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Abstract

Massivelyparallel computers consistingof thousandsof processingelementsare expectedto
be high-performancecomputers in the next decade. Oneof the major issuesin designingmas-
sivelyparallel computers is thereconfiguration strategy in order to providean efficient fault tol-
erancemechanismto avoiddefectiveprocessors in such large scalesystems.Thispaperdevelops
a self-reconfigurable mechanismof mesharray for easyhardware implementationusing local
defectinformation.Comparedto thoseof previousreconfigurablearchitecture, theproposedself-
reconfigurablemechanismachievesalmostthe samesystemyieldsusingonly local defectinfor-
mation.A prototypeof this self-reconfigurablearray is implementedon FPGAandthehardware
complexitiesarealsodiscussed.
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Stacked-silicon-planesis oneof theattractivetechnologyto implementmassively parallelcom-
puterswith therecentprogressof VLSI technology. Thedevelopmentof suchlargescalesystems
will make numerousapplicationssuchasmulti-media,computervision, andmodelingphysical
phenomenapossible.However, oneof themajor issuesin designinglargescalesystemsis a re-
configurationstrategy to provideanefficient fault tolerancemechanismto avoid defectsonsilicon
planes. To achieve the reconfigurationof massively parallel computersmany previous studies
havebeenproposedfor mesharray.

Kung ��������� [1] proposeda ��� track switch modelwhich hasa row anda column of spare
processingelements(PE)aroundan !#"$! mesharrayandswitchingcircuitsandtracksplaced
betweenPEs.DefectivePEscanberemovedfrom thearrayby changingeachswitchfunction. In
this model,an !%"$! arrayis realizedby assigningeachfaulty PEto a compensationpathwith
a sparePE usingthe graphtheory. Sincethis modelhaslow hardwareoverheadinvolvedwhen
changingeachinter-connectionof adjacentPEs,many studieshavefocusedonthismodel[2], [3].
However, thesereconfigurablestrategiesrequirea hostcomputerto calculatethecombinationof
thecompensationpathsusingtheglobalinformationof faulty PEs.

For massively parallel computers,an effective self-reconfiguringmechanismusing local de-
fect informationis very attractive. NumataandHoriguchi [4] proposeda BypassandShift (BS)
methodusingonly local defectinformation. TheBS method,however, doesnot guaranteea fast
reconfigurationsinceit usesrecursive signalsto avoid deadlocks.Takanami�&�'�(��� [6] proposed
a neuralalgorithmusinga Hopfield-typeneuralnetwork. Althoughmany reconfigurationmeth-
odshave beenproposed,thesemethodsarenot hardwareorientedbecausethey requirecomplex
algorithmsor proceduresto changeall theswitchfunctions.
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Figure 1. Self-reconfigurab le mesh array and PE internal structure .

This paperproposesan efficient self-reconfigurationmechanismfor mesharrayswhich uses
only local defectinformation.A simplerule usedto changeeachswitchfunctionin theproposed
algorithmenableshardwareimplementationto be mademoreeasily. Comparingthe reconfigu-
rationperformanceof theproposedmethodwith previous studies,it is shown that theproposed
methodachievesthesamesystemyieldsandreconfigurationspeedsaremuchfaster. Thehardware
complexities of the self-reconfigurablesystemarealsoevaluatedby implementinga prototype
self-reconfigurablesystemon FPGAchips.
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Reconfigurationin arrayprocessorsaimsto obtainan !%"E! arrayfrom an F&! + G�H�"IF&! + G�H
array by replacingfaulty PEswith sparePEsusing switchesand redundantinter-connections.
G rows and G columnsof sparePEsareaddedto the !J"K! array. Figure1 shows the self-
reconfigurablemesharraywhen ! =4 and G =2. SparePEsareidenticalto normalPEsin terms
of functionandperformance.Thephysicaladdressof eachPEis denotedasPE[L ,M ] F��ONPLRQSMTN
! + G�H , wherethe L -th row andthe M -th columnareorderedfrom theupper-left. U verticaltracks
areplacedbetweeneachcolumnto connectadjacentPEsin ahorizontaldirection.Thispaperwill
focuson a U =1 typearchitectureandit will bedescribedlater.

Switchesareallocatedat intersectionpointsandhave four functionsasshown in Fig.1. TheVXW
functionis theinitial functionof all switches.Eachswitchhasa physicaladdressdescribed

asSW[L ,M ] where�YNZLRQ[MON\! + G -1. Theportselectorin Fig.1selects! I/O portsfrom possible
! + G ports.Theself-reconfigurablearchitectureis namedasan ! - G -U type,thenFig.1shows a
4-2-1type.

Figure 1 also shows the PE structurewherefour switchesare allocatedto eachI/O port to
achieve threePE states;Use, PassVandPassH. The PassVandPassHstatescorrespondto by-
passingPEsverticallyandhorizontally. All faultyPEschangetheirstatesinto thePassVstateand
becomeconnectingelements.ThePassHstateis usedin bypassing.It is alsoassumedthateach
PE[L ,M ] hasaBuilt-in-Self-Test(BIST) circuit to detectfaults,denotedas ]_^�`aU [ L ,M ] whichhasa
valueof 1 (faulty)or 0 (healthy),thoughits circuit is notdiscussedin thispaper.

Comparedto ��� trackswitchmodel,the ! - G -U typearchitecturehasfollowing characteristics.
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Kung’s modelhasswitchesin bothhorizontalandverticaltracksbecauseit changesswitchstatus
by selectinga compensationpathamongfour directionsin orderto find a sparePE.On theother
hand, ! - G -U type architecturedoesn’t needswitchesin the horizontaltracksbecausea logical
addressgivento componentPEof thearrayis shiftedtowardsouthdirectionaswell asBSmethod
[4]. Thenumberof sparerows andcolumnsarelimited in the � � trackswitchmodelwherea U
trackmodelcantreatjust the U sparerowsandcolumnsof sparePEs.Theproposed! - G -U type,
however, choosesany numberof rowsandcolumnsof sparePEs.
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Toobtainan !Z"g! arrayfrom an F�! + G�H4"gF�! + G�H arrayincludingany faultyPEs,theproposed
reconfigurationalgorithmconsistsof thefollowing threesteps.Step1 is to bypassthe G columns
in orderof the numberof faulty PEs. Step2 is to deactivateall the PEswhich disturbproper
inter-connectionbetweenadjacentPEs. Step3 is to changeall theswitch functionsat the same
time. Theproposedreconfigurationcomprisesof two tasks,bypassingcolumnsandchangingthe
switchfunctions,henceit is calledtheBypassandChange(BC) method.

3.1. Bypassingcolumns

Step1 of BC methodis to bypassthe G columnsof an F&! + G�H	"hF�! + G�H array. Bypassinga
columnis definedasremoving thecolumnfrom anarrayandis realizedby changingall PEstates
in thecolumninto PassH. It seemsthatbypassingis anefficientstrategy for clusteredfaultswhere
many faultsconcentrateon onecolumn. After bypassingthe G columns,the F�! + G�Hi"jF&! + G�H
arrayis reducedto an F�! + G�Hk"I! array. To explain thebypassingalgorithmmoreclearly, some
definitionsarenecessary.

Definition 1 lnmpo [ L ,M ] and lnq1rts [ L ,M ] are definedas follows, which arean input value and an
outputvalueof PE[L ,M ] respectively.

lumvo [ L3Q[M ] w
myx �z|{ � ]_^(`aU [ }~Q[M ] where �YNZLeN�! + G�Q�

where Lkw����
luq1rts4� L3QSM��Jw lumvo�� L3Q[M4�n��]�^(`aU�� L3QSM����

It is clear that lnq1rts [ ! + G ,M ] correspondsto the total numberof faulty PEson the M -th column.
Thenthebypassingalgorithmis shown asfollows.

1. Obtainthetotalnumberof faulty PEs lnq1rts [ ! + G ,M ] ateverycolumns.

2. Bypassthe G columnsin orderof lnq1rts4� !���G�Q[M4� asfollows.

2.1 Bypasscolumnsincluding luq1rts [ ! + G ,M ] ��G .

2.2 Let G VX��� ^�! bethenumberof remainingcolumns.PE[! + G ,M ] accumulates1 to
G V��;� ^�! if the columnis not bypassedandtransfersG VX��� ^�! to the adjacent
PE[! + G ,M +1]. Thenthelower-right PE[! + G , ! + G ] obtainsthetotal numberof re-
mainingcolumns.

2.3 Accordingto G V��;� ^�! , thefollowing stepsareperformed.� For G VX��� ^�!�w�! , thebypassalgorithmis terminatedwith success.� For G VX��� ^�!���! , thereconfigurationfails.� For G VX��� ^�!���! , bypassjust F&G VX�;� ^�!j��!EH columnsrepeatedlyin order
of lnq1rts [ ! + G ,M ] asshown in Figure2.
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begin���������O� �9¡£¢/¤¦¥�§Y¥ ;¨[©ª�'«	�¬��� ;
while �����®_¯ do

begin
for ° �¬�T± to ¥d²�� do

if ³�´�µª¶�· ¥�²Y�	¸ °1¹ �O¨[©3�'« then
begin

Bypassthecolumn;¨[©ª�'«	�¬�£§ ±
end;

if ¨[©ª�'«	�£§�± then�����®�¬�O������§�± ;
else¨[©3�'«	���O¨[©3�'«e§�±

end
end.

Figure 2. The bypassing algorithm of
process 2.3.

Figure 3. Deactiv ating PEs by signals.

3.2. Deactivating PEs

Faulty PE[L ,M ]s mustbe deactivatedandreplacedby otherhealthyPEs. By replacingfaulty
PEswith healthyPEs,somehealthyPEsalso aredeactivatedas shown in Figure 3. In Fig.3,
thePE[L ,M ] is unableto connectwith thePE[L -2,M -1] andthePE[L -2,M +1] for U =1. In this case,
PE[L -2,M -1] andPE[L -2,M +1] aredeactivatedandcompensatedby PE[L -1,M -1] andPE[L -1,M +1] in
order to connectwith PE� LRQ[M4� . The objective of ºª�»�&¼u� is to remove all suchdisconnection.In
Fig.3, PE[L -1,M ] detectsthe disconnectionandtransfersdeactivation signalsto both PE[L -2,M -1]
andPE[L -2,M +1]. EachPEhasa variable ½ VX��¾ U [ L ,M ] which hasa valueof 1 (deactivated)or 0
(not deactivated).Now that thevariable ½ VX�'¾ U [ L ,M ] hasbeendefined,all PEswhich have the
variable l ��¿XÀ U [ L ,M ] = ]_^�`�U [ L ,M ] OR ½ VX��¾ U [ L ,M ] = 1 aretreatedasfaulty.

Definition 2 Thevariable `mvo [ L ,M ] and `q1rts [ L ,M ] aredefinedby replacing]_^(`aU [ L ,M ] in Defini-
tion 1 with l ��¿XÀ U [ L ,M ] to take ½ VX��¾ U [ L ,M ] into account.

The algorithmof step2 of the BC methodperformsthe following two processesin all PEs
independently.

� PE[LRQ[M ] transfersasignalto bothPE[L -1,M -1] andPE[L -1,M +1] with following condition.
`mvo [ L ,M ] ��� and l ��¿XÀ U [ L ,M ]=1.� PE[L ,M ] which receivedsignalschanges½ VX��¾ U [ L ,M ] into 1 in orderto bedeactivatedwith

following conditions.
`mvo [ L +1,M -1] - `mvo [ L ,M ] ��� (receivedsignalfrom PE[L + �|Q[M -1]),
`mvo [ L +1,M +1] - `Cmpo [ L ,M ] �\� (receivedsignalfrom PE[L +1,M +1]).

3.3. Changing switch functions

After bypassinganddeactivating,eachswitchfunctioncanbechangedfrom theinitial functionVXW
into anotherfunction at the sametime. Figure4 shows the rule usedto changea switch

functionusingthe local informationof l ��¿XÀ U [ L ,M ], l ��¿XÀ U [ L ,M +1], `mvo [ L ,M ] and `mvo [ L ,M +1].
This rule enablesthe BC methodto be implementedinto hardwareeasily, namelyFig.4 canbe
designedusingsimplecircuits(shown in Figure9 later).

Theexampleof all switchfunctionsof Fig.4areillustratedin Figure5whichshowstheexample
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begin

if Á�Â¬Ã [ Ä ,° ]  Á|ÂÅÃ [ Ä ,° +1] then

SW[Ä ,° ] := ¥�Æ ; Ç1Ç[Ç[È ±RÉ
elseif Á Â¬Ã [ Ä ,° ] Ê£Á ÂÅÃ [ Ä ,° +1] then

SW[Ä ,° ] := ¥�� ; Ç�Ç1Ç[ÈyË É
elseif Á Â [ Ä ,° ] � Á ÂÅÃ [ Ä ,° +1] then

begin

ÈvÌ ¸ÎÍ»É := Èv³ ¢gÏnÐuÑ [ Ä ,° ],³ ¢gÏnÐuÑ [ Ä ,° +1]);

if ÈvÌ ¸ÎÍ»É� È ¯�¸Î¯|É then

SW[Ä ,° ] := �'Æ ; Ç1Ç1ÇSÈyÒ É
elseif ÈvÌ ¸ÎÍ»É� È ±»¸Î¯|É then

SW[Ä ,° ] := ¥�Æ ; Ç[Ç�Ç[ÈpÓ É
elseif ÈvÌ ¸ÎÍ»É� È ¯�¸1±RÉ then

SW[Ä ,° ] := ¥�� ; Ç1Ç1Ç[È�Ô É
elseif ÈvÌ ¸ÎÍ»É� È ±»¸1±RÉ then

SW[Ä ,° ] := ¥�Õ Ç1Ç�Ç[ÈyÖ É
end

end.

Figure 4. The rule to determine switc h
state .

Figure 5. The reconfiguration example
for 6-2-1 type .

of reconfigurationfor a × - � - � typearchitecture.Eachnumberin Fig.5correspondsto thenumber
in Fig.4 andshows examplesituations.In this reconfigurationexample,two columnson the far
right sideandleft sidearebypassed.
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Thereareseveralperformancemeasuresto evaluatetheeffectivenessof fault tolerancesystems.
This paperconcentrateson the systemyield and the reconfigurationtime as figuresof 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 model is commonlyusedin previous studiesusingthe assumptionthat each
PE fails with the sameprobability, PE yield. Array yield is definedby theprobability to obtain
an !�"ß! arrayfrom an F�! + G�He"IF�! + G�H arrayusingreconfigurationmethods.Figure6 shows
the array yields performanceof the � � - G - � type architectureas a function of PE yield. Here
arrayyields of BC andBS areobtainedfor G =2, 4, 6. Eacharrayyield is the averageof 1000
simulationresults.TheBC methodachievesalmostthesamearrayyieldsastheBS methodwith
recursive shifts in eachtype of architecture.The solid line in Fig.6 indicatesthe yield of a ��� 
trackswitchmodelfor 20" 20which is obtainedby Kung[1] underthesameassumption.Kung’s
methodachieveshigherarrayyieldsthantheothertwo methodswhenPEyield is low. Takinginto
accountthatKung’s methodobtainsthecompletesolution,theBC methodcanachieve thesame
yield of Kung’s methodusingonly local defectinformation.
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Figure 6. Arra y yields for 20-R-1 mesh
arrays.

Figure 7. Reconfiguration times for BC
and BS methods.

TheBC methodaswell astheBSmethodcanenhanceits arrayyieldsby increasingthenumber
of sparerows G . Thearrayyield of theBC methodis improvedsignificantlyfor thecasesof G =4
and G =6. On theotherhand,sincethenumberof sparerows G in Kung’s methoddependson the
numberof tracksU , it cantreatonly G =1 whenU =1.

4.2. Reconfiguration time.

Next wediscusstheexecutiontimesinvolvedin reconfiguremesharraysby theBC methodand
theBS method.The reconfigurationtime is definedasthe total stepsto reconfigurethe !à"h!
arrayfrom the F&! + G�Hi"hF�! + G�H array. First, we estimatetheworst reconfigurationtime of the
BC methodconsistingof bypassing(step1), deactivating(step2) andchangingtheswitches(step
3). Step1 is performedeven if thereareno defectsin the array. In this case,F&! + G�H , F�! + G�H ,
F�! + G�Hg"$��G time stepsarerequiredin process� , ���á� , ���áâ of bypassingrespectively. Hencethe
worst time of bypassingfor theBC methodis estimatedas F�! + G�H�F&�|G + ��H time steps.In `a�»�&¼u�
of the BC method,if one signal deactivatesall PEs(sucha situationwould never occur), the
maximumcostis F&! + G�H�"TF�! + G�H timesteps.̀��»�&¼uâ changesall switchfunctionsata time,soit
requiresonly 1 time stepfor any fault distributions.Accordingto theabove estimationtheworst
reconfigurationtimeof theBC methodUaã>äåF�!æQ¦G�H is estimatedasfollows.

U�ã�äåF�!æQ¦G�H�w�F�! + G�H�F���G + ��H + F�! + G�H�F&! + G�H + � .
On theotherhandthereconfigurationtime of theBS methoddependson defectdistributions,

soit is evaluatedby simulationexperimentsassumingthateachsignalusedin themethodcanbe
processedwithin 1 timestepideally. Figure7 plotsthetime Uaã>äåF�� � Q»G�H estimatedaboveandthe
reconfigurationtimeof theBSmethodfor thesamearraysizein Figure6. As thenumberof spare
rows G increases,thereconfigurationtime of theBS methodincreasessignificantly, however, the
increaseof U ã>ä F&� � QRG�H is small. It is shown that theBC methodperformsreconfigurationmuch
fasterthentheBS method.
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5.1. SystemBoard

Theself-reconfigurablemesharrayusingBC methodhasbeendesignedandsimulatedby using
theMAX+PlusII, ALTERA.Thesystemwasimplementedin theEPF10K250AGC599-3(250000
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Figure 8. The hardware instruments.

gates)on theMEB200-A250andMU200-EA10,MitsubishiElectronicMicro-computerApplica-
tion SoftwareCo. LTD. Theseinstrumentsareshown in Figure8.

5.2. Designedhardware circuits

5.2.1.Switch circuits: Figure9 shows theswitchcircuit in which controlpartperformsto deter-
mineswitchfunctionsin Fig.4. Accordingto thedesiredfunction,eachport (8bit width) in Fig.9
is connectedto oneof threeotherports(excludingnorthport andsouthport). Thehardwarecost
of this circuit is evaluatedas85 LCs (Logic Cell) usingtheMAX+plusII designtool. Since1 LC
correspondsto about20 logical gates[7], its hardwarecostis estimatedasabout1700gates.

Figure 9. A switc h cir cuit.

5.2.2.PE: Theoutlineof PEwasshown in Fig 1. To evaluatetheself-reconfigurablemesharray,
PE is designedto executethe functionsrequiredin the BC method. PE includesfour switch
circuits,a circuit to accumulatèq1rts [ L ,M ], a circuit to generatesignals,a circuit to deactivatePE
andsoon. Flip-flopsto hold ]_^�`aU [ L ,M ], l �'¿�À U [ L ,M ], physicaladdressandlogical addressare
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Figure 10. A component of bypass con-
trol cir cuit. Figure 11. Multiple xers in por t select.

alsorequired.Thesecircuitsaredesignedusing108LCs,about2160gates.

5.2.3. Bypasscontrol circuit: Figure10 shows a componentof thebypasscontrol circuit. The
prototypeconsistsof F�! + G�H componentsandallocateat thebottomof eachcolumn. Sinceby-
passingis performedby asynchronizingtoken,anupperDFF(D-typeflip flop) configuresashift-
registerin orderto provide tokens. A comparatorcompareslnq1rts [ ! + G ,j] with ë»ì3í�¼ (explained
in Fig.3) andexecutesthebypassalgorithm. A componentof thebypasscontrolcircuit includes
26LCs, thatis about520gates.

5.2.4.Port selectcircuit: Figure11 shows a port selectcircuit consistingof ! multiplexersand
it is usedto connectall logical rows (columns)with properI/O ports. In Fig.11,PE[L ,1] on the
mostwestcolumncanbeshiftedinto PE[L + G ,1], soonemultiplexer selectsoneport from F�G +1)
ports.A port selectcircuit is designedusing37LCs, thatis about740gates.

5.2.5. 6-2-1 Type Mesh Array: A × - � - � type systemis designedand simulatedin order to
estimatethehardwarecomplexitiesandthespeedof reconfiguration.Somedefectpatternsarealso
embeddedinto PEs.Thefollowing threemethodscanbeselectedto observe if reconfigurationis
successfulor not.

1. Checktheoutputdataatall I/O pointsdueto theinput data.

2. Checkall theswitchfunctions.

3. Checkthemappingbetweenall physicaladdressesandlogicaladdresses.

In all threesteps,theexpectedresultsareobserved for eachdefectpatterns.TheBC method
canbeimplementedonFPGAusingthesystemclock 20MHz.

5.3. Discussionof hardware overhead

The hardwareoverheadsof the reconfigurablemesharrayarediscussedhere. The Hardware
costsof eachcomponentarealreadyshown above. Let îXF�!æQ¦G�Q¦ïYH betheentirehardwarecostof
the F�! + G�Hk"IF�! + G�H mesharray. îYF&!ðQ¦G�Q¦ïXH is estimatedasfollows.

îXF�!æQ¦G�Q¦ïYH9w���ñ ��� F�!ò��GO����H�F&!$��G�H¦��F&�|��× � �ðïYH�F&!$�ðG�H�F�!h��G�H¦�ðó|� � F&!ò��G�H¦�ðñRô � "eôC!æQ
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Table 1. Overhead rate of switc hes for 6-2-1 type .

PE(gates) array(gates) õgöS÷ mpsùøûú F&×|Q»��Q»ïXH
5000 581320 0.45

10000 901320 0.29
50000 3461320 0.075

100000 6661320 0.039

whereï is thenumberof gatesfor aPE.
Let’s define õgöS÷ mpsùøûú F&!æQ¦G�Q¦ïYH asa hardwareoverheadrateof theswitchingcircuits to there-

dundantmesharray.

õgöS÷ mvsáøûú F�!æQ¦G�Q¦ïXH9w îXF�!æQ¦G�Q � H
îXF�!æQ¦G�Q¦ïYH��

The õgöS÷ mvsùøyú F�!æQ¦G�Q¦ïXH includesthe overheadof control circuits, port selectsand switchesin
PE etc. Table1 shows the overheadrate of switches õgöS÷ mvsùøyú F�!éQ¦G�Q¦ïYH for a × - � - � type. The
õgöS÷ mvsùøyú F�!æQ¦G�Q¦ïXH is a small when the hardware of a PE is relative large ( ï =50000,100000),
while it is unacceptablerate when the hardware of a PE is relative small size. Note that the
õgöS÷ mvsùøyú F�!æQ¦G�Q¦ïXH is evaluatedundertheassumptionof the bus8 bits width. If the buswidth is
reducedto 1 bit, the õgöS÷ mpsùøûú F&!æQ¦G�Q¦ïYH will show lower rates.

ü���ýZ�e����.1��=������

The reconfigurationprocessto avoid defective processorsis oneof the most importanttech-
nological issuesin the designof massively parallel computers. This paperproposedthe self-
reconfigurablearchitectureof mesharrayandtheself-reconfigurablealgorithm(BC Method).The
BC methodchangeseachswitchfunctionat a time usingonly local information.It is seenby the
performanceevaluationthattheBC methodachievesmuchhigherarrayyield thanKung’smethod
usingsufficientsparePEsandmuchshorterreconfigurationtimesthanthoseof BSmethod.A pro-
totypesystemis alsodesignedandimplementedonFPGAchipsandits hardwarecomplexitiesare
evaluated.
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