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Adaptive and Deadlock-Free Routing 
for Irregular Faulty Patterns 

in Mesh Multicomputers 
Ming-Jer Tsai and Sheng-De Wang, Member, IEEE Computer Society 

Abstract-Message routing achieves the internode communication in parallel computers A reliable routing is supposed to be 
daadlock-free and fault-tolerant. While many routing alnorithms are able to tolerate a large number of faults enclosed by rectangular 
faulty blocks, there IS  no existing algorithm that is capable of handling irregular faulty patterns for wormhole networks. In this paper, a 
two-staged adaptive and deadlock-free routing algorithm called "Routing for Irregular Faulty Patterns" (RIFP) Is proposed. It can 
tolerate irregular faulty patterns by transmitting messages from sources or to destinations within faulty blocks via multiple "intermediate 
nodes." A method employed by RlFP is first introduced to generate intermediate nodes using the local failurs information. By its aid, 
two communicating nodes can always exchange their data or intermediate results if there is at least one path between them. RlFP 
needs two virtual channels per physical link in meshes. 

Index Terms-Adaptive and deadlock-free routing, fauft tolerance, wormhole switching, irregular faulty pattern, virtual channel, mesh 
multicomputer. 

+ 
1 INTRODUCTION 
N parallel computing, processors must commmiicatc with I cach other to exchange data or intermediate results. This 

can be achieved by message routing via aii intercoiinectioii 
network in a multicomputer. In the first generation inulti- 
computers, the packet switching tcchiiiquc is uscd for 
controlliiig the flow of messag-cs through the nctwark [1], 
[16], [20], [22], [26], 1291. It iqegards each packat as an entity 
t h i t  is passed from node to nodc as it movcs through the 
network. Thus, the .iietwork latency is proyortiunal to the 
distance between two communicating nodes. 

In concii went m.uIticomputers, cut-through switching 
techniques are used for reducing the netrvork latency, 
amring which wnrmhnle switching [27], virtual cut-thimugh 
switching [I91 and pipelined circuit-switching [12] arc 
among tlie must papular oiics. 111 the cut-through switching 
model, each packet consists of a sequence of elementary 
flow control units called flits sprcading over several. 
succcssivc nndcs and links. As the header flit advances 
dong a spccificd rouk, tlic subsequent flits follow up in a 
pipclined fashion. The network latency is thereby inscnsi- 
tive to the length of the message path. In wormliolc and 
virtual cut-through tcchniques, data flits immediately 
follow the rout ing header. Whenever the header flit is 
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blocked at at1 intermediate node, the remaining flits stop 
advancing and block all channels they occupied in worm- 
hole switching; in contrast, they are buffered in the 
intermediate node and removed froin tlihc network in 

virtual cut-through switching. In pipelincd cirdt-switch- 
ing, data flits do not imniediatdy follow the routing headcr. 
Wficncvcr the header flit is blocked at ai1 intermediate 
node, it may backtrack and rclcase prcvinusly rescrved 
channels on the pith and atkmpt an alternative path. After 
the header flit reaches the destination, a n  acknowlcdgc flit 
returns to the source node. Then, data flits arc routed to tlihc 
dcstirta tirm via the prcviously reserved path. It is noted that: 

wormhole switching is msccptiblc tn a dcadlock [SI, 

virtual cut-through switching, likc packet switching, 
needs more buffers to prcvcnt a dcadlock [4], [13], 
[151, [171, [211, [241, [301, and 
pipelinecl circuit-switching needs largcr path setup 
time. 

In wormhole networks, Glass and Ni [I41 have proposed 
a partially-adaptive routing algorithn to toltmte n - 1 

faulks in an .n-dimensional mesh based on the tu rn  model.. In 
an  N x N 2D mesh, the routing algorithm, presented by 
Cunningham and Avrcsky in 161, can improvc tlic pcrhr- 
mance aiid provide fault  tolerance for up to N - 1 faults. 
Besides, Hadas and Brand t 1181 proposcd an original-bawd 
routing algorithm to tolerate square faitlty blocks. When a 
fault arises, their method has a hot-spot cffcct and will 
nunminimally rnutc a message even i f  the message does not 
encounter any square fautty block. 
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Based on the concept of virtual interconnection net- 
works, Tinder and T-Tarden 1231 have proposed a fully- 
adaptive and fault-tolerant routing algorithm; However, it 
requires an exponential number of virtual channels per 
physical link and tolerates a small number of faults. By 
comparison, Dally and Roki [7] have proposed a dynamic 
algorithm to remove cycles from a packet wait-for graph 
instead of a channel dcpcndency graph. Thus, the virtual 
channel utiiization can be considerably improved., In their 
algorithm, thc number of faults tolerated and virtual 
channels uscd dcpmds tin the location of faults. 

By t.nc1osing faults with rectangular faulty blocks, many 
adaptive routing algorithins arc able to tolerate a large 
number of faults using a certain number of virtual channels 
per physical link. Chien and Kim [5] havc proposed a 
planar-adaptive routing algorithm, which requires tlircc 
virtual channels per physical link to tolerate faulty blocks 
with a distancc of two in at least one dimension. Using extra 
four virtual channels per physical link, Boppana and 
Chnlasani [2] can enhance any fully-adaptive algorithm to 
tolerate faulty blocks with a distance nf twu in at Icast one 
dimension. Besides, using three vii.tua1 channels per 
physical link, thhc atgririthm presented by Houra and Dns 
[3] providcs full-adoptivity and fault-tolerance. It can 
tolerate faulty blocks with a distance of t h e .  In additicin, 
S u  and Shin [28] have propmad an adaptive routing 
algorithm to tolerate faulty blocks with a distance of three 
in at least one dimension using only two virtual channels 
per physical link. However, all these methods introduce 
rectangular faulty blacks within which all nridcs are 
regarded as faulty ones. Thus, good nodes within faulty 
blocks are prohibited from exchanging messages with 
khe other good nodes, resulting in considerably degraded 
node utilization. 

This paper proposes a new routing method RIFP that is 
able to tolerate irregular faulty patterns. We first enclose 
faulty nodcs with rectangular blocks, as do the above 
algorithms [2], [3] ,  [5], [28]. Then, we develop il routing 
method capable of routing messages whose sources and/or 
destinaticrns arc within faulty blocks. Since messages need 
tu be routed around faulty nodes, routing within faulty 
blocks is prone to a deadlock. Thus, the difficulty of routing 
messages within faulty blocks is how to prevent a deadlock. 
We introduce the usage of intermediate nodes. By its aid, 
messages arc instructcd to reach their destinations without 
coming to a deadlock. 

Thc rcst of this paper is organized as follows: In the ncxt 
st?cticm, necessary notations and definitions arc introduced. 
The node fault is assumed to bo the basic fault element 
through this paper. In Section 3, a method cmployed by 
RTFP is dovclopcd to generate intermediate nodes. The time 

complexity of 1his method is also analyzed. Tn Section 4, the 
routing algorithm RIW with two illustrative examples i s  
given. Finally, we conclude this paper in Section 5. 

2 NOTATIONS AND DEFINITIONS 
For case of rcfcrence, 50me notatioiis are summarized in 
Table 1. 'I'hey are illustrated in thc hhlnwing example. After 
that, definitions used in this paper Rrc clcarly defined. 
Example. See Fig. 'I. S ( n )  contains node ( i , j )  with 

2 5 i 5 M , 2  5 j 5 10. S!j(fl) contains nodes (1,1), 

(1,111, (I, 1.0), 4 -, ( l j 2 ) .  SE(B)  contains ucides (2,2), 

(2, I), . ' ', (11, I), (11,2), * ' ', ( 1  I., l .l),  (10,11), ' ' ', 

(s, q, . . . , (io, a), (1 o , q ,  I . . , (in, io), (:.I, 101, I . . , (2, io), 

(A&.OJb, M 3 . 0 . U b )  = (2,4), ( h 6 J , l b ,  !!JI3.l.d) = (6, lo), 
(B.O.!/), 13.0.1ib) = (2, IO), (n.l,lh 13.1.d)) == (2, IO). 

(2,9), - .  ., (2 ,3) .  And, RrF( iW3) = 4, Din~(iVJ1) 7 2, S:i 
contains node ( i ~ ' )  with 2 5 i 5 4, G 5 j 5 l(1. Besides, 

Defiiiition 1 (Safe/Unsafe Note). 1221 A p o d  ?rode i s  cnlled nn. 
msufe  node if it nei<yhbors d lenst two @iity/uns@c nodes, 
and is crtllcd n si+ node otlierwiso. 

Definitioii 2 (Connected Mesh). An cnpanded riresh M i s  
coiirtecfed (ftherc exists nt leust O I I C  pnth betuxen ally  t7uo ~ o u d  
nodes :I: nrtd 71 in M. 

Definition 3 (Neighboring Meshes). Two cxpnndcd mcshos 
M i  and Mj tzrc neiRhbouirig ;f Ihere exists ut least one lid 
(z;y), wherr: :I: ond 11 a r t  p o d  nodcs ira Mi arid Mj, 
res pecbively. 

Definition 4 (Node Address Ordering). Let Add,r(s) : 

dresses of ?iodes :E nnd y, respuctivrly. T / m ,  Addr(e) < 
Addr(?/) i f  there mists  i siicli thak 

( 5 0 ,  "ut, . .  . ,:L&t) ilnd Ad&(?/ )  = . , 7JVL . I )  be mi- 

I .  < j j i ,  np1d 
2.  v j  > i ,  X j  = JJ3. 

Example. See Fig. 1 for tho dctailcd descriptinn nf 

Dcfinitims 1 through 4. In the relaxation process of 
nodc deactivation, nodes (3,5), (3, a), (4,4), (4, #), ( 5 ,  :i), 

(kfi), (5,8), (fi, 4)) ( 6 , 5 ) ,  (G,7),  (7,G), (7,9),(8, I<), (8,8), 
(8, lo), (9) 5) are first marked as unsnfc nodcs based on 
Dcfinitirin 1. I t  then goes to mark nodes @,(i); (:{,4), 
(431 ,  (!I, 01, (5 ,2) ,  (6,8), (I<, $9, (7,4, I7! 71, (8,7), (H,% 
( l o , $ )  to bc uiisafe nodes. 'The relaxation process contin- 
ues until the node noighbors are down to a t  least two 
unsafcc/Caulty nodes. After that, a faulty block 13 is finally 
formed, witliiii which all uudes are iinsafe/fatilty nodes. 
Bcsides, suppose that faulty block I3 is dividcd inh) six 
expanded meshes Aft, A&, ' . , Mf;. Then each of ilf , ikfy, 

M : j ,  and M z  is connectcd; howuvcr, each of M,l and kI(i is 
not connoctcd bawd on Definition 2. In addition, i!d2 

neighbors to $11; howcvcr, M 2 :  MI, I\/[<, and M6 cl0 not 
neighbor to M ;  based 011 Definition 3. Ncvcrthcless, we 
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TABLE 1 
Summary of Notation 

SE:(B> 

1;hc virtual intcrconnecthi network i (1: = 1, a ) ,  
Lhc virtual channel in dimension i ol' VINj .  
thc channel Iiumbcr of' virtual clifinncl VCi,:j. 
R set consisting oE all nodes within faulty black B.  
a set consistiiig oi" all nodcs located on t h  bordcr of faulty block D. 
Spwifirally, S B (  R )  mntains  r!v~ry norlc R: 6 ,S'(L<) such that, 5 is on 
the corner of hlock I3 or neighbors to axi1d;ly on(! node 3 E S( .B) .  
a, sot. consisling of d l  nodes 1ot:ated on tlw ctlgc of block B. SpeciC- 
ically, SE(13) contains cvery node z E S(  R)  swh t.haL 12: otigh1)ors 
t,o at least mil: node y E SB(B) .  
tho number of faulty nodw in expa,nrlcd rncvli 114. 
thc climeasion of expanclcd rrlcsli M. 
a sct conaisling of all riocle~ in cxpandcd moxli Mi,  
the nddrcss u l  nodc 2;. 
t,hc address value of norla :I: in diincnsinn k .  
Lhc mallesi; (largest) adclrrwi of expandc!d rricsh M in dinicrisian k .  
the smsllcst (largcsf,) address of faiilt,y black U in dimension k .  

have A d d ~ ( ( 0 , O ) )  < Addlr((1,O)) 4 . . .  < Addr((l6,O)) 
< Add~((0 , I ) )  < A d d ~ ( ( 1 , l ) )  < . I .  < Addr(( l6 , l ) )  
< . . .  < Arldr.((O,lR))< Adr l~ ( ( l , l t i ) )<  . . .<  Addv((16,lG)) 
Addr((lG, 16)) bascd on Definition 4. 

3 ESTABLISHING INTERMEDIATE NODES 

As was described before, the difficulty of routing a message 
within a faulty block is how to prevent a deadlock. Our 
basic idea is described as kollows: First, we decompose a 
faulty block into several connected expanded meshes. Ncxt, 
we find a routing m c h d  such that routing in each 
cxpandecl i n ~ h  is deadloLk-frw a i d  cydes cannot r w t t l  

between these expanded meshes. 
We decomposc a fautty block into several expanded 

mcshus in each of which the number of faulty nodes is less 

than  its dimension. Thurc are two reasons. The first is h t  

these expanded meshes are provably cnnnec tcd. The second 
is that Glass and Ni's algorithm 1141 is deadlock-free in each 
of these expanded meshes. 

However, how LO prevent cyclcs between thcse ex- 

pandcd meshes? First, we construct a directed acyclic graph 
DAG for a faulty block. Each vertex r/; cnrrcsponds to an 
expanded mesh y. Each directed edge (x, 6) represents 
that MI neighbrw A[,. Then, suppose that a message in Mh 
is destined for a nodc in Mt.  If Vk is an ancestor of & in 
IIAG, then VIhrl is used to route thc message. If V, is an 
ancestor of V,, then V f N p  is used. Otherwise, if V, and V, 

have a common ancestor V,, then VI& is first used until 
the messagc reaches hIr,A, and V I N j  is then used until the 
message reaches the dcstination. In our method, thc 
message will traverse several expanded meshes in order 
before it reaches the destination. Por example, assume that 
h e  pall1 fri)rIl fi. Lo V, is P :  Vk, V,, fl),. 6.  Then, t h  
message in h4k will first send to h&&, and then to M b ,  and 
finally to the dcstination in  ML. 

However, how does a message traverse cxpanded 
meshes in order? Our method introduces the usage ol 
intermediate nodes. First, we find the pair of neighboring 
nodes in AJr and Agj, say ( ~ . ~ , n j ) ,  for each directed edgc 
(K! 5) in DAG. Node rti is  a good node in and node r ~ j  i: 
a good nodc in Mi. Then, v i  is the intermediate node thal 
instructs the messagc to enter Mj, and r i j  is the intcrmediak 
node that instructs the message to enter l l f i .  In the followjn? 
subsection, thc method of establishing intermediate nodm 
is described morc in detail. This incthod is analyzed ir 
Section 3.2, 

3.1 Algorithm Establish-IN 
In this section, Algorithm Establish-TN is used for generat. 
ing the intermediate nodes, in which each good node n: c 
(S(n) U ,W(B)) for some faulty block 73 is able to get tht 
failure information of each node $1 S(B) is assumed. (Sei 
Appendix A). It consists of three procedures: Dividc-FB 
Construct-DAG, and Discover-IN. Divide-FB is used foi 
dividing a faulty block into several coniiccted expandec 
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Fig. 1. A 17 x 17 injured mesh df, where one faulty block R is formed and is divided into six expanded meshes Ad,, ,$f2?, . . ,IdG. 

meshes. Construct-DAG is used for building the directed 7. hcrease 1 1 f j ~ k ~ ? i b  by 1. 

acyclic graph. Discover-IN is used for generating the 
intermediate nodes. To simplify our presentation, we will 
refer to M n  as the network that interconnects all nodcs not 

within faulty blocks. 

Procedure Divide-FB 

.I.. Set j to 'I.. 

9. Else goto Step 7.  / *  ibfj continues to cxpand in dimension 
+k. */ 

10. Increase k by 1. 

11. If k < VI, then goto Step 4. /" Mi expands in higher 
dimension. */ 

12. Increase j by 1. 

13. I f  there exists a good node I E ,S(B), 
$SI US, U 4 - + U  Si , I ,  then goto Step 2. /" Divide-FB 
cxpands anothcr mesh to enclose unselected good 
nodes. */ 

In Step 2, Divide-FB seeds M j  with an unselected good 
node x within faulty block l3. It first. selects nodc 3; with 

3. For k = I I  ~ 1 downto 0 do the smallcst addrcss rwluc. among all nodes lncated on 
the edge of D in Stcp 2.1. If thcrc is no nodo located on 
the edge of this block, thcn it sclccts nodc z with the 
smallest address value among all .nodes neighboring to 

in Step 2.2. (Assuming that I\&,, M.>, . . . .  h&, ( i l  < i2 < 
. , . < i t )  neighbor to at least one unsclcctcd node 
within 11.) Steps 4 through 1.1 are used for growing k j .  

Divide-FB expands fifj in dimension -0, +0, - 1 ,  +I., - - - ,  

- (n  - 11, +(la - 1) by order. Step 4 through 6 arc used 

3.1 Set M j M b  and Mi.k.ub to Atlil?,(:c).k 

4. Decrease @.j.k.lh by 1. 

5.  If (iVIj.k.lb < B.k.lb) or (S.j n (SI U $2 (1 . . .  U Sj. . I )  # 0) or 
( ~ v F ( M ~ )  2 n.in4ibfj)), then increase il/ijnk%lb by 1. /a- " j  

fails to expand in dimension -k, */ 

6. Else gotn Step 4. /* MI continues to expand in dilnension 
-k.  */ 
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Flg. 2. A 17 x 17 injured mBsh, where a faulty block U is divided into 12 expanded msshes M,, hl,, e . :  Mr2 after the completion of Divide-FB. 

to expand in dimcnsion -I;, In Step 5, Ad, fails to 

expand in dimension -k,  if one of the following three 
conditions holds: 

1 .  

2. 

3. 

Adj exceeds the edge of I? in dimension -k.  That is, 

Mj overlaps with one of M I ,  1l.12, 4 '+ ,  Mj- , .  That is, 

The number of faulty nodcs in Mj is greater than 
or  equal to the dimension of Mi. That is, 
iVF(hfjj 2 D.im(Mj). 

I f  M j  fails to expand in dimension -k, then it expands in 
dimension +k as seen in Steps 7 through 9. In Step 11, 
Mj continues to expand in higher dimension. Finally, in 
Step 13, thc execution continues to enclose unselected good 
nodes within B with another expanded mesh. Some 
features of Divide-FU are uncovered: 

Mj.k.lb < B:k.lb. 

sj n (SI U S2 U I - I U # fl. 

I .  

2. 

Each good node within faulty block L3 is included in 
exactly one expandcd mesh. 
The number of faults spreading over an expanded 
mesh Mj is less than the dimension of Mj. Thereby, 
each onc of the expanded meshes is connected. 
Suppose that there is a path behvccn node nj and no. 
nj is a good node in IW~ and no is in MO. Then, thcrc 
exists 

3.  

&Io = Mn,, Ma,, * * - , Mob == Mj 

(0 = a1 < UY < . - . < ab = 1') such that hfG neighbors 
to Max l.l for c: = 1 to b - 1. For examplc, see Fig. 2.  For 

Example. See Fig. 2 for the description of Divide-PB. In the 
cxpansion of MI, nodc (2 ,2 )  is selected in Stcp 2, since 
its address is lowest among all nodes located on the cdge 
of faulty block B. Then MI iirst expands toward 
dimension -0 during Steps 4 through 6. However, it 
fails, since M ,  exceeds the edge of I?. Aftcr that, MI 
expands in dimension +fl during Steps 7 through 9 until 
it encounters faulty node (tj,2). M I  cannot include 
node (G ,2 ) ,  otherwise tkc number of faulty nodes within 
it i s  equal to its dimension. (It is noted at this time 
that Dzm(Ml) = 1.) Thereafter, fails to expand in 
dimension -1, since it exceeds thc edge of H .  Thus, MI 
continues to expand in dimension +1 until i t  encounters 
nodes (2,4), (3,4), (4,4), (S,4). Again, M I  cannot include 
these nodes, otherwise thc number of faulty nodes 
within it is equal to its dimension. (DirrL(A4,) = 2 at this 
time.) At Step 13, at least one good node is in B which is 
not included in M I ,  thus the execution goes to Step 2. 
And so on, meshes M I ,  AT*, . ' , M j 2  expand within 13. 

Procedure Construct-DAG 

1.. Let DAG be a,vertex &. 

2. For k : 1 to q do /* q donotes the number of expanded 
meshes within 13. */ 
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2.1. Add vortex fi! to DAG:. 
2.2. For each M t  (0 5 f < k )  ncighboring to M k  do 
2.2.1.. Add a dircckd edge (x, Vk) to DAG. 
2.2.2. T.et GL,k and Cfi,t be empty scts. 
2.2.3. :For each pair o f  neighboring nodes ?t!i t Mt and 

'wk E do / *  d i m  denotes the directed 
dimcnsiou where the link from node w/ to nnde 
wp is located. */ 
2.2.3.1. Gi,k = G L , k  U (wt,  dim, I). 
2.2.3.2. Gk,l = Gn,l U (iok, -di.m, 2). 

Example. See Fig. 3 for the detailed description of 

Consti:uct_DAG. Initially, DAG ctmtains only one vertex 
K, in Step 1. Then ConstructDAG adds vertex Vl to 
D A G  in Step 2.1 and adds a directed edge (vO,V,) to 
13AG in Step 2.2.1. In Step 2.2.3, Go,, and Gl.0 arc used for 
storing the intermediate nodes from A,& to M I  and from 
M I  to MO, respcctivcly. 

GI,I = {((1,3), i -k]) ,  ( ( 1 , 2 ) , + 0 , 1 ) ,  ( ( 2 , 1 L + I 9 l ) ,  
((3,11,+1, I): ((4,  I ) ,  +I, I), ( (5 ,1 ) ,  +I., I)), 

(:Lo = {(p,:<), -0 ,2) ,  ( ( % 2 ) ,  -0,2), ( (2 ,2) ,  - L 2 h  
( ( 3 , 2 ) ,  - 1 , 2 ) , ( ( ~ , 2 j ~ - ~ , ~ ) , ( ~ ~ , 2 ~ , - 1 , ~ ~ } .  

Gu,l and G170 indicate that there arc six intermediatc 
nodes from MO tu M I  and from MI to MO, respectivcly. 
Construct-DAG terminates after vertex I42 is added to 
DAG. It is noted that the intermediate nodes between 
ncighboring expandcd meshes i11Z.i and Mj can be 
obhined from !Si:+ 

111 thc following, Discovcr-IN is described, which is uscd 
to geenurate the intermcdiate nodes for tlic node in Mt. 

Procedure Discover-IN 

1. For k = 0 to q (A # 1) do 
1.1. If vertex \$ is an ancestor of vertex V, in UAG and 

Gill : V, ' -> . . . + V, - bi is a directed shortest path 

Fig. 3. The directed acyclic graph constructed for faulty block B in Fig. 2 
after the completion of Construct-DAG. 

From vertex & to vertcx &, then 2 ; , k  is set to cr'~,,. 
1.2. Else i f  vei'tex r/; i s  an anccstor of vertex V, in DAG 

and l:hw,L : 4 V,. ' .  + 14 i s  a dirccted shortest 
path from vertex V, to vertex Vk, then Y;,k is set 
to r:t,,[. 

is set to CL,,,, U 

1.3. Else if : & -b f .  I + vA 4 L$ is a directed 
shortest path from vertex to vertcx &, then T.7k 

Example. See Table 2 for the dctailed description of 
Discover-IN. Y1.u is set to L'~>J due to Step 1.1. T L , ~  is 
set to Gj,g due to Step 1.2. And, is set to due to 
Step 1.3. I t  is noted that Table 2 is not unique. For 
example, 7b,a can be set to 15'0,~ o r  Go,.I, since both path 
I41 4 & + K and path VO 4 K, 4 K are the shortcst 
paths from to & in DAG. Besides, it is also ntitcd that 
the intermediate nodes between any two expanded 
meshes hIi and Mj can be obtaincd from 

Algorithm Establish-IN 

1 .  For each nodc 2 s S( B) U IKt3(  11) do 
1 .I. Call Divide-FB. 
1.2. Call Construct-DAG. 
1.3. Call Discover-IN. 

3.2 The Time Complexity Analysis 
In this section, we will derive the time complexity of 
Establish-IN. As Establish-IN is compuscd of three pro- 
ccdures: Divide-FB, Construct-DAG, and Discover-IN, we 
will first analyze these three procedures, rcspectively. 

In DivideJB, the data structure Order-Set is first intro- 
duced as shown in Fig. 4. Tn Order-Set, the eleincnls are 
in order of value. There arc four opefations find, delete, 
find-min, int-max for Order-Set. Operation find(S, 2) 
returns "True" if x is an element o f  set S, and  rcturns 
"Falsc" otherwise. Operation dclcte(S, x) removes the 
element x from set S .  Operatinn find-min(.S) returns 61 if 
S is a n  empty set, and returns and deletes the element 2 
with the smallest value in S otherwise. And, operation 
int-max(S, 3) adds the clctnent x to set S; where the valuc of  
2 is larger than that of any element in S .  It is clear that these 
four operations can be implemented in O(1) time. In 
Divide-FB, Sg, SE, SSi are sets of Order-Set. S;, contains 
all unselected good nodes within faulty block I L  It is 
initially constructed in O ( N )  by repeated int-max 
operations, where N denotes the number of nudes within 
n. For example, in Fig, 2, S, is constructed initially by the 
operations int-mnx(S,, (2! a ) ) ,  int-max-(S,,, (:i, a)), ' .  ', 
int-max(,S,, (In, 2)), int-max(,S,, (~,3)), int-max(,S!,, (3,3)), 
I .  ', int-max(Sqj (10, s)), I . I ,  int_max-($[,, (2, lo)), int-max- 
(Sg: (3,  lo)), 4 4 ,  int-max(&, (10,lO)) in order. S, excludes 
al l  nodes in Si  after Mi is expandcd in Divide-FB. SE 
contains all unsclccted good nodes located on the edge of R. 
Also, Sj; is initially constructed in O ( N )  time. In Fig. 2, S); is 
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1 I , Z  
is 

I I . G G G G G l i G G 6 G 6  - , y  
7 7 7 7 7 7 11 7 . 7  7 7 11 

obtained in Fig. 2 after 

TABLE 2 
Obtained for Faulty Block U 

initially constructed by operations int-max(Sfi;, (2, Q)), 
int-max(Sp: (3 ,2) ) ,  . .  ., int-max{S~~: (10% Z)), in-max- 
( S e ,  (2, a)), irit_,max(Y,~, (Ifi,3)), 4 .  ', int-max(S,:, (a,n)), 
in  t- m ax  ( Sn, ( I  0, (I)), i n t-m a x (SI<: ( ? , I  U)), in  t-m a x- 
(S,;, (3, lo)), . I . , int-max(S;;, (10,10)) in order. SSi contains 
all unsclccted gnod nodus that arc within U and neighbor to 
M i .  Still, i t  is initially constructed in O ( N )  timc by repeaked 
int-inax opcrations after A d j  is cxpandcd in Uivide-FB. hi 
Fig. 2, SS, is initially constructcd by intmax(S.91, (3,4)) 
and int-max(SSI1 (d l  4)). It is notcd that thc construction of 
SSI, SS,, . ' .  , S& spends a total of O(niV) timc, since evcry 
nodc within I3 is included in nl  most 2.n 5"s;. 

Now, wc analyzc the time complexity of Divide-FB. It is 
clear that Step 1 executcs oiie timc, Steps 2,3,12,13 execute 
(I times, and Steps 10, 11 exccute nq times. It is clear lhat 
Step 1 runs in [)(I) timc, Step 12 rims in O(q) time, and 
Steps 3, 10, 12 riin in O(r1.q) lime. In  stcp 2, Divide_!% nccds 
a find-min(Sn) opcration in Step 2.1, a n d  needs a 
find-min(SS~,) operation in Step 2.2. (Assuming that IW;~, 
M i 2 ,  . . Mit ( i l  < i z  < . '  < i l )  nciglibor Lo at least one 
unselected good node within B.) Thus, Step 2 "us  in O(q) 

timc. Similarly, Step 13 needs a find~min(S,) operation, and 

thus runs in O(q) time. In Step 5, IXvidc_FB counts the 
faulty nodes among. the newly-added nndes of M i ,  and 
checks whuther all thcse newly-added nodes arc containcd 
hi S,,,. Because evory node within fi is checkcd at most 
2 1 ~  times in Step 5, Step 5 ruiis in O(n,N) time. The similar 
argument can be applied for Stcp 8. Besides, it i s  trivial that 
Steps 4 and 6 uced less time than Stcp 5, and Steps 7 and 9. 
nced less time than Step 8. Thus, thilc time crimplexity uf 
Divide-PI3 is O(n-W). 

In Construct-DAG, it is clcar that Stcp 1. runs in O(1) 
time, Step 2.1 runs in O(q) time, atid Steps 2.2.1 and 2.2.2 
run in )II:)  time, whcre 1fil denotes the numbcr of edgcs 
in DAG. Since evury nodr! wi.thin faulty block executcs 

Skp  2.2.3 at most 2.n times, Step 2.2.3 runs in O(n1V) lime. 
It is trivial illat Steps 2.2.1 and 2.2.2 requirc less lime than 
Step 2.2.3. It implies that [RI : O(nN). Thus, thc time 
complexity of Construct-DAG is O ( n N ) .  

In Discover-IN, the data structure Relaticiii-Set is first 
introduccd as shown in Pig. 5. Each clcmeiit of Relation-Set 
contains' two entries, including label and relation. Entry 
label stores the label of node z tliat is an ancestur or a 

Fig. 4. The data structure Order Set. 
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l a b q  I label 1 . . I label 1 
_. .- ~ 

re1:ttion relation relation 

Fig. 5. The data structure Relation-Set. 

descendant of the current node x, And, m t r y  relation stores 
the labcl of node y that is a parent (ir a child of node z a n d  is 
in the shortest pnth bctwcon 5 and x.  In Discover-IN, 
SnllccstW arid S O ~ ! , ~ , ~ ~ , ~ J , ~ ~ , L  are sets of lXelationSct. SflplrpylDI. and 
Sttcrrerirlrtltl consists of all ancestors and descendants of the 
current node x ,  respectively. Examples of SnlLcnstnr and 
,Srlrsrerlrlnlll constructcd in node & are given in Fig. 6. In 
Discovei~-IN, SorLcrRlor and S~~~!s , , c ,~r l~ l , tL  are constructed in 
advance in O(nN)  timc (Sec Appendix B). Then, it nccds 
Q(1) time to query whcthhor vertex K: is a n  ancestor or R 
dosccndaiit of T( in Steps 1.1 and 1.2, and nceds O(I) time to 
find va in Steps 1.1 through 1.3. It implies each of the steps 
from Step 1.1 through 1.3, needs O(q) time. Thus, the time 
complexity of Discover-IN is O(nN). 

In sum, the time complexity of Establish-lN Is O(nAT). 

4 THE ROUTING ALGORITHM 
In this section, we develop a two-staged adaptive and 
dc.ndlr)ck-free routing algorithm RlPP for wormhole net- 
works. Fig. 7 shows thc Row chart to route messages using 
our nicthod. Each node first decides its node status, based 
on Defiiiition ‘I. Afterwards, each node x E SH(./ l)  U S(13) 
gets the failure jnformntion U€ cach node y E S ( R )  using 
Algorithm Exchange-Inf (See Appendix A). Thercaftcr, 
node x (in MJ evaluates Y i , j  for (1 5 j 5 y ( q  denotes the 
number of expanded meshes within faulty block Ii) using 
Algorithm Establish-IN. Finally, when nodc .?: (in iV&) 

rcccivcs a message destined for a node y (in Mj), it can route 
the message to the destinatiun via any intermediate node z 
in Y i , J  using algorithm RIFP. For ease of reference, some 
necessary notations used in RI” are summarized in Tablc 3. 

4.1 The Routing Algorithm RIFP 
In RIFP, the message header format is (Itcnrler.AT,j, 

hcrrder. iV, , lie d e r .  dim, lieu der , d i r )  , where liea de 1’. Nn s tows 
the address of tho destination node Nll,  headw.h’~ stores the 
address of the intermediate node NI,  hender.dirr~ stores the 
directed dimcusioii along which the message is routed out 
from 11‘1, and heudcr.dk stores the virhid interconnection 
networks uscd for routing the message from N c  t o  N R .  RIFF 
classifies all nodes into three clusters by thcir locations. I n  

Fig. 6. Examples of S,,,,,,.,,,, and S’(I~~<<,~~IM in node fin 

cluster 1, each node x is within faulty block 13. That is, 
x E S( TI). Tn cluster 2, each nodu .T is locnkd 011 the border 
of faulty block U. That is, 3: c 513(D).. Cluster 3 contains 
each other node 2. That is, z f S(B) U SB(L3). 

In KIM’, Su and Shin’s mcthod [28] is used to route 
messages outsidc faulty blocks. The reason is that thcir 
method nccds only two virtual channels per physical link. I t  
implies that all nodes in clusters 2 and 3 will rouk the 
recaivcd niessagc using Sit and Shin’s method. The 
exception is that tlw node n: in cluster 2 is sending the 
message into a faulty block. (See Step 2-3.2.) Besides, Glass 
and Ni’s mcthod [14] is used to route messages within 
faulty blocks. Thus, all nodcs in clustcr 1 will route the 
received message using Class and Ni’s mpthod, excluding 
the node that is sending the received message into another 
expanded mesh. (Scc Stcp 1-3.) 

As was dcscribcd in Scction 3, RIFF employs the prc- 
established intermediate nodes to instruct the message to 
reach their destinations. Thus, when a message cntcrs a new 
expanded mcsh or derives from a node within a faulty 
block, it is supposed to retrieve the information of thc 
interinediste node. (See Step 1-2.) Thc samc action is taken 
for the node Np that is first traversed ainong all nodes in 
cluster 2 whcn thc received message is  going into thc faulty 
block. (Sec Step 2-3.1.) 

Suppose that a mcssage with source node oirtsidc faulty 
blocks is dcstincd for a node within a faulty block D. The 
message is routed toward its destination by Su and Shin’s 
rnothod until it encounters f j ,  (See Step 3-2.) Since then, 
the message is routed toward thc intermediate node. (Sec 
Step 2-33,) And thus, the routing direction can possibly be 
changed. (See Pig. 8.) It implies that mcssngcs that are not 
within faulty blocks can possibly reach a deadlock if they 
arc routed by Su and Shin’s method. To break thc deadlock, 
wc temporarily buffer the received message in thc node X y ,  
e.g., node U in 15g. 8, that first receives the message among 
all nodes located [in the border of the faulty block into 
which the message is going. (See Skp 2-3.1.4.) Thereby, 
KIFP is a two-staged routing algorithm. 

RIFP for cluster 3.: 3: E S ( n )  

‘1-1. I F  Arc = Nn, thcii cxit. / *  the message reaches its 
destination. */  
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Decide the node status bnscd on Definition 1 

f Get failure infor~narion using Exchange-Inf 

I Find intermediate iiodcs using Establish-IN 1 

I Rout messages using KIFP 

Fig. 7. The flow chart to route messages using RIFP. 

1-2. If Nc: = N s  or  Arc = Nn, then 
1-2.1. If NU is  B faulty nodc, thcn exit. 
1-2.2. If NC = N S  and { N c  and iV,j are in an cxpandcd 

mesh), then set hender.dir to 1 ur 2.  
1.-2.3. Elsc if  ( N e  and IVD are not in an expanded mesh), 

then update the message header by 
(1) selecting one element cif l:,:,., say (7uil clim, d i r ) ,  

assuming that N c  and AT,, arc good nodes in 
)If,! and A&, respectively. 

to w;, d i m ,  and dir, respectively. 
(2) setting header.t\rr, Iieader.dim, and iimdw.&r 

1-3. If Nc; = N I ,  then route the messagi! via 
VC;icnrlEr.dim,/~EnrIrr.dir. 

1-4. Else i f  ?ic and Nn arc in an expanded mesh M j ,  then 
route the message to N,] via VfN~Lp,l~~p,,. ,~.i, .  using Glass 
and Ni's algorithm. 

1-5. Else route the message to IV~ via VIN~aaa~cr,r~ir.  using 
Glass and Ni's algorithm. 

RIFP for cluster 2: z E SB(B) 

2-1, If N c  -- if,, then exit. 

2-2. If 1V,$S(R), then route the message to Ar, via VIN1 and 
VIiVz using Su and Shin's algorithm. 

2-3. Blsc 
2-3.1. Tf N c  = NI.*, thcn 

2-3.1.1. If N,J is a faulty nodc, then exit. 
2-3.1.2. Select one element of say 

(wi, dzm,  d i ~ ) ,  assuming that I V ~  is a good 

2-3.1.3. Sct hcnder.Nl, hcader.dim, and heatlei..& 
to q, dim,, and dir, rcspcctivcly. 

2-3.1.4. If Nc: f NI? and I V ~  # N.q, thcn 
temporarily stnrc the message in the 
buffers until the total mcssagc is rcccived. 
/ *  The scccmd stage begins. */ 

2-32, lf NC = Nl ,  1hc.n riiutc the mcssagc via 

2-3.3. Else routc thc message to NI via V I N ,  and VIN2 
1/C~lera8'r.~~,,a,Il,!.nrlr 7,.iht"* 

using Su and Shin's algorithm. 

RYFP for cluster 3: z$S(B) U SD(B)] 

3-1. If NC -- Nn, thcn exit. 

3-2. Else route the message to N,, vIa VTNL and VINp using 
Su and Shin's algorithm. 

Example. A message is rnutcd from nodc A(lO,16) to node 
C(8,7) using RIFP as shown in Fig. S. At. first, the 
mnessage is routed toward its destination via V I N ,  and 
V I N ,  using Su and Shin's algorithm duc to Step 3-2. 
Since Lhe dcstination node G' is within a faulty block ll, 
thc mcssage must traverse a node in SD(B),  say 
node n(F! 11), before it  reaches node G. At node D, the 
message header is updated to ((f,7), (8,11), -1, I), and 
the message is temporarily stwed in the buffers until the 
total message is rcccivod due to Stcp 2-3.1. After that, the 
message is routed to node C(8 , l l )  via V I N l  and VIAT? 
using Su and Shin's atgorithm due to Step 2-3.3. When 
the mcssagc rcachcs node C, it is routed to node 11(8,10) 
via VC-L,l d u ~ '  to Stcp 2-3.2. At node D, the header i s  
updated to ((6,7), (8,8), -1, I )  due to Step 1-23. Then it 
is routed to node E(8,8) via VlNl  using Glass and Ni's 
algorithm due to Step 1.-5; and thereafter, it is routed to 
node .F'(8,7) vi.a VC-l,l duc to Step 1-3. Finally, the 
message is routcd to nude G via VIAT, using Glass and 
Mi's algorithm due to Step 1-4. 

Example. A mcssagc is routed froin node A ( 7 , G )  to .7([i, 5) 
using RIFP as shown in Fig. 9. At first, the message 
header is  updated to ((6,s)) (8,7), 1-1,2) due toStep 1.-2.3. 
Then, the message is routed to nodc T5(8,7) via. V r N ,  

, 

ncidc in M.. using Glass and Ni's algorithm due to Step 1-5. Later, it 
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Flg. 8. A 17 2: 17 injured mesh, where a message is routed from node A( l2 ,15)  to node G(fi, 7) by RIFP. 

is routed tu node C via VC t. 1,~ duc to Step 1-3. At node C, 
thc hcader is updated to ((ti,5),(10,8),+0,2) due to 
Step 1-22. Then it is routed to nude D(10,8) via VINz  
using Glass and Ni's algorithm due to Stcp 1-5; and 
thereafter, it is roukd to node E( 11,8) via VC+n.2 due tn 
Stcp 1-3. At node 13, 1lw header is updated to 
((G,5),(8,1),+1,1) due to Step 2-3.1. Then it is routed 
to node F(8,l) via V I N l  and VIA$ using Su and Shin's 
algorithm due to Stcp 2-3.3; and thereaftcr, it is routed to 
ncidc C(8,2) via V~v.kl , l  due tci Step 2-3.2. At nodc G, the 
header is updated to ((S, 5 ) ,  (7,4), -0, I) due to Step 1-2.3. 
Then it is routed to node 11(?,4) via VINl using Glass 
and Ni's algorithm due to Step 1-5; and thereafter, it is 
routed to node I(G, 4) via V C O , ~  due to Step 1-3. Finally, 
the mcssagc is sent to node via VINl  using Glass and 
Ni's algorithm duc to Step 1-4. 

Some features of 1UFP are uncovered: 

1. RIFP requircs nnly two virtual channels per physical 
link. It employs Su and Shin's algorithm to routc 
me.ssagcs outside faulty blocks, and employs Glass 
and Ni's algorithm to routc messages within faulty 
blocks. 
RIFP is reduced to Su and Shin's algorithm if both 
the source node and thc destination iiodc are not 
within a faulty block. 
RlFP is  a two-staged routing algnritlim. Sometimes, 
it buffcrs the received mcssage until the tail flit of 
this mcssage is reached. WL' use this method, since it 
can prevent a deadlock without additional virtual 

2. 

3. 

channels. A similar me ... od can be found in 51, 
[31], [32], whwc multistaged multicast algorithms 
for wormholc networks are proposed. 

The following theorem shows the correctness of 

algorithm RlFP. 
Theorem 1. Alpr i thm RIFP i s  deadiock-free ,for worrnhole 

mtwouks wing two virhnl climnels per phy~sical fink in 
meshes. 

Proof. The proof i s  divided into three parts. In tho first part, 
we assign each virtual channel :I: m c  channel number 
num(a). In the second part, we prove that a message can 
always find n virtual cliannel to use for each nnt? hop in a 
nondecreasing order of channel numbers. In the third 
part, we claim that a waiting cycle is not a real deadlack. 

Part 1. Lct virtual channel x be output from a 
good nodc in Mi (i 2 0). Then, nwnjz) is set to i i f  
x i s  in VINl  and is set to -1: if ,T is in VI&, 
Part 2. Supposc that thc current node N I  (a good 
node in Mq) receivcs the message from a good 
node in Mt via virtual chaniiel y and, thereafter, 
sends out the mcssage toward its destination N L  
(a good node in My) via virtual channcl x. We 
need to show . i i i~nz(x)  2 rszlun(p). If NC + Nn, then 
nwm(x) = ~ i . r im(y ) .  Thus, wc consider .h'c = Nn; 
that is, N c  receives the messagc from an inter- 
mediate node A'[ (a good node in hJt (% # q)). 
Three cases are discusscd. 

a 

C2.1. Vertex 6 is an ancestor of vertex v, in 
DAG. Then (q ,  4)  is a dircckd edge in thc 
directed shortest path P,I*,~ from vertex V to 

Authorized licensed use limited to: National Taiwan University. Downloaded on January 21, 2009 at 01:06 from IEEE Xplore.  Restrictions apply.



BO IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS. VOL. 11, NO. 1 ,  JANUARY 2000 

L(, 

15 

........... i ....,.......... I .................................. ~ ............... ~ . . . .  

. . . . . . . , , , , , . . . . .  . . . . . . . . , . . , . . . . .  
I ..... : . . . .  : . . . .  : .... ; .... : . . . . .  : . . . .  : .... :, . . . ; . . . .  :. . . . . . . . .  : ,  . . .  : . . . .  ;.. , . :  .... : . . . . . . . . . .  , . . ~ ~  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  

.... ; .... : .... : .... : . . . .  :. . . . . . . . . . .  ..... 
. .  . . , . ,  , , , , , , , , , , .  , . . . . .  

. . . . . . . . . . .  . . . . . . . . . .  12 ; ....: ..,.:....:.... ; . . - . - -  . : . .  - - ~ - - . . ~ - - - ~ - - - . ~  . . . . . . . . . . .  . . . . . . . . . . .  
.,. . 

11 : . . . .  ; . . . .  ; .... : . . . .  ; .... > . . . .  B . . !  .... :...: .... 1 .... : _ .  . . . . . .  

0 1 2 .  3 4 5 6 7 8 9 IO 1 1  12 13 'I4 1.5 16 

Fig. 9 ,  A 17 x 17 iniured mesh, where a message is routed from node A(7, li) to node J( t ; ,5 )  by RIFP. 

vertex V, due to Step 1.2 of Discover-IN. It 
implies t < q 5 r' and virtual channels x and 11 
are all in VINl  I Thereby, 

n"y) = f < p = nlL?n(z). 

e C2.2. Vertex V ,  is an ancestor of vertex in 
DAG. Then (&,IQ is a directed edge in the 
directed shortest path 6, from vertex V,  to 
vertex V, due to Step 1.1 of DiscoverJN. It 
implies T 5 q < t and virtual channels x and y 
arc all in VIA$. Thereby, 

num(y) = 4 < - q  = 71wn(z). 

C2.3, Vertices v. and has a common 
ancestor Vn. Then (Vq,K) is a directed edge 
in the directed shortest path pZcp from vertex 

to vertex V, due to Step 1.3 of Discover-IN. 
If V, = Vu, then virtual channel a, is in VI& 
and virtual channel :c is in VIN,. Thereby, 

then virtual channels :G and '71 are all in 
VI&.  Thereby, 

nl&m(J/) = -t < 0 = (I = n1"z). I f  v, # v,, 

n") = - t  < -q = nunz(x). 

a Part 3. Consider a waiting cycle as shown in 
Fig. 10, where message A (rcsp. 5, C, D)  holds 
virtual channel d (resp, 0, b, c) and requests virtual 
channel a (resp. b, c, (1). Owing to P2, we have 

nzrm(n) 2 num(il) 2 ?t") 1 ?L"h) 2 nz"). 

n7") = n") = n. lm(c)  = num(b). 

It implies that 

Thereby, virtual channels a. b, c,  and d are in the 
same expanded mcsh, A&. If z = 0, thcn mcssages 
are routed using Su and Shin's algorithm. I f  i # U, 
messages are routed using Glass and Ni's algo- 
rithm Thereby, the waiting cycle is not a real 
deadlock. 0 

4.2 The Complexity Analysis 
Let O(S) be the time complexity of Su and Shin's algorithm, 
and O(G) be the time complexity of Glass and Ni's 
algorithm. It is trivial that RIFP ncuds O ( S )  time tu make 
routing decision Cor each node in cluster 3. For the nodes in 
cluster 1, RIFF' necds O(1) time in Steps 1-1 and 1-3. In 
Step 1-2, RTFP needs to query whether Nlj is a faulty node in 
Step 1-2.1 and whcthcr iV, and ND are in an cxpandcd 
mesh in Steps 1-2.2 and 1-2.3. Step 1-2.2 needs O(1) time, 

since cvcry node has got the failurc information of all the 

Fig. 10. A waiting cycle of four messages A,  il:C, and 11. 
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other nodes within faulty block aftcr Exchange-lnf. 
Steps 1-2.2 and 1-2.3 need O(1) time to check whether Arc 
and N f I  are contained in the same S,. in Steps 1-4 and 1-5, 
IUFP needs O(1) time to query whether iV61 and IV,) are in an 
expanded mesh, and needs O[G) tiinc to decide routing 
dircclion. Thus, the t i m e  complexity of RIFP in each nodc in 
cluster 1 is O(G). 

For the nudes in cluskr 2, RIFP needs O(1) time in 
Step 2-1, Tn Step 2-2, RIFP needs O( 1) time to query ivhcthcr 
N,]  is within faulty block l3, and needs O(5) time to decide 
routing direction. In Stcp 2-3, RtFP needs O(l), Uj l ) ,  and 
O(S) timc to make  a routing decision in Steps 2-3.1, 2-3.2, 
and 2-3.3, respectively. Thus, tlie time complexity of RIFP in 
each node in cluster 2 is O(S). 

In sum, in each node, RlPP requires O ( S  + G) to make a 
rouiing decision. 

5 CONCLUSION 

APPENDIX A 
EXCHANGE OF FAILURE INFORMATION 

The following algorithm describes how each good nude z t 
( S ( B )  U SB(B)) gcts the failure information o f  each nodc 
Y E  S(B).  In Step 3, with respect to node 2, node y is 
regarded as R "faulty node" if there is no path betwccii 
nodes B a i d  y. 

Algorithm Exchange-Inf 

1. Node R: sends the failure information of itself and each 
E S(.R) to each noighbor node ncighbor 

z E s p q u  s/l(n). 

2. If node x E S ( H )  U SB(B) rcccivcs the failure information 
(if node 1) f S(R)  at the first time, then it sends the 
information to each neighbor node z E S( f3) U SR(IJ). 

3. If node z has got the failure information of each node 
y E S(n), then exit. 

Many adaptive wormhole routing algorithms [2], [3], [5],  
[28]  have been proposed to tolerate a lalgc iiumbcr of 
faults using R certain number of virtual channels. However, 
these methods inlmducc rectangular faulty blocks within 
which all faulty nodes are regarded as faulty ones. Hence, 
good nodes within a faulty block aic prohibited from 

4, E;lse goto step 2,  

The limc complexity of Exchange-Inf is O ( / l ) ,  where U i s  
the length of the longest path between any two nodes in 
S(B)  U SB(I1). It is trivial that D = O(nN).  It implies that 
Exchange-hE runs in O ( n N )  timc. 

communicating with thc other good nodes, resulting in 
considerably degraded node utilization. 

For the purposc of exempting node utilization from 
degradatimi, we have proposed an adaptive and deadlock- 
frcc routing algorithm RtFP for wormhole mtw~rks .  It is 
able to transmit messagcs from or into faulty blocks; and 
thus, it is ablc bo tolerate irregular faulty patterns. The 
difficulty d rnuting messages within fatilty blocks is how 
to prevent a dcadlock. 'In our method, we first decompose 
a faulty block intn several expanded meshes. After that, 
we dcsign a routing method RIFE' such that routing in 
each expanded mesh is deadlock-free/ and cycles cannot 
form bdwccn expanded meshes by way of the usage of 
intermediate nodes. 

In 1<'1FP, the physical network is divided into two virtual 
networks: 1Jl.iV~ and V.Ilv2. When a message is not within a 
fau l ty  block, it is routed via VINI  and ViNy using Su and 
Shin's algorithm. When a message is within a faulty block, it 
is routed iising Glass and Ni's algorithm. The message 

APPENDIX B 
THE CONSTRUCTlON OF SETS L q f i l l c e s t u v  AND Sr~~acerl , lrarl~ 
We first describes how to construct sets , S , I ~ ~ , . , , ~ ~ I , , , ~ ~  
and StInlrrStm in the following algorithms for the node in 
IW,. It then goes to analyze the time complexities of 
these algwithms: 

Procedure Construct-Set 

1. Let S be an empty set of Relation-Set. 

2. Set TC tn 6. 

3. For each child e of z in DAG do 
3.1. If c is in $9, thcn gotn Step 3 and continues to scan tlie 

3.2. Insert c into a qume (3. 
3.3. Let G be a new clement of S, then 

3.3.1. G.lnbcl is set to c. 
3.3.2, If R: L 6,  then C.i.rlation is set to c. 
3.3.3. Else C.s.eEabinn is set to X.relation. /* X is a n  

next child. 

within a faulty block is routed via VIAr, to go out o f  the 
faulty block, and is routed via VfN2 to go into the faulty 
block. Jn addition, RIFP is a two-staged muting algorithm. lt 4- If 8 is [lot then let " dement removed 
buffers the received message until all flits arc reached at Eew 
nodes. Furtlicrmore, RIPP is reduced to Su and Shin's 
algorithm if both of the snurcc node and the dcstination 
node of a message arc not within faulty blocks. 

elemcnt of 5, in which X.Zizbel = :U. "/ 

from 8, and goto Step 3. 

Algorithm 

1. Call Construct-Set. 

rlrnrrrarlnsit 
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Algorithm CoilYtriict_S,,,,,.crlw 

1. Change thc cdge direction for each directed edge in DAG. 

2. Call Construct-Set. 

3. Ixt Sr,,rl,rr.slo, be thc set S .  

In Constitict-Set, Steps 1 and 2 need O(1) time. Sincc 
each nodc in 13AC: is inserted inlo Q at most once, Steps 3.2, 
3.3, and 4 need O(q) timc, where q denotes the number of 
nodes in IIAG. In Step 2.1, each directed edge in IIAG is 
scanned at most OIICL', thus it nccds U (  1 GI) time, where IKI 
denotes the number of edgcs in DAG. Sincc IEl = O ( n N ) ,  as 
scen in the timc coinplexity analysis of Construct-DAG, 
Step 2.1 runs in O ( n N )  time. Summing the timc for the 
different park of Coiistriict_Set gives a total of ( ; i (uN) .  
Bcsides, i t  is trivial that Cmisti~ict-S~~, rrrT,r lnr , l  needs U(nAr) 
time. In Construct-,i:,,,,tvLor, Step 1 nceds Ik;I timc. Thus, the 
time complcxity of C[liIstrLict_rS~llrruL~~, is O ( r i N ) .  
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