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Adaptive and Deadlock-Free Routing
for Irregular Faulty Patterns
iIn Mesh Multicomputers

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

Abstract--Message routing achieves the internede communicalion in paraflel computers. A reliable reuling is supposed to ba
deadlock-frao and fault-tolerant. Whils many reuting algorithms are abls 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 wermhole networks. In this paper, a
two-staged adaptive and deadlock-free routing algorithm called "Routing for Iregular Faulty Patterns” (RIFP) is propased. It can
tolerate irregular faulty patterns by transmitting messagss from sources or to destinations within faulty blocks via multiple "intermediate
nodes." A method employed by RIFP is first intraduced to generate intermediate nodes using the local failurs information, By its aid,
two communicating nodas can atways exchange their data or intermediate results if there is at least one path between them. RIFP

needs fwo virtual channels per physical fink in meshes.

Index Terms—Adaptive and deadiock-free routing, fault tolerance, wormhole switching, irregular faulty pattern, virtual channel, mesh

multicomputer.

1 INTRODUCTION
IN parallel computing, processors must communicate with
cach other to exchange data or intermediate results. This
can be achieved by message routing via an interconnection
network in a multicomputer. In the first generation mulli-
computers, the packet switching technique is used for
controlling the flow of messages through the network [1],
[16], [20], [22], [2¢], [29]. It regards each packet as an entity
that is passed from node to node as it moves through the
network. Thus, the network latency is proportional to the
distance between two communicating nodes.

In concurrent multicomputers, cut-through switching
techniques are used for reducing the network latency,
among which wormhole switching [27], virtual cut-through
switching [19] and pipelined circuit-switching [12] are
amang the most popular ones. In the cul-through switching
maodel, each packet consists of a sequence of elementary
flow control units called flits spreading over several
successive nodes and links, As the header flit advances
along a specified roule, the subsequent flits follow up in a
pipelined fashion. The netwark latency is thereby inscnsi-
tive to the length of the message path. In wormhole and
virtual cub-through techniques, data flits immediately
follow the routing header, Whenever the header flit is
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blocked at an intermediate node, the remaining flits stop
advancing and block all channels they occupied in warm-
kole switching; in contrast, they are buffered in the
intermediate node and removed from the network in
virtual cut-through switching. Tn pipelined circuit-switch-
ing, data flits do not immediately follow the routing header.
Whenever the header flit is blocked at an intermediate
node, it may backtrack and release previously reserved
channels on the path and attempt an alternative path. After
the header flit reaches the destination, an acknowledge it
returns to the source node, Then, data flits are routed te the
destination via the previously reserved path. It is noted that:

s wormhole switching is susceplible to a deadlock [8],
9], (101,
e virtual cut-through switching, like packet switching,
needs more buffers to prevent a deadlock [4], [13],
[15], [17], [21], [24], [30], and
e pipelined circuit-switching needs larger path sctup
time,
In wormhole networks, Glass and Ni [14] have proposed
a partially-adaptive routing algorithm to tolerate n—1
faults in an n-dimensional mesh based on the turn model. In
an N x N 2D mesh, the routing algorithm, presented by
Cunningham and Avresky in [6], can improve the perfor-
mance and provide fault tolerance for up to N — 1 faults.
Besides, Hadas and Brandt [18] proposed an eoriginal-based
routing algorithm to tolerate square faulty blocks. When a
fault arises, their method has a hot-spot offect and will
nonminimally route a message even if the message does not
encounter any square faulty block.
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Based on the concept of virtual interconnection net-
works, Linder and ITarden {23] 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 Acki [7] have propesed a dynamic
algorithm to remove cycles from a packet wait-for graph
instead of a channel dependency graph. Thus, the virtual
channel utilization can be considerably improved. In their
algorithm, the number of faults tolerated and wvirtual
channels used depends on the location of faults,

By enclosing faults with rectangular faulty blocks, many
adaptive routing algonithms arc able to tolerate a large
number of faults using a certain number of viriual channels
per physical link. Chien and Kim [5] have proposed a
planar-adaptive routing algorithm, which requires three
virtual channels per physical link to tolerate faulty blocks
with a distance of two in at least one dimension. Using extra
four virtual channels per physical link, Boppana and
Chalasani [2] can enhance any fully-adaptive algorithm to
tolerate faulty blocks with a distance of two in at least one
dimension. Besides, using three virtual channels per
physical link, the algorithm presented by Boura and Das
[3] provides full-adaptivity and fault-tolerance. It can
tolerate faulty blocks with a distance of three, In addition,
Su and Shin [28] have proposed an adaplive routing
algorithm to tolerate faulty blocks with a distance of three
in at least one dimension using only two virtual channels
pet physical link. However, all these methods introduce
rectangular faulty blocks within which all nodes are
regarded as faulty ones, Thus, good nodes within faulty
blocks are prohibited from exchanging moessages with
the other good nodes, resulting in considerably degraded
node utilization.

This paper proposes a new routing methed RIFP that is
able to tolerate irregular faulty patterns. We first enclose
faulty nodes with rectangular blocks, as do the above
algorithms [2], [3], [5], [28]. Then, we develop a routing
method capable of routing messages whose sources and/or
destinations are within faulty blocks. Since messages need
to be routed around faulty nodes, routing within faulty
blecks 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 are instructed Lo veach their destinations without
coming to a deadlock.

The rest of this paper is organized as follows: In the next
section, necessary notations and definitions are introduced.
The node fault is assumed to be the basic fault element
through this paper. In Section 3, a method cmployed by
RIFD is developed to generate intermediate nodes. The time

complexity of this method is alse analyzed. Tn Section 4, the
routing algorithm RIFP with two illustrative examples is
given. Finally, we conclude this paper in Section 5,

2 NOTATIONS AND DEFINITIONS

TFor ease of reference, some notations are summatrized in

Table 1. They are illustrated in the following example. After

that, definitions used in this paper are clearly defined.

Example. See Fig. 1. S(7) contains node (4,7) with
2410, 2<7<10, SB(B) contains nedes (L,1),
2.0, -, (1L, (1,2, ., (1,11), (10,11), .-,
(1,11}, (1,10), ..+, (1,2). SE(B) contains nodes (2,2),
(3,2), -, (10,2), (10,3), -, (10,10), (9,10), «--, (2, 10),
(2,93, ---, (2,3). And, NF(Ms) =4, Dim{My) — 2, Sy
contains node (7.7) with 2 <4 <4, 6 < § < 10. Besides,
(M3.0.0b, Mz 0ub) = (2,4), (Myllh, Ms1lab) = (6,10,
(B0, B.Oab) = (2,10), (B.1Ib, B.Lab) = (2, 10).

Definition 1 (Safe/Unsafe Note). [22] A good node is called an
unsafe node if it nefyhbors at least two fawltyfunsafe nodes,
and is called a safe node otherwise.

Definition 2 (Connected Mesh). An expanded mesh M is
connected if there exists ot least one path belween any fwo good
nodes x and y in M.

Definition 3 (Neighboring Meshes). Two expanded meshes
M; and M; are neighboring if there exisis at least one link
(,9), where x and y are good nodes in M, snd M,
respectively.

Definition 4 (Node Address Ordering), Lat Addp{x) —
(g, w1y ene1) and Addr(y) = (it vy 1) be ad-
dresses of nodes x and vy, respectively. Then, Addr(c) <
Addr(y) if there exists 1 such Hak:

1o g <<, and
2. Yimdm =y
Example. See Fig. 1 for the detailed description of
Definitions 1 through 4. In the relaxation process of
node deactivation, nodes (3,5), (3,6), {4,4), (4,8), (5.3),
(5,6), (5,8), (6,4), {6,5), (6,7), (7,6), (7,9).(8,6}, (8,8),
(8,10}, {9,5) are first marked as unsafe nodes based on
Definition 1. 1t then goes to mark nodes (2,6); (3,4),
(4,3}, (4,9), (5,2), (6,8}, (6,9), (7,4), (7.7), (8,7), (9,8),
(10, 5) to be unsafe nodes. The relaxation process contin—
ues until the node neighbors are down to at least two
unsafe/faulty nodes. After that, a faulty block B is finally
formed, within which all nodes are unsafe/faulty nodes.
Besides, suppose that faulty block B is divided into six
expanded meshes M, My, ---, Mg, Then each of M|, Ms,
M, and My is connected; however, each of A4, and M is
not connected based on Definition 2. In addition, M;
neighbors to My; however, Ma, My, M;, and Ms; do not
neighbor to M; based on Definition 3. Nevertheless, we
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TABLE 1
Summary of Notation
VIN; the virtual interconnection network 1 (i == 1,2).
VC;; the virtual channel in dimension ¢ of VIN;.
num{VC; ;)  the channel mumber of virtual channel Vi ;.
S(B) aset consisting of all nodes within faulty block 5.
SB(B) aset consisting of all nodes located on the border of faulty block B.
Speeifically, SB(B) contains every node 2 ¢ S(13) such that z is on
the corner of hlock B or neighbors to exactly one node y € S(B).
SE(B) a set consisting of all nodes located on the edge of block B. Specil-
' ically, SE(B) contains every node z € S(B) such that z neighbors
ta at least onc node y € SB(B).
NF(M) the number of faulty nodes in expanded mesh M.
Dim(M) the dimension of expanded mosh M.
5; a st consisting of all nodes in expanded megh M;.
Addr(z) the address of node 2.
Addr(z).k  the address value of node # in dimension k.
M.kdb (Mk.wub)  the smallest (largest) address of expanded mesh M in dimension k.
Bk (B.k.ub)  the smallest (largest) address of faulty block I3 in dimension .

have Addr({0,0)) < Addr((1,0)) < -+ < Addr{(16,0)}
< Addr((0,1)) < Addr((1,1}) < -+ < Addr({(16,1))
< o< Addr((0,16)) < Addr((1,16))< - -+ < Addr({16,16))
Addr((16,16)) based on Definition 4.

3 EsTABLISHING INTERMEDIATE NODES

As was described befere, the difficulty of routing a message
within a faulty block is how to prevent a deadlock. Our
basic idea is described as follows: First, we decomposze a
faulty block into several connected expanded meshes. Next,
we find a routing method such that routing in each
expanded mesh is deadlock-free and cydes cannol form
between these expanded meshes.

We decompose a faulty block into several expanded
mashos in each of which the number of faulty nodes is less
than its dimension. There are two reasons. The first is that
these expanded meshes are provably connected. The second
is that Glass and Ni’s algorithm [14] is deadlock-free in each
of these expanded meshes.

However, how to prevent cycles between these ex-
panded meshes? First, we construct a directed acyclic graph
DAG for a faulty block. Lach vertex ¥; corresponds to an
expanded mesh Af;. Rach directed edge (V,,V]) represents
that A; neighbors M;. Then, suppose that a message in M;
is destined for a node in M, If V. is an ancestor of 1} in
DAG, then VIN, is used to route the message. If Vi is an
ancestor of ¥y, then VIA; is used. Otherwise, if ¥, and

have a common ancestor V,,, then VN, is first used until
the message reaches M., and VIN; is then used until the
message rcaches the destination. In our methoed, the
message will traverse several expanded moshes in order
before it reaches the destination. For example, assume that
the path from ¥V lo ¥ is P Vi, ¥, %, -, V. Then, this
message in M, will first send to M, and then to M,, and
finally to the destination in M.

However, how does a message traverse oxpanded
meshes in order? Our method introduces the usage of
intermediate nodes. First, we find the pair of neighboring
nodes in M; and M;, say (n;,n;), for each directed edge
{Vi, V}) in DAG. Node n; is a good node in M; and nede r; is
a good node in M;. Then, n; is the intermediate node thal
instructs the message to enter 4, and n; is the intermediate
node that instructs the message to enter ;. Tn the following
subsection, the method of establishing intermediate nodes
is described more in detail. This method is analyzed ir
Section 3.2,

3.1 Algorithm Establish_IN

In this scction, Algorithm Establish_IN is used for generat
ing the intermediate nodes, in which each good node = ¢
(S U SB(B)) for some faulty black 73 is able to get the
failure information of each node i & S(B} is assumed. (See
Appendix A). It consists of three procedures: Divide FB
Construct_DAG, and Discover_IN. Divide FB is used fo
dividing a faulty block into several connected expandec
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Fig. 1. A 17 % 17 injured mesh A, where one faulty block 7 |s formed and is divided into six expanded meshes My, M, - M.

meshes. Construct_DAG is used for building the directed
acyclic praph. Discover_IN is used for generating the
intermediate nodes. To simplify our presentation, we will
refer to My as the network that interconnects all nodes not

within faulty blocks,

Procedure Divide_FB
1. Set j to 1.

2. Selecta geod node a2 € S(B), 2¢8, U S U+« U Sy, by the
following order: /* Sy US U US =Bif j<2%/
2.1. x € SE(#) such that ¥y € SE(H),y £ =,
S US U U5, 1 = Addrle) < Addr(y).
2.2, ¥ neighbors to My, M, -+, M,
(<p <m<  <p, <5-1)such that
Yy ¢ S(B),y ot w St US U U S 1y
neighbors to M, , M, ---, M,
g <p< - <g<fj—1)=<q)or
{({zn = q1) and {Addr{x) < Addr{y))}.

3. For & =n — 1 downto 0 do
3.1 Set M;.ktb and M;.k.ub to Addr(x).k

4. Decrease M;.k.lh by 1.
5. I (Ml < BRb) or (851 (508U US; 1) #8) ot
(N F(3;) = Dim(M;)), then increase M;.kib by 1. /* M;

fails to expand in dimension —k. */

6. Else goto Step 4, /* M; continues to expand in dimension
—k.*/

7. Increase M;.kub by 1.

8. If (Myhbaub > Bhubyor (S;N{S1USU---USL ) # B or
(NF(M;) > Dim(M;)), then decrease M.k by 1. /%
M; fails to expand in dimension -+-&. */

9. Else goto Step 7. /* M; conlinues to expand in dimension
+h 2/

10. Increase k by 1.

1. If & < n, then goto Step 4. /* M; expands in higher
dimension. */

12. Increase j by 1.

13. If there exists a good nede » £ S(B),
S U S, UL+ S; ., then goto Step 2. /* Divide HB
expands another mesh to enclose unselected good
nodes. */

In Step 2, Divide_FB seeds M; with an unselected good
node « within faulty block B. Tt first selects node o with
the smallest address value among all nodes located on
the edge of B in Step 2.1, If there is no node located on
the edge of this block, then it selects node # with the
smallest address value among all nodes neighboring to M,
o My (i <y <
<+ < 4;) neighbor to at least one unselected good node

in Step 2.2. (Assuming that M;, M, -

within 13.) Steps 4 through 11 are used for growing Af;.
Divide_FB expands M; in dimension -0, +-0, —1, +1, -+,
~(rn — 1), +{n —1) by order. Steps 4 through 6 arc used

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



54 IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED 8YSTEMS, VOL. 11, NO. 1, JANUARY 2000

0

Flg. 2. A 17 x 17 injured mesh, where a faulty block £ is divided into 12 expanded meshes My, Ma, -+, My after the completion of Divide_FB.

to expand M; in dimension —k In Step 5, M; fails to
expand in dimension —k, if one of the following three

conditions holds:

1. M; exceeds the edge of B in dimension —k. That is,
M;.kdb < Bk.dh.

2. M; overlaps with one of M;, Ay, -+, M;_,. That is,
SN (S1US U U8 )£

3. The number of faulty nodes in M; is greater than
or equal to the dimension of M, That is,
NF(M;) > Dim(M;).

If M; fails to expand in dimension —k, then it expands in

dimension +k as seen in Steps 7 through 9. In Step 11,

M; continues to expand in higher dimension. Finally, in
Step 13, the execution continues to enclose unselected good
nodes within B with another expanded mesh. Some

features of Divide_FD are uncovered:

1. Each good node within faulty block B is included in
exactly one expanded mesh,

2. The number of faults spreading over an expanded
mesh M; is less than the dimension of M;. Thereby,
each one of the expanded meshes is connected.

3. Suppose that there is a path betwoeen node n; and ng.
n; is a good node in M; and ng is in My. Then, thore
exists

My= M, M, - M, =M

(0=a1 < ay < - < ap = j) such that M, neighbors
to M, , for ¢ = 1to b — L, For example, see Fig,. 2. For

Mz, there exists My, M7, M,y such that My neighbors
to M7, and My neighbors to M.

Example, See Fig. 2 for the description of Divide_FB. In the

expansion of M), node (2,2) is selected in Step 2, since
its address is lowest among all nodes located on the odge
of faulty block B. Then M, first expands toward
dimension -0 during Steps 4 through 6. However, it
fails, since M) exceeds the edge of B. Aftor that, M
expands in dimension +0 during Steps 7 through 9 until
it encounters faulty node (§,2). M; cannot include
node (B, 2), otherwise the number of faulty nodes within
it is equal to its dimension. (It is noted at this time
that Dim(M,) = 1.) Thereafter, M, fails to expand in
dimension -1, since it exceeds the edge of B. Thus, M,
continues to expand in dimension +1 until it encounters
nedes (2,4), (3,4), (4,4), (5,4). Again, M, cannot include
these nodes, otherwise the number of faulty nodes
within it is equal to its dimension. {Dimn (M|} = 2 at this
time.} At Step 13, at least cne good node is in B which is
not included in A, thus the execution goes to Step 2.
And so on, meshes My, My, -+ -, My expand within 77, -

Pracedure Construct_ DAG
1. Let DAG be a vertex V.

2. For k=1 to ¢ do /* q denotes the number of expanded

meshes within B. */

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



TSAl AND WANG: ADAPTIVE AND DEADLOCK-FREE ROUTING FOR IRREGULAR FAULTY PATTERNS IN MESH MULTICOMPUTERS 55

2.1. Add vertex W, to DAG.

2.2, For each M, (0 €t < &} neighboring to M, do

2.2.1. Add a directed edge (V, Vi) to DAG.

22.2, Tet G, and Gy, be emply sets.

2.2.3, For each pair of neighboring nodes w3 € M, and
wy, € My, do /* dim denotes the directed
dimension where the link from node w, to node
wy 15 located, */

2.23.1. Gm; = Gt,k W] (111;, i, 1)
2232, Gyy = Gry U (10, —dim, 2).

Example. See Fig. 3 for the detailed description of
Construct_DAG. Initially,
Vo in Step 1. Then Construct DAG adds vertex V) to
DAC in Step 2.1 and adds a directed edge (Va, 1) to
f2AG in Step 2.2.1. In Step 2.2.3, Gy, and (11 are used for
storing the intermediate nodes from My to A and from

DAG contains only one vertex

My to My, respectively,

Gy = {{(1,3),40,1), {{1,2),+0, 1), ({2,1),+1,1},

| ((3n+l )(( 1},+1,1), ((5,1), +1 0}

Go = {((2,8),-0,2), ((2.2), -0,2), ((2,2), -1, 2),
((3,2),-1 z) ((4,2).-1,2),{(5,2 )—1 2)}.

Gy1 and Ghg indicate that there are six intermediate
nedes from My to M) and from M, to Ay, respectively,
Construct_DAG terminates after vertex 149 is added to
DAG. Tt is noted that the intermediate nodes between
neighboring expanded meshes M; and M; can be
oblained from & ;.

T the following, Discover_IN is described, which is used

to generate the intermediate nodes for the node in M.,

Procedure Discover_IN
LFork=0tg¢g(k#1¢) do

11, If vertex ¥} is an ancestor of vertex V, in DAG and
P Vi = oo = ¥, — Vi is a directed shortest path

o~

Vir.

Fig. 3. The direcled acyclic graph censtructed for faulty block I in Fig, 2
after the completion of Construct_DAG.

from vertox ¥ to vertox V;, then 135 is set to Gre.
1.2, Else if vertex V; is an ancestor of vertex ¥, in DAG

and Pyt Vi — V.- — ¥ is a direcled shortest

path from vertex V} to vertex Vi, then 1} is set

to G‘g}a. .
13. Blse it Py : Vo o - — V, — V; is a directed

shortest path from vertex 1} to vertex V;, then 7,

is set to ;.. |

Example. See Table 2 for the doetailed doscription of
Discover IN. Ty is set to &g due to Step 1.1, T1g is
set to (g due to Step 1.2, And, 1) 3 is sot to Ty due to
Step 1.3. It is noted thal Table 2 is not unigue. For
example, Tyg can be set to Gy or Gy, since both path
Vi > V1 — W and path ¥ — V; — 1§ are the shortest
paths from W to V3 in DAG. Besides, it is also noted that
the intermediate nodes between any two expanded
meshes M; and M, can be obtained from T ;.

Algorithm Establish_IN

1. Tor each node o: € S{B)U SD(13) do
1.1. 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 composed of three pro-
cedures: Divide FB, Construct_DAG, and Discover_IN, we
will first analyze these three procedures, respectively.

In Divide_FB, the data structure Order_Set is first intro—
duced as shown in Fig. 4. Tn Order_Set, the elemenls are
in order of value. There are four operations find, delete,
find_min, int_max for Order_Set. Operation find(5,x)
returns “True” if o is an element of set 5, and returns
“False” otherwise. Operation delete(S,x) removes the
element x from set . Operation find_min{S) returns ¢ if
& is an empty set, and returns and doletes the element =
with the smallest value in 9 otherwise. And, operation
int_max(5, r) adds the element x to set S, where the value of
a 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, S,, S5, SS; are sets of Order_Set. S, contains
all unselected good nodes within faulty block £. 1t is
initially constructed in O{N) by repeated int max
operations, where N denotes the number of nodes within
I3, For example, in Fig. 2, S, is constructed initially by the
operalions int_max'(Sg,(Q,Q)), int_max-(5,(3,2)), ---,
int_max(5;, (10,2)}, int_max{5,,(2,3)), ini_max(,,(3,3)),

-+, Int_max(S,, (10,3)), -- -, int_max—(S,, (2,10)), int_max-
(8. (3,10)), «, int_max(J,, (10, 10)) in ordér. S, excludes
all nodes in 5; after Af; is expanded in Divide FB. Sy
contains all unsclected good nodes located on the edge of B,
Also, S is initially constructed in O(N) time, In Fig. 2, 55 is
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TABLE 2
T} Obtained for Faulty Block 1
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This is obiained in Fig. 2 after the complation of Discover_IN, where "T(j, &) = i" denoles "I'(j, k) =G;,."

initially constructed by operations int_max({5,(2,2)),
int_max{5u,(3,2)), ---, int_max{Sy,(10,2)), int_max-
(S, (2,3)), int_ max{Sy, {10,3)), .-+, int_max{Sy, (2,4)},
int_max(Sg,{10,9)), int_max(Sg (2,10}}, int_max-—
(Spy (3, 10Y), -, int max(Sk, (10,10)) in oxder, 58; contains
all unselected good nodes that ave within 5 and neighbor to
M. Still, it is initially constructed in O{N) time by repeated
int_max operations after M; is expanded in Divide FB, In
Fig. 2, 89 is initially constructed by int_max(551, {3,4))
and int_max(557, (41,4)). It is noted that the construction of
551, 88,, -+, 88, spends a total of O(nN) time, since every
node within f7 is included in al most 2n 55;.

Now, we analyze the time complexity of Divide_FB. It is
clear that Step 1 execules one time, Steps 2, 3, 12, 13 execute
g times, and Steps 10, 11 exceute ng times. It is clear that
Step 1 runs in (1) time, Step 12 runs in Ofg) time, and
Steps 3, 10, 11 run in Ofng) lime. In Step 2, Divide_FB needs
a find_min{Sy) operation in Step 2.1, and needs a
find_min(55;,) operation in Step 2.2. (Assuming that M,
My, <+ M, (i <i3 < - <1;) neighbor lo at least one
unselected good node within B.) Thus, Step 2 runs in O(q)
time. Similarly, Step 13 needs a find_min{5,} operation, and

thus runs in O{g) time, In Step 5, Divide_FB counts the
faulty nodes among the newly-added nodes of M;, and
checks whether all these newly-added nodes are contained
in 8. Because every node within B is checked at most
2n times in Step 5, Step 5 tuns in O(nrN) time, The similar
argument can be applied for Step 8. Besides, it is trivial that
Steps 4 and 6 need less time than Step 5, and Steps 7 and 9.
need less time than Step 8. Thus, the time complexity of
Divide FB is O(nN).

In Construct_[JAG, it is clear that Step 1 runs in O(1)
time, Step 2.1 runs in Ofg} lime, and Steps 2.2.1 and 2.2.2
run in |14 time, where %) denotes the number of edges
in PAG. Since every node within faulty block executes
Step 2.2.3 at most 2n times, Step 2.2.3 runs in O(nN) time.
It is brivial that Steps 2.2.1 and 2.2.2 require less lime than
Step 2.2.3. It implies that [F| = ({nN). Thus, the time
complexity of Construct_DAG is O(nA).

I Discover _IN, the data structure Relation Set is fivst
introduced as shown in Fig. 5. Each clement of Relation_Set
contains” two entries, including label and relation. Entry
label stores the label of node z that is an ancestor or a

Fig. 4. The data atructurs Order Set.

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



TSAl AND WANG: ADAPTIVE AND DEADLOCK-FREE ROUTING FOR IRREGULAR FAULTY PATTERNS IN MESH MULTICOMPUTERS ' 57

s

lubel

relation

tabel

relation

label

relation

Fig. 5. The data structure Relation_Sat.

descendant of the current node & And, entry relation stores
the label of node y that is a parent or a child of node 2 and is
in the shortest path between @ and 2z In Discover_IN,

Sencestar AN Sisremitane are sets of Relation_Set. Sencestor and

Sipnseendane. cONsists of all ancestors and descendants of the
current node wx, respectively, Examples of Sgcoster and
Seeseendant Constructed in node V; are given in Fig. 6. In
Discover IN, Siicestor a0 Seseendeny are constructed in
advance in O(rN) time (See Appendix B). Then, it nceds
O(1) time to query whother vertex V, is an ancestor or a
descendant of ¥ in Steps 1.1 and 1.2, and needs O(1) time to
find V, in Steps 1.1 through 1.3, It implies each of the steps
from Step 1.1 through 1.3, needs O{g) time. Thus, the time

complexity of [Jiscover_IN is O(nd).
In sum, the time complexity of Establish_IN is O(nN},

4 THe RouriNG ALGORITHM

In this section, we develop a two-staged adaptive and
deadlock-free routing algorithm RIFP for wormhole net-
works. Fig. 7 shows the flow chart to route messages using
our methed. Bach node first decides its node status, based
on Definition 1. Afterwards, each nade = € SB{#) U S{(13)
gets the failure information of cach node y € S{3} using
Algorithm Exchange_Inf {See Appendix A). Thereafler,
node x {in M;) evaluates 1i; for 0 < j < ¢ {¢ denotes the
number of expanded meshes within faulty block 13) using
Algorithm Establish_IN. Finally, when node = (in M;)
receives a message destined for a node g (in M), it can route
the message to the destination y via any intermediate node z

in 1;; using algorithm RIEP. For ease of reference, some’

necessary notations used in RIFP are summarized in Table 3.

4.1 The Routing Algerithm RIFP

In RIFP, the message header format is (header.Np,
hender, Ny, header.dim, header.div), where header. Np stores
the address of the destination node Ny, header. Ny stores the
address of the intermediate node Nj, header.dimn stores the
directed dimension along which the message is routed out
from Ny, and header.dir stores the virtual interconnection
networks used for routing the message from N to Np. RIFP
classifies all nodes into three clusters by their locations. In

Smlccsmr S(lcscclldant

Vo | Yy Vo

¥ V4 Yy Va J

Fig. 6. Examples of Suue.tor 800 Ssctant i NOE Vi,

cluster 1, each node x is within faulty block 7. That is,
x € 8(N). In cluster 2, each node = is localed on the border
of faulty block B That is, & € S3(). Cluster 3 contains
each other node «. That is, = ¢ S{B) U SB(H).

In RIFF, Su and Shin's method [28] is used to route
messages outside faulty blocks. The reason is that their
method needs only two virtual channels per physical link. 1¢
implies that all nodes in clusters 2 and 3 will roule the
received message using Su and Shin’s method. The
exception is that the node » in cluster 2 is sending the
message into a faulty block. (See Step 2-3.2.} Besides, Glass
and Ni's method [14] is used to route messages within
faulty blocks. Thus, all nodes in cluster 1 will route the
received message using Glass and Ni's method, excluding
the node that is sending the received message into another
expanded mesh, (Sce Step 1-3.)

As was described in Sectien 3, RIFP employs the pre-
established intermediate nodes o instruct the message to
reach their destinations. Thus, when a message enters a new
expanded mesh or derives from a node within a faulty
block, it is supposed to retrieve the information of the
intermediate node. (See Step 1-2.) The same action is taken
for the node Ny that is first traversed among all nodes in
cluster 2 when the received message is going into the faulty
block. (See Step 2-3.1.)

Suppose that a message with source node outside faulty
blocks is destined for a node within a faulty block B. The
message is routed toward its destination by Su and Shin's
methad until it encounters f2. (See Step 3-2.) Since then,
the message is routed toward the intermediate node. (Sec
Step 2-3.3.) And thus, the routing direction can possibly be
changed. (See Fig. 8.) It implies that messages that are not
within faulty blocks can possibly reach a deadlock if they
are routed by Su and Shin’s methed, To break the deadlock,
we temporarily buffer the received message in the node Ny,
e.g., node 13 in Fig, §, that first receives the message among
all nodes located on the border of the faulty block into
which the message' is going. (See Slep 2-3.1.4.) Thereby,
RIFP is a lwo-staged routing algorithm,

RIFP for cluster 1: & € 5{12)

1-1, If N = Np, then exit. /* the message reaches its
destination. */
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Decide the node status based on Definition 1

Y

Find intermediate nodes using Fstablish_IN

Rout messages using RIFP }

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

1-2,

14,

If N = Ng or Ng = Np, then
1-2.1. If NVp is a faulty node, then exit.
1-2.2. If No = Ng and {Ng and Ny are in an expanded
mesh), then set header.dir to 1 or 2.
1-2.3. Tlse if (Ng and Np are not in an expanded mesh),
then update the massage header by
{1) selecting one element of T}, say (w;, dim, dir},
assuming that Ng and Np are good nodes in
A, and A, respectively,
{2) setting header. N1, headerdim, and header.dir
to wy, dim, and dir, respectively.

. If Ng = Ny, then route the message via

VChmrIsr.dim.ﬁ cirider.irs

Else if No and Np are in an expanded mesh A4, then
rote the message to Ny via VINyeqgerair using Glass
and Ni's algorithm.,

. Else route the message to Ny via VIN)eederdir USing

Glass and Ni's algorithm,

RIFP for cluster 2: = € SB{A)

21,

If N = Np, then exit.

2-2.1f Npg5(B), then route the message to Np via VIN; and

2-3,

VIN; using Su and Shin's algorithm.

Tlse
2-3.1. Tf No = Ny, then
2-3.1.1. If Ny is a faulty node, then exit.
2-3.1.2. Select one element of 7;,, say
(wy, dirn, dir), assuming that Np is a good
node in M,.

TABLE 3
Summary of Notation

the destination node.

the curvent node,

the intevmediate node.

the node reecives the message frem an intermediate nodo.

the node x € SR(A), that the message fivst traverses when the
megange 14 destined for a node within faulty block f3.

the souree node, |
|
|

2-3.1.3. St header. Ny, header.dim, and header.div
to uy, dim, and dir, respectively.

2-3.14. If Np # Ny and Ne o4 Ny, then
temporarily store the message in the
buffers until the total message is recoived.
/* The second stage begins. */

2-3.2. Tf Ng = Ny, then route the message via

Vchmd(‘r.dim,hr.'ruh1'.([-&7'-
2-3.3, Hlse route the message to Ny via VIN, and VIN:

using Su and Shin’s algorithm.

RIFP for cluster 3: 2¢£S(B) U SB(B)]
3-1, If N¢ = Np, then oxit.

3-2. Else route the message {o Ny via VIN| and VIN; using
Su and Shin‘s algerithm.

Example. A message is routed from node A(10, 15} to node
G{6,7) using RIFP as shown in Fig. 8. At first, the
message is routed toward its destination via ViN; and
VINy using Su and Shin's algorithm duce to Step 3-2,
Since the destination node & is within a faulty block 8,
the message must traverse a node in SB{D), say
node B{6, 11), before it reaches node G. At node B, the
message header is updated to ({6,7),(8,11},-1,1}, and
the message is temporarily stored in the buffers until the
total message is received due to Step 2-3.1. After that, the
message is routed to node C(8,11) via VIN, and VIN,
using Su and Shin’s atgoritbm due to Step 2-3.3. When
the message reaches node C, it is routed to nade 72(8, 10)
via V-1, due to Step 2-3.2. At node 1), the header is
updated to ({6,7),(8,8), —1,1) due to Step 1-2.3. Then it
is routed to node E(8,8) via VIN| using Glass and Ni's
algorithm due to Step 1-5; and thereafter, it is routed fo
node K(&7) via VC_; due to Step 1-3. Finally, the
message is routed to node G via VIN, using Glass and
Ni's algorithm due to Step 1-4. )

Example. A message Is routed from node A(7,6) to J{6,5)
using REFP as shown in Fig. 9. At first, the message
header is updated to {{6,5), (8,7), +1,2) due to Step 1-2.3.
Then, the message is rouled to node B(R,7) via VIN,
using Glass and Ni's algorithm due to Step 1-5. Later, it
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is routed to node C via V&' » due to Step 1-3. Atnode O,
the header is updated to ((6,5),(10,8),+0,2) due to
Step 1-2.3. Then it is routed to node D10, 8} via VIN,
using Glass and Ni's algorithm due to Step 1-5; and
thereafter, it is rouled to node £{11,8) via Va2 due to
Step 1-3. At node £, the header is updated to
((6,5),(8,1},++1,1) due to Step 2-3.1. Then it is routed
to node F(8,1) via VN7 and VIN; using Su and Shin's
atgarithm due to Step 2-3.3; and thereafter, it is routed to
node G(8,2) via V€, due to Step 2-3.2. At node G, the
header is updated to {(6,5), (7,4), -0, 1) due to Step 1-2.3.
Then it is routed to node H{7,4) via VIN, using Glass
and Ni's algorithm due to Step 1-5; and thereafter, it is
routed to node 7(G,4) via V('_y1 due to Step 1-3. Finally,
the message is sent to node J via VIN; using Glass and
Ni's algorithm due to Step 1-4,

Some features of RIFP are uncovered:

1. RIFP requires only two virtual channels per physical
link. It employs 5u and Shin's algorithm to roule
messages outside faulty blocks, and employs Glass
and Ni’s algorithm to route messages within faulty
blocks,

2. RIFP is reduced to Su and Shin's algorithm if both
the source node and the destination nede are not
within a faulty block.

3. RIEP is a two-staged routing algorithm. Sometimes,
it buffers the received message until the tasl fit of
this message is reached. We use this method, since ii
can prevent a deadlock without additional virtual

Flg. 8. A 17 > 17 injured mesh, whera a message is routed from node 4(12,15) to node (4, 7) by RIFP.

channels, A similar method can be found in [25],
[31], [32], where multistaged multicast algorithms
for warmhole networks are proposed.

The following theorem shows the correctness of

algorithm RIFP.
Theorem 1. Algorithin RIFP is dendlock-free for wormhole

networks using two virtual channels per physical link in
meshes.

Proof. The proof is divided into three parts. In the fivst part,

we assign each virtual channel # one channel number
aum(x). In the second part, we prove that a message can
always find a virtual channel to use for each one hop in a
nondecreasing order of channel numbers. In the third
part, we claim that a waiting cycle is not a real deadlock,

e Part 1, Let virtual channel & be output from a
good node in A (¢ = 0). Then, num(z) ia set to ¢ if
xis in VIN, and is set to —i if z is in VIV,

e Part 2. Suppose that the current node N (a good
node in M} receives the message from a good
node in M; via virtual channel ¥ and, thereafier,
sends out the message toward its destination Ny
(a good node in M,) via virtual channel z. We
need to show num(z) > num(y). If Ne % Np, then
num{z) = num{y). Thus, we consider No = Npg;
that is, Ng receives the message from an inter-
mediate node Nr (a good node in M, (0 # 4)).
Three cases are discussed.

o (2.1, Vertex V; is an ancestor of vertex ¥, in
DAG. Then (V,V4) is a directed edge in the
directed shortest path Py, from vertex ¥, to

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



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

]

- I
& @glien 2

Fig. 9 A 17 x 17 injured mesh, where a message is routed from node A(7, 6) to node J(6,5) by RIFP.

vertex V. due to Step 1.2 of Discover_IN, It
implies t < ¢ < r and virtual channels x and y
are all in VIN,. Thereby,

aum{y} = £ < g = numi{z).

e (22 Vertex V. is an ancestor of vertex V; in
DAG. Then (V, V) is a directed edge in the
directed shortest path P, from vertex ¥; to
vertex ¥ due to Step 1.1 of Discover_IN. It
implies r < ¢ < # and virtual channels « and y
are all in VIN;. Thereby,

num(y) = —t < —q = num(z)

e (2.3, Vertices V. and ¥, has a common
ancestor V5. Then (1, V) is a directed edge
in the directed shortest path P, from vertex
V; to vertex V; due to Step 1.3 of Discover_IN,
If ¥, = V4, then virtual channel ¢ is in Vil
and virtual channel « is in VIN;. Thereby,
num(y) = — <0 =g¢=num(z). If V£,
then virtual channels x and 'y are all in
VIN,. Thereby,

num(y) = —t < —¢ = numfz).

e Part 3. Consider a waiting cycle as shown in
Fig. 10, whoere message A {(resp. B,C, D) holds
virtual channel ¢ (resp. e, b, ¢} and requests virtual
channel a (resp. b, ¢, d). Owing to P2, we have

numla) > numi(d) > numic} > num(b) > num(a).
It implies that
num{a) = num(d) = num(c) = num(b).

Thereby, virtual channels a,b,¢, and d are in the
same expanded mesh, M;. If ¢ = (), then mossages
are routed using Su and Shin’s algorithm. 1f £ # 0,
messages are routed using Glass and Ni's algo-
rithm. Thereby, the waiting cycle is not a real
deadlock. |

4.2 The Complexity Analysis

Let O(5) 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 needs O{5) time to make
routing decision for each node in cluster 3. For the nodes in
cluster 1, RIFP needs O(1) time in Steps 1-1 and 1-3. In
Step 1-2, RIEF needs to query whether Ny is faulty node in
Step 1-2.1 and whether N and Np are in an expanded
mesh in Steps 1-2.2 and 1-2.3. Step 1-2.1 needs O(1) time,
since every node has got the failure information of all the

Fig. 10. A waiting cycle of four messages A, B, C, and £,
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other nodes within faulty block after Exchange_Inf.
Steps 1-2.2 and 1-2.3 need O(1) time to check whether Ny
and Ny are contained in the same 5;. In Steps 1-4 and 1-5,
RIFP needs (1) time to query whether Ng and Njy are in an
expanded mesh, and needs (}() time to decide rouling
direction. Thus, the time complexity of RIFP in each node in
cluster 1 is O{G).

For the nodes in cluster 2, RIFP needs O{1} time in
Step 2-1. In Step 2-2, RIFP needs ({1} time to guery whether
Np is within faulty block B, and noeds O(S) time to decide
routing direction. In Step 2-3, RIFP needs O(1), O(1), and
O(5) time W make a routing decision in Steps 2-3.1, 2-3.2,
and 2-3.3, respectively. Thus, the time complexity of RIFP in
each node in cluster 2 is O(9),

In sum, in each node, RTFP requires O(5 + &) to make a
routing decision.

5 CONCLUSION

Many adaptive wormhole routing algorithms [2], [3], [5],
[28] have been proposed to tolerate a large mumber of
faults using a certain number of virtual channels, However,
these methods inkroduce rectangular faulty blocks within
which all faulty nodes are regarded as faulty ones. Hence,
good nodes within a faulty block are prohibited from
communicating with tho other good nodes, resulting in
considerably degraded node utilization.

For the purposc of exempting node utilization from
degradation, we have proposed an adaptive and deadlock-
free routing algorithm RIFP for wormbhole networks. It is
able to transmit messages from or into faulty blocks; and
thus, it is able o tolerate irregular faulty patterns. The
difficulty of routing messages within faulty blocks is how
to prevent a deadlock. In our method, we first decompose
a faulty block intc several expanded meshes. After that,
we design a routing method RIFP such that routing in
cach oxpanded mesh is deadlock-free, and cycles cannol
form between expanded meshes by way of the usage of
intermediate nodes.

In RIEPR, the physical network is divided into two virtual
networks: VIN| and VIN;. When a message is not within a
faulty block, it is routed via VIN, and VIN, using Su and
Shin's algorithm. When a message is within a faulty block, it
is routed using Glass and Ni's algorithm. The message
within a faulty block is routed via VIN) ta go oul of the
faulty block, and is routed via VIN, to go into the faulty
block. Tn addition, RIFP is a two-staged routing algorithm. Tt
buffers the received message until all flits are reached at few
nodes. Furthermore, RIFP is reduced to Su and Shin's
algorithm if both of the source node and the destination
node of a message arc not within faulty blacks.

APPENDIX A
EXCHANGE OF FAILURE INFORMATION

The foillowing algorithm describes how each good node ¢ €
(S(8) U SB(B)) gets the faiture information of each node
y € 5(B). In Step 3, with respect to node =z, node y is
regarded as a “faulty node” if there is no path between
nodes z and .

. Algorithm Exchange_Inf

1. Node = sends the failure information of itself and each
neighbor ¢ € S(R) to each neighbor node
z e S{IHuESHm.

2. If node = € S(B) U $B(B) receives the failure information
of node y € S{B) at the first time, then it sends the
information to each neighbor node z € 5(B) U SB{7).

3. If node x has got the failure information of each node
4 € (1), then exit.

4. Else goto Step 2.

The lime complexity of Exchange_Inf is O(13), where 1) is
the length of the longest path between any two nodes in
S(B) U SB(13). Tt is trivial that D = O(nV). It implies that
Exchange_Inf runs in O(nN) time,

APPENDIX B
THE CONSTHUOTION OF SETS Dancestor AND Sr[m(:r:m!ﬂ-m‘,

We first describes how to construct 8ets Syeeeeudunt
and Spueestor 0 the following algorithms for the node in
M,. It then goes to analyze the time complexities of
these algorithms:

Procedure Construct_Set
1. Let § be an empty set of Relation_Set.
2. Set z to Vi,

3. For each child ¢of = in DAG do

3.1.If cis in 8, thon goto Step 3 and continues to scan the
next child.

3.2. Insert ¢ into a queue @,

3.3. Let ' be a new element of 5, then
3.3.1. Cllabel is set to o,
3.3.2, It 2 = ¥}, then C.relation is set to ¢
3.3.3. Else C.relntion is set to X.relation. /* X is an

elemoent of 5, in which X.label = . ®/

4. If © is not empty, then let = bo the element removed
from @), and goto Step 3.

Algorithm Construct_Sgacendant

1. Call Censtruct_Set.
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2. LEt Sdﬂ.l:r.'r:wfmll be thC sot 5,

Algorithm Construct S, com
1. Change the edge direction for each directed edge in DAG.
2. Call Construct_Set.

3. Lat 8 ostor e thoe set S,

In- Construct_Set, Steps 1 and 2 need ({1} time. Since
each node in [2AC is inserted into ¢) at most once, Steps 3.2,
3.3, and 4 need O{g) time, where ¢ denotes the number of
nodes in DAG. In Step 2.1, cach directed edge in DAG is
scanned at most once, thus it needs G(|F|) time, where |5
denotes the number of edges in DAG. Since |[E| = O{nN), as
seem in the time complexity analysis of Construct DAG,
Step 2.1 Tuns in OnN) time. Summing the time for the
different parts of Construct Set gives a total of G(nN}
Besides, it is trivial that Comstruct._Syescendee needs O(nN)
time, In Construct_Suus - Step 1 needs | k| time. Thus, the
time complexity of Construict Sprstor 18 O(nN),
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