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Abstract

Massivelyparallel computes consistingof thousandf processingelementsare expectedo
be high-performancecomputes in the next decade One of the major issuesin designingmas-
sivelyparallel computes is the reconfiguation strategy in order to provide an efiicient fault tol-
erancemedanismto avoid defectivegprocessos in sud large scalesystemsThis paperdevelops
a self-reconfiguable mehanismof mesharray for easyhardware implementatiorusing local
defectinformation. Compaedto thoseof previousreconfiguablearchitecture, the proposedself-
reconfiguable metanismachievesalmostthe samesystenyieldsusingonly local defectinfor-
mation. A prototypeof this self-reconfiguable array is implemente@dn FPGA andthe hardware
compleitiesare alsodiscussed.

1. Introduction

Stacled-silicon-plaesis oneof theattractie technologyto implementmassvely parallelcom-
puterswith therecentprogresf VLSI technology Thedevelopmenif suchlarge scalesystems
will make numerousapplicationssuchas multi-media,computervision, and modelingphysical
phenomengossible.However, oneof the majorissuesn designinglarge scalesystemss a re-
configuratiorstratgy to provide anefficientfaulttolerancenechanisnto avoid defectson silicon
planes. To achiese the reconfigurationof massvely parallel computersmary previous studies
have beenproposedor mesharray

Kung et al. [1] proposeda 1% track switch model which hasa row anda column of spare
processinglementgPE)aroundan N x N mesharrayandswitchingcircuitsandtracksplaced
betweerPEs.Defectve PEscanberemovedfrom thearrayby changingeachswitchfunction. In
thismodel,an N x N arrayis realizedby assigningeachfaulty PEto a compensatiopathwith
a sparePE usingthe graphtheory Sincethis modelhaslow hardware overheadnvolved when
changingeachinter-connectiorof adjacenPEs,mary studieshave focusedonthis model[2], [3].
However, thesereconfigurablestratgiesrequirea hostcomputerto calculatethe combinationof
the compensatiopathsusingthe globalinformationof faulty PEs.

For massvely parallel computersan effective self-reconfiguringmechanisnusing local de-
fectinformationis very attractve. NumataandHoriguchi[4] proposeda Bypassand Shift (BS)
methodusingonly local defectinformation. The BS method,however, doesnot guarantee fast
reconfiguratiorsinceit usesrecursve signalsto avoid deadlocks.Takanamiet al. [6] proposed
a neuralalgorithmusinga Hopfield-typeneuralnetwork. Although mary reconfiguratiormeth-
odshave beenproposedthesemethodsare not hardware orientedbecausehey requirecomplex
algorithmsor procedureso changeall the switchfunctions.

* Thiswork hasbeensupportedn partby #1155802Grant-in-Aidfor scientificresearch.
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Figure 1. Self-reconfigurab le mesh array and PE internal structure .

This paperproposesn efficient self-reconfiguratioomechanisnfor mesharrayswhich uses
only local defectinformation. A simplerule usedto changesachswitchfunctionin the proposed
algorithmenableshardwareimplementatiorto be mademore easily Comparingthe reconfigu-
ration performanceof the proposedmethodwith previous studies,it is shovn thatthe proposed
methodachievesthesamesystenyieldsandreconfiguratiorspeedsiremuchfaster Thehardware
compleities of the self-reconfigurablesystemare also evaluatedby implementinga prototype
self-reconfigurablesystemon FPGAchips.

2. Self-reconfigurable Mesh Array

Reconfiguratiornin arrayprocessorgimsto obtainan N x N arrayfroman(N+R) x (N+R)
array by replacingfaulty PEswith sparePEsusing switchesand redundantinter-connections
R rows and R columnsof sparePEsare addedto the N x N array Figurel shaws the self-
reconfigurableanesharraywhen N=4 and R=2. SparePEsareidenticalto normalPEsin terms
of functionandperformanceThe physicaladdres®f eachPEis denotedasPE[i,j] (1 < i,j <
N+R), wherethe i-th row andthe j-th columnareorderedfrom theupperleft. 1" verticaltracks
areplacedbetweereachcolumnto conneciadjacenfEsin ahorizontaldirection. This papemwill
focusonaT=1typearchitectureandit will bedescribedater

Switchesare allocatedat intersectionpoints and have four functionsasshown in Fig.1. The
EW functionis theinitial functionof all switches.Eachswitchhasa physicaladdresslescribed
asSWI[i,j] wherel < i,j < N+R-1. Theportselectorin Fig.1selectsV I/O portsfrom possible
N+R ports. The self-reconfigurablarchitecturés namedasan N-R-T type,thenFig.1shavs a
4-2-1type.

Figure 1 also shaws the PE structurewherefour switchesare allocatedto eachl/O port to
achieve three PE states;Use PassVandPassH The PassVand PassHstatescorrespondo by-
passingPEsvertically andhorizontally All faulty PEschangeheir stategnto the PassVstateand
becomeconnectingelements.The PassHstateis usedin bypassing.t is alsoassumedhateach
PE[:,j] hasaBuilt-in-Self-Test(BIST) circuit to detectfaults,denotedas B1.STTi,j] which hasa
valueof 1 (faulty) or O (healthy),thoughits circuit is not discussedh this paper

Comparedo 1% trackswitchmodel,the N-R-T typearchitecturéhasfollowing characteristics.



242

Kung's modelhasswitchesin bothhorizontalandverticaltracksbecausét changeswitchstatus
by selectinga compensatiopathamongfour directionsin orderto find a sparePE.On the other
hand, N-R-T" type architecturedoesnt needswitchesin the horizontaltracksbecause logical

addresgivento componenPE of thearrayis shiftedtowardsouthdirectionaswell asBS method
[4]. Thenumberof sparerows andcolumnsarelimited in the 1% track switchmodelwherea T’

trackmodelcantreatjusttheT" sparerows andcolumnsof sparePEs. The proposedV-R-T type,
however, choosesary numberof rows andcolumnsof sparePEs.

3. Reconfiguration Algorithm

Toobtainan N x N arrayfroman(N+R)x (N+R) arrayincludingary faulty PEs theproposed
reconfiguratioralgorithmconsistsof thefollowing threesteps.Stepl is to bypasgshe R columns
in order of the numberof faulty PEs. Step2 is to deactvate all the PEswhich disturb proper
inter-connectionbetweenadjacentPEs. Step3 is to changeall the switch functionsat the same
time. The proposedeconfiguratiorcomprisef two tasks bypassing.olumnsandchangingthe
switchfunctions,henceit is calledthe BypassandChanggBC) method.

3.1. Bypassingcolumns

Stepl of BC methodis to bypassthe R columnsof an (N+R) x (N+R) array Bypassinga
columnis definedasremaoving the columnfrom anarrayandis realizedby changingall PE states
in thecolumninto PassH It seemghatbypassings anefficientstrateyy for clusteredaultswhere
mary faultsconcentraten onecolumn. After bypassinghe R columns,the (N+R) x (N+R)
arrayis reducedo an (N+R) x N array To explain the bypassingalgorithmmoreclearly some
definitionsarenecessary

Definition 1 F;,[4,5] and F,,[4,j] are definedas follows, which are an input valueandan
outputvalueof PE[i,j] respectiely.

Folig] = v BIST[k,j] where 2<i< N+R,
0 wherei = 1.
Fowli,j] = Fili,j] + BISTIi, j].
It is clearthat F,,;[ N+R,j] correspondgo the total numberof faulty PEson the j-th column.
Thenthebypassinglgorithmis shavn asfollows.
1. Obtainthetotal numberof faulty PEsSF, ;[ N+R,j] atevery columns.
2. Bypasshe R columnsin orderof F,:[N + R, j] asfollows.

2.1 Bypasscolumnsincluding F,,,:[ N+R,j] > R.

2.2 Let REM AIN bethe numberof remainingcolumns.PE[N +R,j] accumulated to
REMAIN if the columnis not bypassedndtransfersREM AIN to the adjacent
PE[N+R,j+1]. Thenthelowerright PE[N+R,N+R] obtainsthe total numberof re-
mainingcolumns.

2.3 Accordingto REM AIN, thefollowing stepsareperformed.

e For REM AIN = N, thebypassalgorithmis terminatedwith success.
e For REMAIN < N, thereconfiguratiorfails.

e ForREMAIN > N,bypasgust(REMAIN — N) columnsrepeatedlyn order
of F,:[ N+R,j] asshavnin Figure2.
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begin
num = REMAIN — N;
comp = R; . . ] ' )
while num > 0 do PE[i-2,j-1] PE[i-2,j-1] f“lgnal
begin A
forj:=1to N + Rdo
if Fout[N + R, j] = comp then
begin
Bypassthecolumn;
comp = —1
end;
if comp = —1 then
num := num — 1,
else
comp = comp — 1
e PE[i./]
end

. . . Fi . Deactiv ati PE i Is.
Figure 2. The bypassing algorithm of lgure 3. Deactiv ating s by signals

process 2.3.

3.2. Deactiating PEs

Faulty PE[i,j]s mustbe deactvatedand replacedby otherhealthyPEs. By replacingfaulty
PEswith healthy PEs,somehealthy PEsalso are deactvatedas shovn in Figure 3. In Fig.3,
the PE[i,j] is unableto connectwith the PE[i-2,j-1] andthe PE[i-2,j+1] for T'=1. In this case,
PE[-2,5-1] andPE[i-2,j+1] aredeactvatedandcompensately PE[i-1,j-1] andPE[i-1,j+1] in
orderto connectwith PE[i, j|. The objective of step2 is to remove all suchdisconnection.In
Fig.3, PE[i-1,j] detectsthe disconnectiorandtransfersdeactvation signalsto both PE[i-2,j-1]
andPE[:-2,j+1]. EachPEhasavariable D EACTTi,j] which hasavalueof 1 (deactvated)or O
(not deactvated). Now thatthe variable D EACTTi,j] hasbeendefined,all PEswhich have the
variable FAU L'T'[i,j] = B1STT(i,j] OR DEACTTi,j] = 1 aretreatedasfaulty.

Definition 2 ThevariableS;,,[i,7] andS,.:[i,j] aredefinedby replacingB1S57T(i,j] in Defini-
tion 1 with FAU LTTi,j] to take DEACT][4,5] into account.

The algorithm of step2 of the BC methodperformsthe following two processesn all PEs
independently

e PE[;, j] transfersasignalto both PE[i-1,j-1] andPE[:-1,5+1] with following condition.
Sinli,j] > 1andFAU L'T4,5]=1.
e PE[i,j] whichrecevedsignalschangedD EACTi,j] into 1 in orderto bedeactvatedwith
following conditions.
Sinli+1g-1] - S;nli,j]1 > 1 (recevedsignalfrom PE[i+1, j-1]),
Sinli+1+1] - S;nli,j]1> 1 (recevedsignalfrom PE[i+1,j+1]).

3.3. Changing switch functions

After bypassinganddeactvating,eachswitchfunctioncanbe changedrom theinitial function
EW into anotherfunction at the sametime. Figure 4 shaws the rule usedto changea switch
function usingthe local informationof F"AU LTTi,j], F AU LT[i,j+1], Sinli,j] andS;,[é,5+1].
This rule enablesghe BC methodto be implementednto hardware easily namelyFig.4 canbe
designedisingsimplecircuits (shovn in Figure9 later).

Theexampleof all switchfunctionsof Fig.4areillustratedin Figure5 whichshavstheexample
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beagin
if Sinli,j] > Sin[i,j+1] then
SW[,j1 = NW;---(1)
elseif Sin[i,5] < Sin[i,j+1] then
SW[,j] = NE; ---(2)
elseif S;[7,j] = Sin[i,j+1] then
beagin
(a,b) = (FAULTi,j],F AU LT[4,j+1]);
if (a,b) = (0,0) then
SWi,j] := EW; -+ (3)
elseif (a,b) = (1,0) then
SW[,j] = NW; ---(4)
elseif (a,b) = (0,1) then
SW[,j] =NE; ---(5)
elseif (a,b) = (1,1) then

SWIijl = NC ---(6) Defective PE Deactivated PE
end

end |:| Spare PE

Figure 4. The rule to determine switc h Figure 5. The reconfiguration example
state . for 6-2-1 type.

of reconfiguratiorfor a 6-2-1 typearchitecture Eachnumberin Fig.5 correspond$o the number
in Fig.4 andshavs examplesituations. In this reconfiguratiorexample,two columnson the far
right sideandleft sidearebypassed.

4. Performance Evaluations

Thereareseveralperformanceneasureto evaluatethe effectivenesof faulttolerancesystems.
This paperconcentrate®n the systemyield and the reconfigurationtime as figures of merit.
We assumethe following similar to previous studies[1]-[6], that eachPE fails with the same
probabilityandthetracks,switchesanddetectioncircuit arefault free.

4.1. Array yield

A randomfault modelis commonlyusedin previous studiesusingthe assumptiorthat each
PE fails with the sameprobability PE yield. Array yield is definedby the probability to obtain
anN x N arrayfroman(N+R) x (N+R) arrayusingreconfiguratiormethods Figure6 shavs
the array yields performanceof the 20-R-1 type architectureas a function of PE yield. Here
arrayyields of BC andBS areobtainedfor R=2, 4, 6. Eacharrayyield is the averageof 1000
simulationresults.The BC methodachievesalmostthe samearrayyieldsasthe BS methodwith
recursve shiftsin eachtype of architecture.The solid line in Fig.6 indicatesthe yield of a 1%
trackswitchmodelfor 20x 20 whichis obtainedoy Kung[1] underthe sameassumptionKung’s
methodachieseshigherarrayyieldsthanthe othertwo methodsvhenPEyield is low. Takinginto
accountthat Kung's methodobtainsthe completesolution,the BC methodcanachieve the same
yield of Kung’s methodusingonly local defectinformation.
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Figure 6. Array yields for 20-R-1 mesh Figure 7. Reconfiguration times for BC
arrays. and BS methods.

TheBC methodaswell astheBS methodcanenhancéts arrayyieldsby increasinghenumber
of sparerows R. Thearrayyield of the BC methodis improvedsignificantlyfor thecaseof R=4
and R=6. Ontheotherhand,sincethe numberof sparerows R in Kung’s methoddepend®nthe
numberof tracksT', it cantreatonly R=1 whenT'=1.

4.2. Reconfigurationtime.

Next we discusgheexecutiontimesinvolvedin reconfiguremesharraysby the BC methodand
the BS method. The reconfiguratiortime is definedasthe total stepsto reconfigurethe N x N
arrayfrom the (N+R) x (N+R) array First, we estimatethe worstreconfiguratiortime of the
BC methodconsistingof bypassinggtepl), deactvating(step2) andchangingthe switchesgtep
3). Stepl is performedevenif thereareno defectsin the array In this case,(N+R), (N+R),
(N+R) x 2R time stepsarerequiredin processl, 2.2, 2.3 of bypassingespectiely. Hencethe
worsttime of bypassingor the BC methodis estimatedas (V+R)(2R+2) time steps.In Step2
of the BC method,if one signal deactvatesall PEs(sucha situationwould never occur), the
maximumcostis (N+R) x (N+R) time steps.Step3 changesll switchfunctionsatatime, soit
requiresonly 1 time stepfor ary faultdistributions. Accordingto the above estimationthe worst
reconfiguratiortime of theBC methodZ ¢ (N, R) is estimatedasfollows.

Tpc(N,R) = (N+R)(2R+2)+(N+R)(N+R)+1.

On the otherhandthe reconfiguratiortime of the BS methoddependsn defectdistributions,
soit is evaluatedby simulationexperimentsassuminghateachsignalusedin the methodcanbe
processedvithin 1 time stepideally. Figure7 plotsthetime Tz(20, R) estimatedabove andthe
reconfiguratiortime of the BS methodfor the samearraysizein Figure6. As thenumberof spare
rows R increasesthereconfiguratiortime of the BS methodincreasesignificantly however, the
increaseof Tpc (20, R) is small. It is shavn thatthe BC methodperformsreconfiguratiormuch
fasterthenthe BS method.

5. A self-reconfiguration system on FPGA

5.1. SystemBoard

Theself-reconfigurablenesharrayusingBC methodhasbeendesignedandsimulatedoy using
theMAX+Plusll, ALTERA. Thesystemwasimplementedn the EPF10K2504C599-3(250000
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Figure 8. The hardware instruments.

gates)nthe MEB200-A250andMU200-EA10,MitsubishiElectronicMicro-computerApplica-
tion SoftwareCo. LTD. Theseinstrumentsareshowvn in Figure8.

5.2. Designedhardware circuits

5.2.1.Switch circuits: Figure9 shaws the switchcircuit in which controlpartperformsto deter
mine switchfunctionsin Fig.4. Accordingto the desiredfunction,eachport (8bit width) in Fig.9
is connectedo oneof threeotherports(excluding northport andsouthport). The hardwarecost
of this circuit is evaluatedas85 LCs (Logic Cell) usingthe MAX+plusll designtool. Sincel LC
correspond$o about20 logical gateq7], its hardwarecostis estimatedasaboutl700gates.

North port
SW[i,j] 1 | —
—] IControl Sin[i] - a>b j: NWQ)
.. ’ =b
L2 3 ! Sin[ij+1] | Compare o NE (3)
1 | i —>
: function
> { —>
EaSt output a=0,b=0 EW(I)
port FAULTIi,j] o, cnable o 4 o "
. Decode [a=0,b=1
FAULTIi,j+1
HACLTE 1o NC(O)

South port

Figure 9. A switc h circuit.

5.2.2.PE: Theoutline of PEwasshawn in Fig 1. To evaluatethe self-reconfigurablenesharray
PE is designedto executethe functionsrequiredin the BC method. PE includesfour switch
circuits, a circuit to accumulateS,,;[7,7], a circuit to generatesignals,a circuit to deactvate PE
andsoon. Flip-flopsto hold B1S1i,j], F AU LTT[i,j], physicaladdressandlogical addressare
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from previous to next mux H PE[i,1]
column - token . column i ’
» DFF > 0 O
mode hilg ;_ y
.. ; FAULT
Sout[i,j] a>b Sout[i,1] ‘ ctrl
© comp [a=p DFF bypRs [i+1,1]
T 0 * 0
1. M 1 0 1
comp ol <+«» [ 1 1 9
1—1 E—l 2 * 2
col D > add b—» :__ O
port select
Figure 10. A component of bypass con-
trol cir cuit. Figure 11. Multiple xers in port select.

alsorequired.Thesecircuitsaredesignedising108LCs, about2160gates.

5.2.3. Bypasscontrol circuit: Figure10 shavs a componenbf the bypasscontrol circuit. The
prototypeconsistsof (N+R) component@ndallocateat the bottomof eachcolumn. Sinceby-

passings performedby asynchronizingoken,anupperDFF(D-typeflip flop) configuresa shift-

registerin orderto provide tokens. A comparatocompares,;[ N+R,j] with comp (explained
in Fig.3) andexecuteshe bypassalgorithm. A componenbf the bypasscontrol circuit includes
26 LCs, thatis about520gates.

5.2.4.Port selectcircuit: Figurell shavs a port selectcircuit consistingof N multiplexersand
it is usedto connectall logical rows (columns)with properl/O ports. In Fig.11,PE[;,1] onthe
mostwestcolumncanbeshiftedinto PE[i+R,1], soonemultiplexer selectooneport from (R+1)
ports.A portselectcircuit is designedising37 LCs, thatis about740gates.

5.2.5. 6-2-1 Type Mesh Array: A 6-2-1 type systemis designedand simulatedin order to
estimatehehardwarecompleities andthespeedf reconfigurationSomedefectpatternsarealso
embeddednto PEs. Thefollowing threemethodscanbe selectedo obsere if reconfiguratiors
successfubr not.

1. Checktheoutputdataatall I/0 pointsdueto theinput data.

2. Checkall the switchfunctions.

3. Checkthe mappingbetweerall physicaladdresseandlogical addresses.

In all threesteps,the expectedresultsareobsened for eachdefectpatterns.The BC method
canbeimplementedn FPGAusingthe systemclock 20MHz.

5.3. Discussionof hardware overhead

The hardware overheadf the reconfigurablanesharrayare discussechere. The Hardware
costsof eachcomponenarealreadyshovn above. Let G(V, R, P) betheentirehardwarecostof
the(N+R) x (N+R) mesharray G(N, R, P) is estimatedasfollows.

G(N, R, P) = 1700(N+R—1)(N+R)+(2160+P)(N + R)(N+R)+520( N+ R)+740x 4N,
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Table 1. Overhead rate of switc hes for 6-2-1 type.

| PE(gates)| array(gates)| Osuwitch (6,2, P) |

5000 581320 0.45
10000 901320 0.29
50000 3461320 0.075

100000 6661320 0.039

whereP is thenumberof gatesfor a PE.
Let's defineOg,i.cn (N, R, P) asahardwareoverheadateof the switchingcircuitsto there-
dundantmesharray
G(N,R,0)
G(N,R, P).

The Osywiten (N, R, P) includesthe overheadof control circuits, port selectsand switchesin
PE etc. Table 1 shows the overheadrate of switchesOg,;icn (N, R, P) for a 6-2-1 type. The
Oswiten (N, R, P) is a small when the hardware of a PE is relative large (P=50000,100000),
while it is unacceptableate when the hardware of a PE is relative small size. Note that the
Oswiten (N, R, P) is evaluatedunderthe assumptiorof the bus 8 bits width. If the bus width is
reducedo 1 bit, the Og,;1cr (N, R, P) will shov lowerrates.

Oswitch (Na Ra P) =

6. Conclusion

The reconfigurationprocesso avoid defective processorss one of the mostimportanttech-
nological issuesin the designof massvely parallel computers. This paperproposecthe self-
reconfigurablarchitecturef mesharrayandtheself-reconfigurablalgorithm(BC Method). The
BC methodchangegachswitchfunctionatatime usingonly localinformation. It is seenby the
performancevaluationthatthe BC methodachieresmuchhigherarrayyield thanKung's method
usingsufiicientsparePEsandmuchshortereconfiguratiortimesthanthoseof BS method.A pro-
totypesystemis alsodesignedndimplementedn FPGAchipsandits hardwarecompleitiesare
evaluated.
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