintknapsackproblem,which
is known to be NP-complete.We can thereforeeither nd
an optimal solutionusingan NP time algorithmlike dynamic
programmingpr usepolynomial-timeheuristics However, NP
computationdoes not necessarilytranslateto “prohibitively
slow”. The dynamicprogrammingalgorithmis in actuality a
pseudo-polynomiaklgorithm, with a worst-caseruntime of
O(S,NWysax). For caseswherethosethree parameterare
small, it canstill run quite fast.

The schedulingalgorithmrunsat the beginning of every RC
schedulinginterval, wherethe interval lengthis 7'. By choos-
ing 7' to belargeenough sayanorderof magnituddargerthan
thealgorithmrun time, we cankeepthe computatioroverhead
in check.To further save the runtime, the MCKP solver will
allocatethe RC areain units of tiles, where a tile is some
groupingof the underlyingresourcesin a Xilinx Virtex-series
FPGA for example,a tile could consistof multiple slicesso
thatthe MCKP solver doesnot have to allocateareain a ne

grain slice-by-slicefashion.This helpsto reducethe problem
sizethe MCKP solver mustconsideragginin aneffort to keep
the scheduleruntime reasonableA problemwith 32 kernels
with 3 implementationgach,anda 32-tile total hardwarearea
has a measuredschedulerruntime on a 2.0GHz Pentium4

processormf lessthan 0.5ms using a dynamic programming
exact solver. By settingthe interval time to 0.8 secondsthe

overheadcan be considerechggligible.

However, there are other issuesto be consideredwhen
choosinganintenal sizeT'. If T is too small,bothcomputation
overheadand excessve recon guration can causethe system
performanceto be even worse than a corventional system.
On the other hand, if 7" is made too large, optimization
opportunitiesmay be lost, and the assumptionof a static
problemdueto programphasesnay becomeinvalid. Ideally,
T should match the phaseduration of the programs.This
meansthat choosinga x ed 7' may not be the bestsolution
becausethere may be different timespansfor phasesboth
acrossandwithin processesA dynamicdetectionof program
phasechangesandupdatingof 17" will be future work. For the
work presentechere,we choosea x ed T for simplicity.

2) MCKP Value Models: An intuitive way of settingv, w,
and Wy, ax in the MCKP is to let

v = speedupx xfreq

1)

wherespeedugs the ratio of betweenthe hardware execu-
tion time andthe default software executiontime. xfreq is the
numberof timesthe kernelis calledin thelastRC scheduling
interval which is readily available from the scoreboardThis
valuemodelfocuseson fasthardwareimplementationgor the
mostfrequentlyusedkernels.

However this value model doesnot stressthe consequence
of not moving a kernel to hardware, namely the software
durationof the kernel.In orderto seehow this canaffect the
throughputof the system,assumewe are choosingbetween
two kernelsin a given schedulingoperation.The rst kernel's
software version has a runtime of 10K cycles, and has a
hardware implementationwith a 10X speedup.The second
kernels softwareversionhasa runtimeof 100 cycles,andhas
a hardware implementationalso with a 10X speedup.These
two implementationsvill have the samevalueaccordingto the
above modelif they are called equally frequently However,
if they are called equally frequently implementingthe rst
kernelin hardwarewill resultin a greatersystemthroughput.
Our secondvalue model attemptsto capturethis effect:

v = speedupx software xtime x xfreq

)

The last value model we presenthereis intendedto more
completely model the throughput effects of using a given
implementatiorof a given kernel. Assumea particularkernel
candidaten is currently available in implementationi, where
an ¢ value greaterthan O representsone of the hardware
implementationsand i=0 representshe casewhereno hard-
ware implementationis loaded and the kernel must instead
executein software. Basedon this kernels countervalue in
the scoreboardndthe runtimeof eachof its implementations,



we cancalculatethe total runtimeof this kernelduringthelast
schedulinginterval to be T}, = C x T;, whereC is the count
and T; is the executiontime of its currentimplementation;.
Sincethe OS always keepstrack of the total runtime of the
processthe time spentin other parts of the process(1.) in
the interval can also be obtained.Hencewe now know the
processspentT} time in this kerneland T, time outsideof it.

With this breakup of the processs execution time, and
assumingn the new schedulinginterval the processwill still
getthe sameCPUtime T}, + T., we canestimatethe breakup
of thetime if this kernelis insteadrun in softwarein the next
interval (note we alreadyhave this informationif =0) using
the following two equations:

T S;
T = (T, T, _hPr
b= T+ To) X o=
T
T = (T T. e
e = (Tt To) X g

where S; is the speedupover software for the ith implemen-
tation. This equationstatesthat if the kernel was previously
computingin hardware,but mustcomputein softwarefor the
next interval, it will spendT;, time for this kernelandT? time
outsidethe kernel.

Next we considerhow the different hardware implementa-
tions would affect the throughputcomparedto the software
implementation.For implementation; of a kernel, we can
estimatethis processs throughputincreasefactorto be:

T, +T!

T
Kk /
Sj + Te

TPF(n,j) =

Finally, we needto accounffor thefactthatdifferentthreads
may have beengiven different amountsof CPU time in the
pastinterval by the OS scheduler(which again is different
thanthe RC scheduler)We do this in the sameway (andfor
the samereason)that we accountfor the software execution
time in Eq.2. The value function for the nth kernels jth
implementationis therefore:

o(n,d) = TPP(n )T+ T.) = 255 ey 1) (g
TkS_; + T,
Becausewe are attemptingto be as accurateas possible

in this cost model, our implementationalso accountsfor
the con guration time in the cost function. This malkes the
equationitself long and comple, but it can be easily sum-
marizedby sayingthat it is an adaptationof Eq.3 where if
implementation;j is not already on the hardware (i # j),
the software version of the kernel must be used until the
hardwareis fully con gured. We considera possiblesituation
whereat the beginning of theinterval the kernelwill be called
repeatedlywith no intervening software computations\Worst-
casethekernelwill executein softwaresomenumberof times
suchthatthe numberof kernelcallstimesthe softwarerunning
time of the kernelis greaterthanor equalto the con guration
time of thekernel.This procedurds notrequiredif the chosen
implementationis alreadyon the hardware (: = j), andin

other casesis only required once at the beginning of the
RC schedulinginterval. Note that in later sectionswherewe
indicatethatour scheduleis usingEq.3,we actuallymeanthe
modi ed versionthat accountdor this con guration process.

The value functionsthat we have presentecheretarget in-
creaseasystemthroughputHowever, an MCKP scheduleccan
be adaptedo differentgoalsby choosingdifferentvalue mod-
els. Individual applicationperformancecould be emphasized,
or the value model could changeperiodically basedon the
currentpower settingsof the systemusingthe recon gurable
hardware.For examplein systemsoperatingon batterypower,
the OS could optimize for power consumptionby rede ning
the valuefor eachkernelas:

v = speedupx software xtime x xfreq/power.

V. SCHEDULING ALGORITHM SIMULATION

To test the validity of our proposed RC paradigm,
we selectedthree real world programs— mpeg2encode,
mpeg2decodeand gnupg. After pro ling theseapplications
we selectedthe most compute-intensie function from each
(for mpeg2decodethere are two equally dominantfunctions:
idctcol andidctrow). Thesefunctionswereusedasour kernels.
Two versions of each of these kernels were implemented
in hardware on a Xilinx Virtex-1l FPGA. The two different
versionsof the hardware provide schedulere xibility in per
forming a trade-of betweenspeedandarea.In thesedesigns,
the resourcerequirement®f the kernelsare slice-bound,and
so we only reportthe numberof slicesfor the area.

Tablel shows the detailsof thesekernels.The softwaretime
is measuredn a 2.0GHz Pentium4 processomwith 512MB
RAM. Thehardwaretimeis givenin termsof how mary cycles
the CPU goesthroughin the sametime it takesthe hardware
to execute.The measureis given this way to normalizethe
results,andwork with our valueequationsabore. Datais given
for both the “small”and “fast” versionsof the kernels. For
kernel “distl”, the executiontime is not x ed, so the both
the software and hardware executiontimes given in the table
arethe worst casevalues.For the otherkernels,the execution
time of an individual kernel is not data-dependenfthough
the numberof times a kernel is usedin an applicationmay
be).Becauseve aremodelinga full processotoad wherethe
applicationgestartassoonasthey completewe notconcerned
at the momentwith this type of datadependence.

It should be notedthat thesekernelswere not twealed to
obtainthe bestperformanceput were merelya quick manual
corversionfrom C to RTL Verilog. We assumehata sophisti-
catedcompilerwould be ableto createcon gurationsat least
asefcient asthesedesigns,f not more so. For very speed-
critical applications,designerscould almost certainly create
more sophisticatedmplementationsThe speed/are&rade-of
betweenthe two different implementationsof each kernel
are from creating one implementationthat reusedhardware
resourcesver several clock cycles,andanotherthat pipelined
the computationto achieve greaterperformance.

Executiontracesof the kernelinvocationhistory alongwith
software timing information were collectedfor eachprogram



Kernel % of Program | SW time | HW time Area Kernel
Runtime (cycles) (cycles) (slices) | Speedup
detco 12 e | 0 | 3B [ 3%
idctrow 12 234 o o2 o
- 468 341 450
distl 42 2106 364 653 579
do_encrypt 13 1243 igg ég? Sgg
TABLE |

KERNEL INFORMATION: EACH KERNEL HAS A SMALL AND A FAST IMPLEMENTATION. ALL TIMES ARE GIVEN IN TERMS OF THE NUMBER OF CPU
CYCLES THAT PASS DURING THE COMPUTATION TO NORMALIZE FOR DIFFERENT HARDWARE CLOCK PERIODS.

onthe Pentium4 machinementionedabove. Our customsimu-
lator usesthesetracesandthe areaandspeednformationfrom
the synthesisof the kernel implementationsto evaluate the
systemperformanceausingthe previously-discussedcheduling
techniques.The simulator usesa simple random selection
methodfor OS schedulingdecisionswith a 10ms scheduling
interval. The hostprocessomodeledby the simulatorsupports
two simultaneousrunning threadslike the commerciallintel
processorsvith HyperThreadingtechnology[2].

Since the simulator is working with traces rather than
individual instructions, it does not quite accurately model
an SMT processarInsteadthe model can be viewed as an
idealizedSMT processowherethereareno con icts between
threadsover all functional units and other resources.Our
focusis on the RC hardware scheduling,and so we usethis
approximation.n future work, however, we do plan to more
closelymodelan actual SMT processar

Before we discussour results,we alsowish to make clear
the differencesbetweenOS schedulingand RC scheduling.
Theformeris for schedulingorocessesntothe threadsof the
processowhile the latter oneis responsibldor allocatingRC
resourcesln our simulatorif a processs runningonekernel’s
hardware versionwhen an OS schedulingevent happensthe
OSwill delaythe schedulinguntil the currenthardwarekernel
nishes. Sincein all of our applicationsthe hardware nishes
computationvery quickly (544 cycles at most),ary delaysin
OS schedulingwill be minor.

We implementedhe MFU andBestSpeedugreedysched-
ulers,aswell asfour differentschedulingalgorithmsbhasedon
the multi-constraintknapsackproblem.The rst three MCKP
implementationgll usea dynamicprogrammingmethod[21].
MCKP_V1 is basedon the value modelin Eq.1, MCKP_V2
uses the model in Eg.2, and MCKP_TP uses the value
modelpresentedn Eq.3.Finally, althoughwe chooseour RC
schedulinginterval to be large enoughthat overheadof the
exact MCKP solver shouldnot maskthe bene ts of usingthe
recon gurablehardware,we alsoconsidera heuristicsolution
[21]. The MCKP_APPROX schedulersolves the MCKP by
greedily choosingthe kernel implementationwith the best
value-to-weightratio in the candidatesetwhile still satisfying
the Wy 4x constraint.lt doesthis selectionrepeatedlyuntil
eitherthe knapsackis full or the candidatesetis empty This

MCKP heuristicusesthe samevalue function as MCKP_TR,
and thereforeby comparingthe two, one can examine the
tradeofs betweenthe runtime of the exact MCKP solver and
the solution quality usingthe heuristic.

All three applicationsrun simultaneouslyon a two-way
SMT simulatorsettingto modela heary systemload. We as-
sumeequalpriority for all threeprocessesThe RC scheduling
intenval T is setto 800ms. Thetile sizeis setto be 64 slices
andthe con guration lateng for eachtile is 0.15mswhich is
calculatedoy scalingthe con gurationtime of a typical Xilinx
Virtex-1l V1000 FPGA.

We run the simulator for 60 billion cycles and count
the numberof equivalent software cycles that eachprogram
has achieved, where eachhardware kernel use contritutes a
numberof cyclesof “work” equalto the numberof processor
cycles the software implementationwould have required.In
other words, while the idctcol kernels fast implementation
may completein hardware in 58 CPU cycles, its software
execution time requires 284 cycles. Therefore, using this
hardware implementationaccomplishes284 cycles of work
in 58 cycles of time (rememberingthat hardware execution
time hasbeenrecalculatedn termsof CPU cyclesin Tablel).
We sum the equivalent software cycles of work for all three
programgogetheranddivide by the numberof cyclesof work
that would have beenachiezed if no recon gurablehardware
wereavailable.This calculatedsalueis thethroughputncrease
factor of the system.Our calculationaccountsfor scheduler
overheadbecausédhe schedulerexecutionmustbe performed
within the examinedwindow, and cycles spentschedulingare
cyclesnot spentperformingwork, andthe scheduleexecution
time is not consideredas part of the work achieved.

Figure 6 shaws the systemoverall throughputincreasefor
all applicationsversusthe available RC areafor the three
MCKP schedulersusingthe exact MCKP solver. We plot the
cune for the areaup to 50 tiles. At 46 tiles, all of the fastest
hardwareimplementationgwhich arealsothe largest)of all of
the kernelscan t on the hardware simultaneouslyFrom this
graph,we canseethat the value model chosenfor an MCKP
schedulemlays an importantrole in the performanceof the
schedulerThe lack of consideratiorfor the kernel's software
durationin valuemodell sererely hurtsthe systemthroughput
increase Value model 2 is actually nearly as effective asthe



more comple value function of Eq.3, but the more comple
model doesproducethe bestoverall results.

Using the MCKP_TP scheduler(the best from Figure 6)
and given a reasonableamountof RC resourcesthe system
throughput can easily increaseby more than 20%. If we
reformulate this throughputincreasein terms of processor
speed;t is equivalentto increasinga processoifrom 2.0GHz
to 2.4GHz. As raw clock speedsbecomemore dif cult to
increaseas evidencedby Intel's recentabandonmenof their
latestefforts in this area[22], usingrecon gurablecomputing
becomes moreviablealternatve techniqueo increasesystem
performance Also, we should emphasizethat we are using
very simple techniquedo translatekernelsto hardware, and
that we are acceleratingonly one or two kernelsfrom each
program,as shavn in Tablel. With more kernelsand better
hardware implementation®f thosekernels,we would expect
an even greaterimprovement.

In Figure 7, we contrastthe performanceof our best-
performingMCKP schedulerMCKP_TP, with the two simple
but fast greedy methodsmentionedearlier: MFU and Best
SpeedupThis graphalsoshawvs theresultfor the approximate
MCKP solver (MCKP_APPROX). The schedulingoverheads
are accountedfor in thesevalues, so that these scheduling
techniquescan be more fairly compared.The simple MFU
andBest Speedupheuristicsdo not performnearlyaswell as
MCKP_TP. Thesetwo heuristicsonly considersingle metrics
of frequeng or speedup.and thereforehave an incomplete
picture of the cost/benet of different schedulingchoices.
The MCKP_APPROX algorithm,alsoa greedy-typeheuristic,
performsbetterthan MFU and Best Speedupueto the more
sophisticatedvalue function, but still performs worse than
MCKP_TP. In our tests, the overheadof nding an exact
solutionto MCKP doesnot outweighthe improved solution
that is found. However, as the number of kernels, number
of implementationsper kernel, and RC areaincreasesthe
approximatesolver may becomea moreviable alternatve, so
this issuewill be revisited in future work.
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Thus far, we have allowed the schedulergo considertwo
different hardware implementationdor eachapplicationker-
nel. Next we will testthe importanceof having this choice.
Since the overall systemthroughputis strongly affected by
how much of the applicationhas beenacceleratedywe look
only at the kernelthroughputincreasefor this comparisonin
Figures8 and 9 insteadof the systemthroughputincrease.
The kernel throughputfactor is de ned as the ratio between
the equivalent kernel cycle count and the real software-only
kernelcycle count.In otherwords,we don't considerthe non-
accelerategbart of the programin this graph.This is donefor
two reasonsFirst, we feel a sophisticateccompilerwould be
ableto automaticallycreatemultiple implementationshe same
way we did, andthat thesemultiple implementationsieednot
comeat the costof additionaldesigneteffort. Secondwe have
only acceleratech few applications,and a small portion of
each,andthereforethe non-acceleratedodedominatesn our
case.For both graphswe only consideMMCKP_TP scheduling
algorithm. This graphshaws threedifferent curves.

In Figure8, onecurwe is identicalto the previousMCKP_TP
results,wherewe allow the scheduletto choosebetweentwo
implementationsfor each kernel. Another curve shawvs the
case where only the fastestimplementationof all kernels
is available. The last curve shows the casewhere only the
smallest implementationof all kernels is available to be
scheduled Figure 9 shows the kernel throughputwith both
the “Fastestonly” andthe “Smallestonly” casesnormalized
against the resultsof MCKP_TP with both implementations
available. Having a choice of implementationsboosts the
kernelthroughputor the“middle” areasof this graphby about
30% on average.

Thesegraphsindicatethat providing multiple implementa-
tions of a singlekernelgreatlyimprovesthe kernelthroughput
factor For the smallesthardwareareasthe schedulerestricted
to the smallestimplementationsperforms better than the
one restrictedto the fastest(largest) implementations,and
conversely for the largesthardware areas,the “f astestonly”



schedulemperformsbetterthanthe “smallestonly” scheduler
In all casesthe schedulemwith a choice of implementations
provides the maximumthroughputincreaseof the threetech-
niguescomparedn the graph.With smallerareasfew if ary
“fastest’implementationsan t in the hardware. With larger
areastheremayberoomavailablefor afasterimplementation
thatgoesunusedWhenthe scheduleis allowedto choosethe
implementationijt canusedifferentimplementationdasedon
the applicationsbeing usedand the available hardware.

Having this choiceis particularlyimportantif the hardware
size and completeapplicationset are not known in adwance.
One suchsituationwould be if differentcommercialproces-
sors were coupledwith differing amountsof recon gurable
hardware. Low-end processoranight include little to no re-
con gurable logic, but high-endprocessorsnay have quite a
bit. Therewould be additionalhardware designissuesin this
situation, but for now we are only concernedwith the high-
level managemenof the hardware.
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Onehardwareschedulingechniguethathasbeensuggested
is to just chooseone applicationin the systemto accelerate,
rather than attemptto accelerateall of them. For this next
experiment,we numberthe applications,and eachcurve in
Figure 10 representghe systemthroughputincreaseif only
one of our three applicationsis acceleratedWe also shov
the curve where, as before, we allow all applicationsto be
acceleratedr-romthe gure we canseethatacceleratingonly
a singleapplicationis not a goodtechniquefor increasingthe
overall systemthroughput.

We examineoneof thesecaseswhereonly mpeg2decodeés
acceleratedin greaterdetail in Figure 11. This applicationis
chosenbecausdt hastwo kernelsfor considerationwhereas
the other applicationseachhave a single kernel. Five of our
schedulingalgorithmsare comparedin this caseto test how
choosingonly a single applicationto accelerateaffects the
importanceof the schedulingalgorithm. As the graphshaows,
if an application has more than one kernel, the choice of
schedulingalgorithm can make a differenceeven for single-
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Fig. 9. Kernel throughput when only using the fastest/smallest implemen-
tations, normalized to the kernel throughput of a scheduler with a choice of
multiple implementations

applicationacceleration.

In most previous researchwhen acceleratinga single ap-
plication, the scheduleof con guration loading and use was
performed for each application. The application designer
must (possibly with the aid of an automatictool) perform
the scheduling,and thus different applicationsmay interact
poorly when run simultaneously Schedulingof commonly-
usedresourcegaswe hoperecon gurablehardwarebecomes!)
belongsat a higher level thanthe applications. An OS-based
schedulecanmake schedulingdecisiondor the bene t of the
system,and by changingthe value function of the scheduler
canevenemphasize¢he acceleratiorof a particularapplication
if desiredor necessary
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VI. FUTURE WORK

Thereis still awide variety of work remainingin the areaof
OS supportfor recon gurablecomputing.For this particular
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project,thereare a numberof possiblefuture improvements.
We would like to assemblea wider set of applicationsand
hardwarekernelimplementationsWe would alsolike to move

towards a cycle-accuratesimulation techniquesthat would

allow us to more accuratelyrepresentan SMT processaor
Furthermorewe intendto expandour testingto examinethe
effects of a dynamically-determinedRC schedulinginterval

length,the effects of non-full CPU loadson the quality of our

schedulingalgorithms,andhow our MCKP_TP valuefunction
should changeif applicationsare allowed to have different
priorities.

VIlI. CONCLUSION

This paperhasfocusedon a proposedapplicationdistribu-
tion and execution model for recon gurable computing. We
discussedhow applicationssupportingrecon gurableacceler
atorsshouldincludeboththefull softwarebinaryandmultiple
hardware implementationsof eachkernel. Our results shov
that multiple kernelimplementationsllow for greateroverall
acceleration.We also presentedscheduling algorithms for
allocating the recon gurable hardware to competingthreads.
Threadsotrunningin hardwarearestill executedn software,
avoiding the traditional problemof stalling on hardware avail-
ability. Our best-performingalgorithm, MCKP_TP shavs an
overall throughputmore than 20% over software-only execu-
tion. While single-applicatioraccelerationcan producemore
impressie bene ts of ordersof magnitude,a system-lgel
increaseof 20% is signi cant given the increasingdif culty
of achieving fasterclock speedsn today’s processors.

Our model for recon gurable computing, coupled with
an intelligent hardware-avare high-level-languagecompilet
will allow software developersto easily create hardware-
acceleratec@pplications.The distribution modeland OS-lerel
hardware schedulewill allow end-usergo take advantageof
hardware acceleratiorwith no extra effort on their part. Just
as importantly our schedulerwill allow for ef cient use of
the recon gurable hardware in a multithreaded/multi-tasking

ervironment. This work thereforeaddresseswo signi cant
problemsthat have kept recon gurable computingfrom the
mainstream.
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