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Abstract [5] have proposed a dynamic algorithm to remove cycles
from packet wait-for graph instead of channel dependency

In this paper, we propose an adaptive and deadlock-free graphs. Thereby, the virtual channel utilization can be con-
routing algorithm to tolerate irregular faulty patterns using siderably improved. In their algorithm, the number of faults
two virtual channels per physical link. It can improve the tolerated and virtual channels used depends on the location
node utilization up to 100%. When a node becomes faultyof faults.
or recovered, the central control unit constructs a directed  Using three virtual channels per physical link, Chien and
path graph which is used for generating the intermediate Kim [3] have proposed a planar-adaptive routing algorithm
nodes of the message path. Thus a message can be trange tolerate disconnected faulty blocks with distance of no
mitted from sources or to destinations within faulty blocks less than two in at least one dimension. Using extra four
via a set of “intermediate nodes”. Our method requires the virtual channels per physical link, Boppana and Chalasani
global failure information if the central control unit is not  [1] can enhance a fully-adaptive algorithm to tolerate dis-
available. connected faulty blocks with distance of no less than two

in at least one dimension. Using three virtual channels per

physical link, the algorithm [2] presented by Boura and Das
1. Introduction provides full-adaptivity and fault-tolerance. It can tolerate
disconnected faulty blocks with distance of at least three.

In addition, Su and Shin [10] have proposed an adap-
tive routing algorithm to tolerate disconnected faulty blocks
with distance of three or more in at least one dimension
using only two virtual channels per physical link which is
so far the smallest. However, their algorithm can possibly
reach a deadlock and has been improved to tolerate discon-
nected faulty blocks with distance of no less than two in at
least one dimension [11].

As was stated above, many adaptive routing algorithms
. : [1, 3, 10] are designed to tolerate a large number of faults
mesh, Cunningham and Avresky [4] can improve the per- by introducing rectangular faulty blocks. Thus, some good

formance and provide fault tolerance for upXo- 1 faults. L
Besides, Hadas and Brandt [7] have proposed an original—.nOdeS are regarded as faulty ones and are prohibited from

based routing algorithm to tolerate square faulty blocks. mFerchangmg messages .W'th the Othef good nodes. It im-
When a fault arises, their method has a hot-spot effect anoplles that the node utilization may drastically degrade when
will non-minimally r,oute a message even if the message the faulty nodes densely distribute in certain particular pat-
does not encounter any square faulty block terns. In this paper, using two virtual channels per physical
Moreover, Linder and Harden [8] have proposed a fully- Iink., we develop an adaptive and deadlock-free FOU“”Q .al—
adaptive and fault-tolerant routing algorithm based on the gorithm, by which two good nodes can communicate with

concept of virtual interconnection networks. However, it re- each other if there is at least one path between them. No-

quires exponential number of virtual channels per physical tation used in this paper are summar!zed in Table 1, where
link and tolerates small number of faults. Dally and Aoki two nodes are connected if there is a link between them, and

two setsS; andS; are connected if there is a nodec S;
*Corresponding author. E-mail: sdwang@hpc.ee.ntu.edu.tw. and a nod&B € S; such that noded andB are connected

Message routing achieves inter-node communication in
large-scale parallel computers. In a concurrent multicom-
puter, wormhole switching [9] is widely used; however, it
suffers the deadlock problem when not well-designed in a
fault environment. Thus, a reliable routing algorithmis sup-
posed to be deadlock-free and fault-tolerant.

Glass and Ni [6] have proposed a partially-adaptive rout-
ing algorithm to tolerates — 1 faults in ann-dimensional
mesh based on the turn model. Inisnx N 2-dimensional




Table 1. Summary of Notation

Definition 1 (Safe/Unsafe Node)For an n-dimensional
mesh, a good node is called an unsafe node if it connects to

VIN; the virtual interconnection network(i = 5t jaast two faulty/unsafe nodes, and is called a safe node
L,2). . L . otherwise.
VC;,; the virtual channel in dimension of
VIN;. ) Definition 2 (Ancestor, Common Ancestor, Least Com-
num(VCi;)  the channel number of virtual channel mon Ancestor) In the directed path graph, if there is a
VCi,. directed path from verted to vertexB, then vertexA is
Ns the source node. called an ancestor of verte®. If vertexA is an ancestor
Np  the destination node. of both verticesB and C, then vertex4 is called the com-
Ng  the current node. mon ancestor of verticeB and C'. For two verticesB and
Ny the intermediate node. . C, common ancestad is called the least common ances-
Ng  the node receives the message from an iny, it ng other common ancestor is located in each directed
termediate node. shortest path from vertex to vertexB and in each directed
B the faulty blocki. , shortest path from vertex to vertexC.
M, the interconnection network outside all
faulty blocks. o Algorithm 2.1 /* When a node becomes faulty or recov-
M; the sub-mesh (i > 0) contained in a ered, algorithm 2.1 is executed by the central control
faulty block. unit. And, the central control unit will seri; .. to all
S-1 asetconsists of faulty nodes. nodes inS; after algorithm 2.1 is completed. */
S; asetconsists of good nodeshfy (i > 0).
Vi vertexi in the directed path graph. 1 Let the directed path graph be an empty graph.
G;,; a set consists of the entfy;, dim, dir),
wherew; € S; is an intermediate node to 2 Add vertexV} to the directed path graph and setb 1.
;ngggig ((eS\:viilrr]] ?}i%g;er ;;:rfncﬁﬂ)ef% gz_e 3 For all faulty blocksB, to B, do /* construct the directed
sage is routed te; viaVINy,. if S; # So, path graph, and COTpUGk’j andd;. for each di-
then is routed out frorw; via V Cuim, dir- rected edgevs, V;). */
T;; a set consists of the entfy;, dim, dir),

wherew; € S; is an intermediate node to
reachNp € S; (S; may or may not con-
nect toS;) for the message with header in
M;, and the message is routeddQ via
VINy;, if S; # So, thenis routed out from
w; ViaV Cqim,dir-

nodes.

The rest of this paper is organized as follows. In the next
section, we first present a method to construct the directed
path graph which is used to generate the intermediate node
of the message path. In section 3, we propose an adap-
tive and deadlock-free routing algorithm to tolerate irregu-
lar faulty patterns using two virtual channels per physical
link. In section 4, we conclude this paper.

2. Construct the directed path graph

In this section, algorithm 2.1 is presented to construct the
directed path graph which is used to generate the message
path in the next section. Before describing it, Definitions 1
and 2 are needed.

3.1 Find sub-meshed/,, M, 41, -, Myyq—1 I B;
such that

(1) Each good node i3; belongs to exactly one
M (z<j<z+gq-1).

(2) ForeachV/; (z < j < z+q¢—1), the number
of faulty nodes in}/; is less than the dimen-
sion of M.

(3) Foreachi/; (z < j <z +¢q—1),there ex-
ists My = Mo, , Ma,,---,M,, = M; such
that (1)S,. andS,_,, are connected and (2)
ac < Get1, WhereM,,, My, -, M,, are
allin B;.

32Forj=ztox+q—1do

3.2.1 Add vertexV; to the directed path graph.

3.2.2 For eachSy, (0 < k < j) connected td;
do

3.2.2.1 Add a directed edgéV;, V;) to the
directed path graph.

3.2.2.2LetGy,; andGj, , be empty sets.
3.2.2.3For each pair of connected nodes
wg € Sy, andwj S Sj do
3.2.2.3.1Gy,; = Gi,; U (wg,dim, 1).
32232Gj,k = Gj,k U(wj, —dim,2).



I* dim denotes the directed dimension

where the link from node;, to nodew;
is located. */

33z=z+q.

4 Forj = 0tox — 1do /* computeT;; for 0 < j <
xr—1,0 <k < z-1,and;j # k, wherez is the
number of vertices in the directed path graph. */

41 Fork=0tox —1(k+# j)do
4.1.1 If vertex V, is an ancestor of vertek; in
the directed path graph, then
4.1.1.17Tj, is set tof.
4.1.1.2 For each directed shortest patl,
from vertexV;, to vertexV; do.
4.1.1.2.1Let (V,,V;) be a directed
edge inP,,. Then, T}, is set to
Tch U Gj,a.
4.1.2 Else if vertexV; is an ancestor of verte,
in the directed path graph, then
4.1.2.17Tj}, is set tof).

4.1.2.2For each directed shortest path

Pyown from vertexV; to vertexV, do

4.1.2.2.1Let (V;,V,) be a directed
edge inPyopn. Then,Tj is set to

Table 2. T}, obtained for the injured mesh
shown in Figure 1(a).

li\e] 0 [ 1 [ 2 ]3] 4]

[ 0 I - [GoalGos|Gos|Gos|
[ L [Gol - [Guo[Gio][Gio]
” 2 ” G270 | G2,0 | - | GZ,O | Gz,o ||
[ 3 [[Gs0]Gso|Gso]| - |Gsa]
I 4 [ Gus|Gas|Gas|Gus| - |

3 For each directed edgé/,V;) in the directed path

graph,Gy,; and G, is obtained due to step 3.2.2,
whereGo = {((6,16),-1,1), ((7,16),-1,1), ((8,-16),-
111)! ((9115)1'011)1 ((9114)1'011)1 ((9113)1-0}1G1,0 =
{((6,15),1,2), ((7,15),1,2), ((8,15),1,2), ((8,15),0,2),
((8,14),0,2), ((8,13),0.3) Go,» = {((11,10),-1,1),
((1220)-1,1), Gao = {((11,9),1,2), (12,9),1,3)
GO,B = {((318)1'111}1 G3,0 = {((317)1112}1 G3,4 =
{((317)1'111}1G4,3 = {((316)1112}

4 T, (0<j<4,0<k<4,j+#k)isobtained as shown

in Table 2 due to step 4, whef§ , is set toG o for
1 < j < 3andTys is set toG4 3 due to step 4.1.1,

To is set toGy, for 1 < k < 3 andT3 4 is set to
G4 dueto step 4.1.7I); 1, (j # k), excludingT 4, iS
settoGjoforl <j <3,1<k<4andlyyissetto
G4 3 for k =1,2dueto step 4.1.4.

Tng U Gj@.
4.1.3 Else if verticesV; andV;, has no common
ancestor in the directed path graph, tienp
is set tof.

4.14Else Another example is shown in Figure 2(a), where 2 faulty
4.1.4.1Tj} is set tof). blocks B, and B, form in 21 x 21 injured mesh. After
4.1.4.2For each least common ancestor algorithm 2.1 is completed, we have
Vieq Of verticesV; andVj, do

4.1.4.2.1For each directed shortest 1 B; finds sub-meshed/; ~ My, and B, finds sub-
pathP,, from vertexVj., to vertexV; meshes\y ~ M,.
do

4.1.4.2.1.1Let (V,,V;) be a directed 2 The directed path graph is constructed as shown in Fig-
edgeinP,,. ThenT}  is settal} ;U ure 2(b).
Gj@.l:‘

3 For each directed edgé/,V;) in the directed path

An example is shown in Figure 1(a), where 36 faulty graph,Gy.; andG,  is obtained.

nodes spread overd x 21 mesh. Based on Definition 1,
three faulty blocks3;, B», andB; are formed by the deac-

tivating method. After algorithm 2.1 is completed, we have 4 Tj, (0 <7 <9,0 <k < 9)is obtained as shown in

Table 3.

1 B, finds sub-mest/;, B, finds sub-meshi/,, and B;
finds sub-meshe&/; and M, due to step 3.1. In step 3.1, each faulty block; can find sub-meshes by

a deterministic algorithm. Thus, our method requires the

2 The directed path graph is constructed as shown in Fig-global failure information if the central control unit is not

ure 1(b) due to step 3.2.1. available.
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Figure 1. (a) shows a 21 x 21 injured mesh, where 3 faulty blocks B; ~ Bjs are formed by Definition 1,
and M, ~ M, are decided after the completion of algorithm 2.1. (b) shows the directed path graph
constructed by algorithm 2.1.



Table 3. T}, obtained for the injured mesh shown in Figure 2(a).

. 0 1 2 3 4
AL 5 6 7 8 9
0 - Go1 Go,2 Go,1 UGo 2 Go4
Go2UGoa Goe Go, 0 Goo
1 G0 - G, G1,3 G4
Gi12UG13UG4 Gia G2 Gip
2 Gap G - Ga3 Gao UG
Gaps GaoUG2 Ga Gay
3 G31UGs2 Gsa G320 - Gsa
G35 Gsa G35 0 G31UGs2
4 Gap Gan GioUGy: Gu1 -
Gags Gag GasUGag Gy
5 G52 UGs54 G52 UG53 UG54 G52 Gs3 G54
- G54 G5,z G52 UGs54
6 Ge0 Ge 4 Ge,0UGsa Ge 4 Ge 4
G674 - G6,7 G6,0
7 G0 G2 G Grs Gr75UGr6
G7,5 G7,6 - @ G?,O
8 [} [} 0 0 [}
0 0 0 - 0
9 Gy Gy Gy Gy Gy
Goo Gopo Go.o [ .

3. Adaptive and fault-tolerant routing with 2 Else if No = Ny, then the message is routed via

100% nOde uti|i2ati0n Vcheader.dim,header.dir-
3 Else
In this section, algorithm 3.1 is proposed to route a mes-
sage using two virtual channels per physical link. ltuses  3:11f (No = Ns) or (No = Ng), then
Glass and Ni's algorithm [6] to route the message inside a SetMessagéHeader.

faulty block, and uses algorithm RRFB2 [11] to route the 3.21f S, =5, then
message outside a faulty block. It is capable of tolerating
irregular faulty patterns by transmitting the message from
sources or to destinations within faulty blocks via multi-
ple “intermediate nodes”. In algorithm 3.1, the message
header format isHeader.Np, header.Ny, header.dim,
header.dir). header.Np records the address a¥Vp,
header. Nt records the address 8f;, header.dim records
the directed dimension along which the message is routed 3.3 Else

3.2.1If No € Sy, then route the message to
Np via VIN; and VIN, by an adaptive
deadlock-free routing algorithm in [10].

3.2.2 Else route the message tdNp via
VINpeader.qir DY an adaptive deadlock-free
routing algorithm in [6].

out from Ny, andheader.dir records the virtual intercon- 3.3.11f N € S, then route the message to
nection networkVI Nheader.air USed to route the message N; via VIN, and VIN, by an adaptive
from N to Ny if No ¢ Sp. To allow clearer exposition, deadlock-free routing algorithm in [10].

we assuméVs € Sy, N¢ € Sy, Np € S, in algorithm 3.1. 33.2Else route the message t&V; via

) VINpeader.qir By an adaptive deadlock-free
Algorlthm 3.1 /* AssumeNg € Sp,NC S Sq, andNp € routing a|gorithm in [6]

Sy. *l
SetMessageHeader 1 If (No = Ng) and (I}, = 0 or
1 If No = Np, then exit. Np € S_1), then exit.
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Figure 2. (a) shows a 21 x 21 injured mesh, where two messages 1 and 2 are routed by algorithm 3.1.
(b) shows the directed path graph constructed by algorithm 2.1.

2 Else if (N¢ = Ng) and (S, = S,), then set step 3.3.2. Then itis routed to nod&14,14) viaVC_; »
header.dir to 1 or 2. due to step 2. When message 1 reaches ngdbe header
3 Else if (S, # S,), then update the message header iS Updated td(6,8), (12,8), -0, 1) due to step 3.1.3. Then
by it is routed to nodeD(12,8) via VIN; andVIN, by an
(1) selectin one cle- adaptive deadlock-free routing algorithm in [10] due to step
ment ong say (w;, dim, dir), such that 3.3.1, andis routed to nodg(11, 8) viaV'C_g ; due to step
q,r [2) ) ’ . .
the sum of the distance between nodés 2. And so on, message 1 is routed to n@t@, 8) viaVIN;

andw, and the distance between no [6] due to step 3.3.2, is routed to nod’eé8,8)IV|a VC_ o1
. des due to step 2, and is finally sent to noflevia VI N; by
andNp is the smallest.

[6] due to step 3.2.2. For message 2, it is first routed to

(2) setting  header.Nt, header.dim, via VIN, by [6] due to step 3.3.2, is routed to noflevia
andheader.dir to w;, dim, anddir, respec- VC, » due to step 2, is routed to nodevia VIN, by [6]
tively. due to step 3.3.2, is routed to nodé via VC_; ; due to

As shown in Figure 2(a), message 1 is routed from step 2, is finally sent to nod¥ via VV I N; by [6] due to step

nodeA(15,16) to nodeH (6,8), and message 2 is routed

from node(10,9) to nodeN (4,10). For message 1, the

header is updated t((6,8), (14,15),—1,2) due to step

3.1.3. Thus, it is routed to nodB(14,15) via VIN- by Theorem 1 Algorithm 3.1 is deadlock-free with two virtual
an adaptive deadlock-free routing algorithm in [6] due to channels per physical link.



messages are routed by an adaptive and deadlock-free rout-
ing algorithm presented in [10]. Otherwise, messages are
routed by an adaptive and deadlock-free routing algorithm
presented in [6]. Thus, the waiting cycle is not a real dead-
lock. O

4. Conclusion

Figure 3. A waiting cycle of four messages

A.B,C,and D. In a concurrent multicomputer, a reliable routing algo-

rithm requires deadlock-freedom and fault-tolerance. Many
researchers [1, 3, 10] proposed adaptive and deadlock-free
routing algorithms using a certain number of virtual chan-
L . ) nels per physical link. But the shape of the tolerated faults
PROOF. The proof is divided into three parts: (P1) we as- should be rectangular. Thus, some good nodes need to

slggzn Vevachr V\'/rtl:ﬁl fh?:nej one chnanlr\;vel nufmgen\tlm(x)l, oD@ Seen as faulty nodes and prohibited from interchanging
(P2) we prove that a message canaways avirtuaicha messages with the other good nodes. In this paper, using
nel to use for each one hop in a non-decreasing order of

. . two virtual channels per physical link, we propose an adap-
:;hc?(nnel numbers, (P3) A waiting cycle is not a real dead'tive routing algorithm to tolerate irregular faulty patterns.

Thus the node utilization is increased up to 100%. Our
For P1, let virtual channet be output from a node in - method requires a central control unit or the global infor-
S; (i > 0). Then,num(z) is set toi if virtual channel mation of the node state.
x is in VINy, andnum/(z) is set to—i if virtual channel
z is in VINs.
tination Np € S, is sent toN¢ via virtual channely
and will be sent out fromiV¢ via virtual channek. We
need to showhum(z) > num(y). If No # Ng, then
num(z) = num(y). Thus, we consideN¢c € S, receives

the message from an intermediate nddec S; (S; # S,)

via virtual channely. Three cases are discussed: (C2.1)

vertexV; is an ancestor of vertek,. in the directed path
graph, (C2.2) verteX,. is an ancestor of verté, in the di-
rected path graph, and (C2.3) vertidésandV; has least
common ancestoV.,. For C2.1,(V;,V,) is a directed
edge in the directed shortest path,.,, from vertexV;
to vertexV,. due to step 4.1.2 of algorithm 2.1. It implies
t < ¢ < r and virtual channels andy are all inVIN;.
Thusnum(y) =t < ¢ = num(x). For C2.2,(V,,V;) is

a directed edge in the directed shortest pagh from ver-
tex V,. to vertexV; due to step 4.1.1 of algorithm 2.1. It
impliesr < ¢ < t and virtual channelg andy are all in
VIN,;. And num(y) = —t < —¢ = num(z). For C2.3,
(V4, Vi) is a directed edge in the directed shortest g3th
from vertexV}., to vertexV; due to step 4.1.3 of algorithm
2.1. If V; = Vi, then virtual channey is in VIN, and
virtual channelr is in VIN;. Thus,num(y) = —t < ¢ =
num(z). If V; # Vi, then virtual channels andy are
all in VIN,. And, num(y) = —t < —q = num(x).

For P3, consider a waiting cycle as shown in Figure 3,

where messagd (resp. B, C, D) holds virtual channed
(resp.a, b, c) and requests (resp.b, ¢,d). By P2, we have
num(a) > num(d) > num(c) > num(b) > num(a). It
impliesnum(a) = num(d) = num(c) = num(b). Thus,
virtual channels:, b, c andd are in aM;. If i = 0, then

For P2, suppose a message, whose des-
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