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Abstract

In this paperafault-tolerantoutingin 3-D meshesvith
dynamicfaultsis provided. It is basedon anearlywork on
fault-tolerantroutingin dynamic2-D meshesvherefaults
occur during a routing process. Unlike mary traditional
modelsthat assumeall the nodesknow global fault infor-
mation, our approachis basedon the conceptof limited
globalfault information. First, a fault modelcalledfaulty
block is usedin which all faulty nodesin the systemare
containedn a setof disjoint faulty blocks. Then,theinfor-
mationof faulty block needsto be distributedto a limited
numberof nodesat the boundariesof the faulty block to
avoid a messagenteringa detourarea. Whennew faults
occut faulty blocksneedto bereconstructedndtheir fault
information needsto be redistrituted. We study the lim-
ited distribution of faultinformationin 3-D meshesvith dy-
namicfaults. Our studyshavs thatfaultinformationcanbe
distributedquickly duringthe routing process.In addition,
the performanceof routing processdegradesgracefullyin
suchadynamicsystem.

1 Intr oduction

The mesh-connectetbpolagy is one of the mostthor-
oughly investigatednetwork topologiesfor multicomput-
ers.Like 2-dimensiona(2-D) meshes3-D meshesrelow-
dimensionalmeshesthat have beencommonly discussed
dueto structuralregularity for easyconstructionand high
potentialof legibility of variousalgorithms. The current
IBM Blue Geneprojectusesa 3-D meshto build a super
computer1].

As the numberof nodesin a mesh-connectechulticom-
puterincreasesthe chanceof failure alsoincreases.The
complex natureof networks also makes them vulnerable
to disturbancesvhich canbe eitherdeliberateor acciden-
tal. Thereforetheability to toleratefailureis becomingn-
creasinglyimportant,especiallyin the communicatiorsub-
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system . Severalstudieshave beenconductedvhichachiere
faulttoleranceby adding(or deleting)extra component®f
thesysten5]. However, addinganddeletingnodesand/or
links requiresmodification of network topologieswhich
may be expensve anddifficult. We focushereon achies-
ing faulttoleranceusingtheinherentredundang presenin
the mesh-connectethulticomputey without adding spare
nodesand/orlinks.

Recently a routing switching technique known as
pipelined circuit switching (PCS) was developed by
Gaughanand Yalamanichili[2]. Unlike wormhole rout-
ing, PCSallows backtrackingduring the pathsetupphase.
Backtrackingis a key elementin providing fault tolerance
in a systemwith dynamicfaults. However, without fault
information,the routing procesamay entera region where
all minimal pathsto the destinationare blocked by faulty
nodes.Thus,PCSroutingneedsitherto detouror to back-
trackandcausesoutingdifficulty whichwill increaseout-
ing delayandcausdraffic congestionTheroutingprocess
hererefersto the pathsetupphase.ln PCS theactualmes-
sagesendingoccursafteraroutingpathis setup. Dynamic
faultsreferto onesappearingn the set-upphaseonly.

Most routing techniquesare not suitablefor networks
with dynamicfaults. In addition,a goodanalyticalmodel
is lackingwhile we resortmostlyto simulations.A routing
in 2-D meshedasedon faulty block information,whichis
a specialform of limited distribution of fault information,
is presentedn [4]. Theinformationmodelexhibits desir
ablepropertief self-stabilizing self-optimizing,andself-
healingin 2-D meshesvith dynamicfaults.In addition,the
performancef routing procesdasedn the faultinforma-
tion degradeggracefully Comparedwith otherfaultinfor-
mationsuchas a routing table associatedvith eachnode,
the updateof faulty block information corvergesquickly,
andit alsoreduce®scillationupdatecausedy unstablén-
formation(alsocalledinconsisteninformation). Compared
with the routing-table-basetbuting, our approactreduces
the memoryrequiremento storefault informationin the
whole network. Whena disturbancenccurs,only thoseaf-
fectednodesneedto updatefaultinformation.



This paperis our first attemptto studythe effect of dy-
namicfaultson routingin 3-D meshes.We extendthere-
sultsin 2-D meshego 3-D meshes.First, a setof disjoint
3-dimensionafaulty blocks are usedto containall faulty
nodesin a 3-D mesh. Thefaultinformationwill be propa-
gatedalongtheboundarie®f afaulty blockin our distribu-
tion procesgo helproutingavoid routingdifficulties. When
dynamicfaultsoccur, faulty blocksneedto bereconstructed
andtheirfaultinformationneeddo beredistrituted.During
the converging period, the routing procesanay experience
more detourswith inconsistentinformation. For a given
pair of sourceanddestinationin 3-D meshewith dynamic
faults, our fault-information-base®CSrouting keepscer
tain levels of fault toleranceandadaptvity. Moreover, our
resultsin 3-D meshesanbe extendedto n-D meshesas-
ily. Throughoutthe paper proofsto theoremsare omitted
andcanbefoundin [3].

2 Preliminaries

3-D meshes Eachnodew in a 3-D meshis labeledas
(Zws Yus 24) OF sSimply (z,y, ). Two nodes(z,, y», 2,) and
(Zw, Yu, 24) areconnectedf their addressesliffer in one
and only one dimension. Basically nodesalong eachdi-

mensionare connectedasa lineararray The distancebe-
tweentwo nodesu andv, D(u,v), iS equalto | z,, — 2, |

+ | Yu — Yo | + | 2u — 2y | - Assumenodeu is thecurrent
node,d is thedestinatiomode,andv is a neighborof node
u. v is calleda preferred neighborif D(v,d) < D(u,d);

otherwise,it is calleda spae neighbor Respectiely, the
correspondingonnectinglirectionsarecalledpreferreddi-

rectionandspar direction

Faulty block and its block information. Thefault model
in 3-D meshewsisesa similar definitionof faulty block asin

2-D meshesln [6], Wu presentsa modelthatactivatesthe
mostnon-faulty nodesfrom faulty block andusesthe least
stepgo build faulty blockin n-D mesh.It canbeappliedin

3-D meshess:

Definition 1: In a 3-D mesh,a non-faultynodeis either
marked enabledor disabled. Initially, all nonfaultynodes
are marked enabled. A nonfaultynodeis marked disabled
if there are two or more disabledor faulty neighbos along
differentdimensionsConnectedlisabledand faulty nodes
forma faulty blodk, simplyblock.

From Definition 1, we have the following definition of
the six surfacesthat are adjacentto the six surfacesof a
faulty block.

Definition 2: The six adjacentsurfacesof a faulty block
are definedas oneunit distanceawayfrom the surfacesof
thefaulty block in eadh direction. SurfacesS, and S; are
parallel to plane X = 0 with Sy on the westside of Ss;
surfacesS; and S, are parallel to planeY = 0 with S;
on the southside of Sy; surfacesSs and Sy are parallel
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Figure 1. (a) Faulty block (Definition 1) and (b)
its adjacent surfaces.
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Figure 2. Boundaries of ablock. (a) Boundar y
for S, starts from the edges of S». (b) Bound-
ary of a block from the view of one edge. (c)
Boundar y of a block from the view of one cor-
ner. (d) Boundar y of block A inter secting with
block B.

to plane Z = 0 with S, on the bad sideof S5. Theline
connectingtwo adjacentsurfacesis called an edge of the
block. Thete are 12 differentedgesfor a blok. Thenode
connectedhree edgesof the block is called a corner and
there are 8 cornersfor a blodk (seein Figure 1 (b)).

As aresult,asetof cube-typeof faulty blocksis formed.
For example(Figure1 (a)), by four faults(3,5,4), (4,5,4),
(5,5,3),and(3,6,3)in a 3-D mesh thecorrespondindaulty
block containsnodeswhich form a faulty block [3:5, 5:6,
3:4]. Ingeneral{zmin + 1:Tmaz — 1, Ymin + 1:Umaz — 1,
Zmin + Lizmaz — 1] representafaulty block with eightcor-
ners: (xminvyminnzmin)! ($mawiyminlzmin)! (xmazi Ymaz
zmin)! (xmz’n! Ymaz, zmin)! (xmz’nv Ymin, zmaz)l (xmazn
Ymin, Zmaw)! (xmaza Ymaz, zmaz): and(mminv Ymaz» zmaz)'

For ary two oppositeadjacensurfaces,S; andSy in Fig-
urel (b), if theroutingmessagentershearearight below
S1 andits destinatioris right over Sy, thereis no minimal
pathbecausehefaulty block disconnectsll shortespaths
betweerthecurrentnodeandthedestinationTheboundary
surface,simply boundaryis usedto enclosesuchan area.
With the block informationat eachnodeon this boundary
the routing decisionwill avoid selectinga preferreddirec-
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Figure 3. Recovery of a faulty node.

tion that leadsthe routing messagédo enterthe dangerous
area.Thatpreferreddirectionis calledpreferred but detour
direction,andsucharoutingis calledcritical routing. Oth-
erwise, the selectionof ary preferreddirectionin routing
decisionwill notaffecttheminimalrouting,andtherouting
is callednon-critical routingrespectiely.

As shavnin Figure2 (a),theboundaryfor S, startsfrom
theedgeof S; (exceptfor thecorner). Theblockinforma-
tionwill propagatalongthisboundaryin negativeY direc-
tion. Withoutary otherblocks,thepropagatiorof boundary
informationis forwardednodeby nodein one dimension
until it meetsthe edgeof the meshes.Figure 2 (b) shavs
boundarie®f ablockontheview of oneedge andFigure2
(c) shawvs boundariesof a block on the view of a corner
in 3-D mesheslf the boundarypropagatiorfor surfaces;
startingfrom the edgesof its oppositesurfacesS ;) mod 6
intersectsvith anothemblock, from thefirst adjacenhodeof
thesecondlockit reachesthe propagatiowill memgeinto
the surfaceS; of the secondblock. Suchpropagationwill
continuealongthe otherfour adjacentsurfacesof the sec-
ondblock. Andit will memgeinto theboundaryfor S; of the
secondlock,whichstartsfromtheedgef S(; 3) moq 6 Of
thesecondlock (seein Figure2 (d)).

3 Fault Information Constructions

In 3-D meshesthe shapeof a faulty block may change
duringa routing processwith the occurrenceof new faults
or by the recovery from faulty statusto healthyones. An
extendedenabled/disableldbelingschemas introducedo
quickly identify thosenon-faultynodesn afaultyblockthat
may causeroutingdifficulty.

Definition 3: In a 3-D mesh,if any new fault occurs, Def-
inition 1 is applied. If any nodeis recoreted from faulty
statusi,t is labeledclean. A disablednodeis labeledclean
if it hasa cleanneighborandhasnottwo faultsin different
dimensionsOnceall its neighbos knowits cleanstatusin

the cleanprocessthe cleannodeis labeledenabled.Each

enablednode applies Definition 1 until there is no status
change.

BasednDefinition3, therearethreetypesof nodesafter
theprocedurés stabilized:faultynodesgnablechodesand

disablednodes. After a new fault occurs,an enabledhode
maychangeo disabledbasedn Definition 1 andaffectthe
statusof its enablecheighbors.This propagatiorwill incur
theconstructiorof anew faulty block. Specificallyarecov-
erednodeis setto clean This cleanstatuswill propagate
to ary disablednon-faulty neighborand contribute further
changes.

In Figure 3 (a), node (5,5,3) is recoveredfrom faulty
status. First, (5,5,3)is labeledcleanand it triggersthe
changeof statusin its disabledneighbors(4,5,3), (5,6,3),
and (5,5,4)to clean. The procedurecontinuesuntil there
is no more statuschange. The stabilizedfaulty blocksare
shavnin Figure3 (b). Notethatwhen(3,5,3)knowsthesta-
tus changeof (4,5,3),it doesnot changeits statusto clean
sinceit hastwo faulty neighborsin differentdimensions.
(4,5,3)changego enabledonceall its neighborsknow its
cleanstatus. In the next round, it hasonefaulty neighbor
(4,5,4)and onedisabledneighbor(3,5,3). Then,this new
enablednodewill changeto disabledwhenDefinition 1 is
applied.

This enabled/disablethbeling schemein 3-D meshes
canquickly identify thosenon-faulty nodesthatmay cause
routing difficulty by labeling them disabled. Eachactive
nodecollectsits neighbors'statusandupdatests status.For
eachoccurrencef anew faultor anew recoserednode the
new nodestatuscan be easily determinedhroughrounds
of statusexchangesamongneighbors.Only thoseaffected
nodesupdatetheir status.Sucha procedures calledblodk
construction

After block constructionis incurred by new faults, a
faulty block in 3-D meshesnay enlageits size,or a new
faulty block mayappeain the network. Ontheotherhand,
after block constructionis incurredby somenodesrecor-
eredfrom faulty status,a faulty block in 3-D meshesnay
shrinkits sizeor bedividedinto severalsmallfaulty blocks.
The deletion processstartsand will propagatealong old
boundariesvhena cornerof the old faulty block finds its
existing condition cannotbe satisfied. Also, to identify a
new faulty block, theidentificationprocesstartswheneser
anew corneris formed.

From an initialization corner an identification pro-
cess has three phases. In phaseone, two identifica-
tion messagesre initiated at that corner for example,
C(Zmaz, Ymins Zmaz) IN Figure4 (a). They carry the po-
sition information of node C, the partial block informa-
tion, andwill be sentalongthe X andY dimensiononthe
edgesof the block (y = Ymin A 2 = 2Zmas alongthe X
dimensionandz = Z.,4; A 2 = Zmae alongtheY dimen-
sion). In phasawo, ateachnodeontheedgesfor example,
E(xea Ymin, zmaz) onedgey = YminNZ = Zmaz, WO iden-
tification messageareinitiated and carry the samepartial
blockinformation. They will besentto thosetwo neighbors
adjacento thesectionof thisfaulty block on planez = z.,
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Figure 4. Information collection in the identi-
fication process.

(xea Ymin + ]-, zmaw) and(xe, Ymins maz — ]-) SUChprop'
agationwill continueuntil themessagéraversesll theen-
ablednodesadjacentto the sectionof the faulty block on
planezx = z.. Thesewo messageom E(z., Ymin, Zmaz)

will reachthenodeE'(z¢, Yimaz, 2min) ONtheoppositeedge
Y = Ymaz N2 = Zmin. With the position informa-
tion of E andE’, the sectionof block on planez = =z,

[Ymin + 1 ¢ Ymaz — 1, Zmin + 1 ¢ Zmaz — 1] is identi-
fied (seein Figure4 (b)). In a similar way, for eachnode
E(@mazs Ye, Zmaz) ON€AYET = Tmaz A 2 = Zmasz, thesec-
tion of blockonplaney = ye: [Zmin+1 : Tmaz — 1, Zmin+

1 : Zmap — 1] is identifiedat nodeE'(zmin, Ye, Zmin)- 1N

phasehree theidentifiedinformationis collectedby ames-
sagefrom the edgeneighborof corner(z,,az, Ymaz s Zmin)

alongthe X dimension(seein Figure 4 (b)) and a mes-
sagefrom the edgeneighborof corner(z..in, Ymin, Zmin)

alongthe Y dimension.Thesetwo messagewill arrive at
the oppositecornerC' (Zmin, Ymaz > Zmin)- With the posi-
tion information of two cornersC(zmas, Ymin, Zmaz) and
c’ (Zimin, Ymazs Zmin), theblockis identifiedandblock in-

formation[Z,in+1: Zmaz—1, Ymin+1: Ymaz—1, Zmin+

1: Zmaes — 1] is formed.

Algorithm 1: Block constructiorandinformationdistribution
1. Block constructiorby applyingDefinition 3.
2. Identificationof adjacenhodesandcorners.

3. Identificationprocesdrom anew corner:

(a) Two identificationmessagegonealong X dimension
andonealongY dimension)aresentalongthe edges
from thatinitialization corner until they reachtheend
of eachedge.

(b) AseachnodeE(z., ye, z.) ontheedgealongthe X/Y
dimensionreceved the abore messagetwo identifi-
cationmessageare sentalongthe enablednodesad-
jacentto the new block ontheplanez = z./ly = ye,
until they reachthenodeE’ ontheoppositeedge.Each

YZ planeor XZ planesectionof thenew blockis iden-
tified with the positioninformationof its E andE’.

(c) Theidentified partial block informationat eachE’ is
collectedandtransferredlongtheedgedo formfaulty
blockinformationatthe oppositecornerof thatinitial-
izationcorner

4. Thefaulty block informationis propagatedo all the nodes
ontheadjacensurfacesof theblock by theabove procedure
from the oppositecornerbackto theinitialization corner A
boundaryconstructioris actvatedat eachnodeon the edge
of the new block thatrecevesconsistenfaulty block infor-
mation.

After that,by usingtheabove procedurdrom thecorner
¢’ backto the cornerC, the identified block information
[-'I:min +1: Tmaz — LYmin + 1t Ymaz — 1, 2min + 1 :
Zmaz — 1] is propagatedo all thenodesontheadjacensur
facesof this block. To guidetheroutingprocessthefaulty
block informationis transferredalongthe boundaryof the
new faulty block from the nodeson the edgeswhenthey
gettheidentifiedinformation.In our reactve model,if ary
nodealreadyhasthe new faulty block information,thereis
no needto starthew boundarypropagation.This propaga-
tion mayalsoincur a deletionof out of dateboundariesnd
updatethe boundarie®f otherfaulty blocks.Sucha proce-
dureis calledboundaryconstruction All theseprocedures
areshownvnin Algorithm 1 andcaneasilybeextendedo n-D
meshes.

Note that eachidentificationmessagef the identifica-
tion processs expectedto go straightuntil the end of the
edge. If thereis a faulty or disabledneighborin the for-
wardingdirection,thenew blockis notstable.At eachnode
in phase3 of the identificationprocessthereis a checkof
identifiedsections.If thereis a differentsection the block
is alsonotstable.In bothcasesthemessagés discardecht
the currentnodeto avoid generatingncorrectfaulty block
information. If any messages discardedduring the iden-
tification process the oppositecornercannotreceve two
messageatthesametime. Thatis, the shapeof block may
not be the exact one indicatedby the positionsof the ini-
tialization cornerand its oppositecorner TTL is associ-
atedwith eachmessagén our 3-D meshesandthe corre-
spondingmessagevill be discardedncethetime expires.
After two messagemeetat the oppositecornerandform
theblockinformation,the procedures reusedo propagate
identifiedinformation. But this time, the stableblock en-
suresthatthe procedurewill endattheinitialization corner
successfully

4 Faulty-block-information-basedRouting

Algorithm 2: Fault-information-baseBCSrouting



s sourcenode(z g, yg, 25 )
d destinatiomode(z 4, ¥4, 24)
u thecurrentnode(z 4, , Yu » Zu )
F numberof faultsinagivenm X m X m meshandF < 3 * m
fi iR faultoccurrencevherei € {1,2,...,3x F}
t; occurrencdime of f;
d; theinterval betweertwo consecutie fault occurrencesf; and
Fipriiend; =tiqy —t;
t starttime of aroutingprocess
P numberof fault changedeforetheroutingstarts
D distancefrom sources to destinationd
D; distancefrom the currentnodew to thedestinationd attime ¢ ;
a; total stepsthe stabilizingblock constructiorfor f; converges
amaz max{a;}
emaz maximumlengthof edgesof faulty blocks
b; total roundsfor the stabilizingidentificationprocess
c; total roundsfor the stabilizingboundarypropagation
py roundsof faultinformationcollectionandpropagatiorperstep

Table 1. List of notations used.

1. If thecurrentnodeu is disabledbacktrackotherwise,

2. pick anunusedoutgoingdirectionwith the highestpriority.
Theaddres®f u andthedirectionselecteds recordedn the
messag&eader

3. If thereis no unusedutgoingdirection,backtrack.

4. If themessagés backtrackdto thesourcethedestinatioris
unreachable.

Faulty-block-information-lasedrouting in 2-D meshes
(seein [4]) canbe easily extendedto 3-D meshes.Algo-
rithm 2 shaws the routing processn 3-D meshes.For the
currentnodeu(z,,, y., 2.) (# d) with the incomingdirec-
tion and five possibleoutgoingdirections,the routing se-
lectsoneof the directionsastheforwardingdirectionin the
priority orderof preferred,spare(alongwith block), pre-
ferredbut detour andincomingdirections.lt is alsonoted
thateachforwardingdirectionat a participantnodecannot
be usedagain. Thus,like our routingin 2-D mesheseach
routingheadehereincludesa destinatioraddressnda list
of used-directionfor eachforwardingnodealongthe path.
This is becausdhe systemis dynamicandthe priority of
directionsmay alsochange.Theoreml ensureghe effec-
tivenesof our faultinformationmodelwhenfaultsarere-
coveredin the networks.

Theorem 1: Theconstructionf the fault recoserydo not
affectthe optimalrouting

5 Dynamic Fault Model

We adoptthe samemodel of a 2-D meshfor actities
in a nodeof a 3-D mesh. The modelusedrepresentsi re-
active approachwhereinformation updatesare doneonly
whenthereis a changeof statusof atleastoneneighbor At
eachstep,every nodein anm x m x m meshstartswith
fault detectionof adjacentlinks and nodes,and then col-
lectsanddistributesthreekinds of faultinformation: block
information,identificationinformation,andboundaryinfor-
mationthrough\ roundsof exchangesand updates. The

identification process

boudary construction
I |
2

A ‘ time
X rounds

block conslruc!iov1

N

1

fault detection message

reception

block information exchanges and routing decision - message sending

updates ( identified, propagated)
Figure 5. Actions within a step.

disabled/enablestatugpropagationary messagéeadeof
identification information propagation,block information
propagationand cancelingpropagationadvance one hop
furtherateachround.Beforetheendof eachstep,basedn
thefaultinformation,a routing decisionselectsa forward-
ing nodeto forwardthe routing messageTherefore gvery
routing messagedvancesone hop along with its routing
pathat eachstep. The actionswithin a stepare shavn in
Figure5.

To simplify the discussionijt is assumedhatary adja-
centfaults, links, and nodesare detectedat the fault de-
tectionphase(ary faultsoccurringafterthe fault detection
phasewill bedetectedtthenext step).Duringtheupdateof
faultinformation,eachnodecanalsoreceve oneincoming
messagéif ary). It is alsoassumedhatthe action“mes-
sagereceve” occursright beforethe “routing decision”,as
shavnin Figureb.

We assumethere are at most F' faulty nodesin a 3-
D meshnetwork, including dynamicallygeneratedaults.
Faults f1, f2, ..., fr Occurat time ty,ts, ..., tF; respec-
tively, wheret;11 — t; = d; (1 < i < F). To simplify our
discussionit is assumedhatfaultinformationupdatingin
the meshis alreadystabilizedbeforethe next fault occur
rence,andthereis no fault that occursat the outmostsur
facesof a 3-D mesh.Basedon the propertiesdiscussedn
[6], thereis no disconnecte@reain suchamesh.It means
that thereis always a path from an enabledsourceto an
enableddestination. Before a routing messagés initiated
attime ¢, it is assumedhat the first p faults have already
occurred;thatis, p = max{l|t; < t}. D representshe
distancefrom sources to destinatiord. D; representshe
distancerom the currentnodew to thedestinatiord attime
t; whenthes*” fault occurrencgl < i < F) occurs.Be-
forethestarttime ¢, theroutingmessagés atits sourceand
Di=D=[zs—24 | + | Ys—ya |+ | 2 — 2|
(i < m). For theit® fault change,the block construc-
tion will be stabilizedin [4¢] steps theidentificationpro-
cesswill bestabilizedin [%1 stepsandthe boundarycon-
structionwill be stabilizedin [:] steps. We assumehat
d; > max{%+bite}  Therefore,beforethe next occur
renceof fault (¢;41), the boundariedor the faulty blocksat
t; arealreadystabilized.To simplify thediscussionTablel



summarizeshenotationsusedhere.

The discussiorbelov will showv thata routing message
hasno moredetoursghananupperboundwith the guideof
faultinformation.

6 Detour Analysis

In [6], Wu definessafenodein n-D meshesandit can
beappliedin 3-D mesheasfollows:

Theorem 2: Assumethat node (0,0,0) is the source and
node (z4, y4, 24) 1S the destination. If there is no faulty
block that intersectswith the sectionof [0 : z4] along X-
axis, the sectionof [0 : y4] along Y-axis, and the sectionof
[0, 24] alongZ-axis,thesouicenodeis safe(to therouting);
otherwiseit is unsafe

If the sourceis safe,a minimal pathis guaranteedb the
destinatioraslongasnonew faultoccursduringtherouting
processWhena new fault occurs beforethe new faultin-
formationis stabilizedin all threeconstructiorprocedures,
aroutingmessagenayuseinconsisteninformationanden-
ter adetourarea.lf the sizeof a faulty block is limited by
emas, the numberof detoursthe routing needsis limited.
Enlaging the intenal will increasehe numberof optimal
stepsin eachintenal. Sincethedistancerom s to d is lim-
itedin a3-D meshthemaximumnumberof intervalsbefore
the routing messageeachests destinationcanbe reduced
by this way; in otherwords,the numberof total detoursis
reduced.

Theorem 3: For any fault-information-basedouting from
asafesouices to anenableddestinatiord (notin anyfaulty
block), if D(i) > 0: (&) D(¢) = D wheni < p, (b) D(i) <
D — (dz'_l —t+ tp) + 2 % (ai_l + emaz) when: = p+1,
and(c) D(i) < D(i—1) —d;—1 + 2 % (ai—1 + €maz) When
p+1l<i<F.

Assumethatm + g — 1 is thelargestindex for thefault
suchthatD(m + ¢ —1) > 0. Thatis, the f,, 4,1 isthelast
fault changethat could affect the routing process.q is the
maximumnumberof intervalsin whichtheroutingmessage
detoursat leastonce. Basedon Theorem3, we have ¢ =
max{l| D+t —t, — Y04 (di — 2% a; — 2% emas) > 0}
Let us considersereral casedor a routingwith a minimal
pathbeforeit starts:(a) Theroutingmessagavill getcloser
to the destinatiorbetweentwo occurrence®f consecutie
faultsaslongasthesetwo faultsareseparatethy morethan
2(amaz + emaz) time steps. (b) Whend;'s are uniform,
ie.,d; =k, g = max{l|(l — 1)(d; — 2 X (a; + emaz)) <
D+t—t,<D+k}. Theng < L%J. (c)
Maximumdetourfor amessag&ith aminimal pathbefore

it startsis (amaw + emaz) X L%J'

Theorem 4: For a routing messge from a safesource s
to an enableddestinationd in anm x m x m 3-D mesh,

theroutingproceswill endiln thefollowing & intervalsand
-2

k< ma,x{l|D+t—t_p—Efip (di—2%a;—2%emaz) > 0}

Thenumberof maximundetousis & * (emqaz + Gmaz) and

the probability of maximundetourin a routing is no more

+k-17 1

than [T204 (7). _ o
Theorem3 shavs the maximumdetoursn eachinterval

for aroutingmessagérom asafesource A routingfrom an

unsafesourceo its destinatiormayneedmoredetours.The

discussiorbelon extendsthe above resultfor any routing

messagencludingthatfrom anunsafesource.

Theorem 5: Givena routing algorithm, if there is a path
with length L froman enabledsource s to an enableddes-
tinationd in am x m x m 3-D meshtherouting process
will endin the following & intervalsand & < max{{|L +

t—tp— Zfi:i_z(di —2xa; — 2% emag) > 0}

7 Conclusions

In this paper we studiedan upperboundof maximum
detoursin 3-D mesheswith dynamic faults using fault-
tolerantrouting algorithm, basedon our limited globalin-
formation. The faulty block information associatedvith
eachnodeon the boundariehasbeenusedto presentim-
ited globalinformation. Our studyshaws that suchlimited
globalinformationcanbe collectedanddistributedquickly
to helptheroutingprocessApplying this approacho other
faultmodelsareinterestingoroblemsfor futureresearch.
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