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Abstract

A no-backtracking gamma interconnection network (NBGIN) is a modified gamma interconnection network (GIN) that can
tolerate one switch or link fault without backward packet transmission. Basically, this can be achieved by providing two alternative
paths at all intermediate nodes during the progression of routing through carefully designed algorithm. In this work, a destination
tag routing named as NB function is designed. With this NB function, a packet can find an alternate path as soon as it encounters a
switch or link fault in NBGIN. The major advantage of NBGIN over gamma-induced networks is that there is no rerouting penalty
under a fault. In addition, NBGIN processes the characteristics of one-fault tolerance, destination tag routing, and dynamic re-
routing. Furthermore, the routing and rerouting path can be simply determined by the destination tag only instead of being

computed with the routing tag. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Interconnection networks are critical to parallel
systems because their performances are closely related
to network latency and throughput. Multistage in-
terconnection networks are well suitable for commu-
nication among tightly coupled system components
and can offer a good balance between cost and per-
formance. For complex systems, assuring high reli-
ability is a challenging task. Thus fault tolerance is
crucial for MINs to serve the communication needs
to large-scale multiprocessor systems (Adams et al.,
1987).

To enhance the fault-tolerance capability, 3 x 3 SEs
have been used as basic building blocks. For example,
gamma interconnection network (GIN) (Parker and
Raghavendra, 1984), augmented data manipulator
(ADM), inverse augmented data manipulator (IADM)
(McMillen and Siegel, 1984) are included in that cate-
gory. (Gamma and IADM are topology equivalent but
different in control algorithm.) In Gamma network,
there are multiple paths between any source and des-
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tination pair except on the condition that the source
and destination are the same. To improve the fault-
tolerant capability of GIN, several schemes have been
introduced such as Extra Stage Gamma Network
(Yoon and Hegazy, 1988), PM22I interconnection
network (Lee and Yoon, 1989), CGIN (Chuang, 1996),
composite banyan (Seo and Feng, 1995), B-network
(Lee and Yoon, 1990), PCGIN, and FCGIN (Chen
et al., 2000). Extra Stage Gamma Network (Yoon and
Hegazy, 1988) and PM22I (Lee and Yoon, 1989) pro-
vide multiple paths between any source and destination
pairs by adding one more stage to GIN, but the delay
time and routing conflicts can be increased. CGIN
(Chuang, 1996) is a revised GIN by providing at least
two disjoint paths, however, its routing algorithm is
complicated. When a fault occurs, the system must use
the backtracking scheme to remedy the fault. Com-
posite banyan (Seo and Feng, 1995) is composed of two
banyan networks (Goke and Lipovski, 1973; Wu and
Feng, 1980), one of them is a normal banyan network
and the other is an inverse banyan network. Because of
their symmetric topology, composite banyan network
shows two disjoint paths. B-network (Lee and Yoon,
1990) uses a redundant link at each stage in GIN as a
backward link. When a fault exists in the routing path,
the packet will go backward to the previous stage to
find the alternate path. But if a link fault occurs
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between stage 0 and stage 1, no alternate path can be
found. PCGIN (Chen et al., 2000) also provides two
disjoint paths between any source and destination pair
by using destination tag routing functions to generate
two disjoint paths rather than distance tag routing.
FCGIN (Chen et al., 2000) uses chaining links (Tzeng
et al., 1988) between two switches at the same stage to
provide not only disjoint paths but also strong rerou-
tability (Chen et al., 2000; Tzeng et al., 1988) to tolerate
faults, but the fault penalty still exists. Although these
networks mentioned above can provide the capacity to
tolerate a fault, the penalties of tolerating a fault are
still high.

The rerouting schemes of the networks discussed so
far need rerouting packets via backtracking (Rau et al.,
1992), with the exception of B-network (Lee and Yoon,
1990) and FCGIN (Chen et al., 2000). With back-
tracking methodology, packets backtrack along the path
traversing to find an alternate path. Such routing
schemes will degrade system performance and increase
hardware cost. Instead of backtracking, B-network uses
backward links to tolerate faults. But B-network cannot
guarantee one-fault tolerant; moreover, fault penalties
still exist. The situations inspire us to design a network
such that packets are capable of tolerating a fault
without penalty.

In this paper, we propose a new multipath network
called No-backtracking Gamma interconnection net-
work (NBGIN). The NBGIN can tolerate one link or
switch fault without backtracking. And then, we dem-
onstrate a destination tag routing algorithm, which can
route a packet to destination without backtracking un-
der a fault. The remainder of this paper is organized as
follows. In Section 2, we introduce the Gamma inter-
connection network, destination tag routing functions in
GIN, and the properties of GIN. In Section 3, we pre-
sent the NBGIN, a destination routing function, and the
routing algorithm. Section 4 describes the detailed
comparisons of some fault-tolerant GINs. Finally, Sec-
tion 5 concludes this paper.

2. Gamma interconnection networks
2.1. Topology

A GIN of size N = 2" consisting of n+ 1 stages is
labeled from 0 to n and each stage involves N switches
(Parker and Raghavendra, 1984). Basically, switches of
sizes 1 x 3 and 3 x 1 are coupled with the first and last
stages, respectively. Moreover, each switch located at
intermediate stages is a 3 x 3 crossbar. And each switch
number j at stage i has three output links connecting to
switches at stage (i + 1) based on the plus-minus-2°
function, that is, the jth switch at stage i has three
output links to switches [(j —2') mod N],j, and
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Fig. 1. Gamma interconnection network with N =8 and its three

paths between nodes 5 and 7.

[(j 4+ 2") mod N]| at the consecutive stage. Fig. 1 illus-
trates a GIN network with size 8.

In GIN, an n-digit tag determines the path connecting
the source to its destination. Each tag digit can be 1, 0,
or 1. An n-digit tag T represents the difference between
D and S, ie., T =D — S( mod N). Digit ¢ is used at
stage 7 in such a way that the lower connection is taken
when ¢, is equal to 1, and the straight connection is taken
when ¢ is 0 where the distance T =t,t ---t,_1. The
GIN makes use of the binary fully redundant number
system to represent each tag. A non-zero tag T has
multiple representations, that is, there are multiple paths
between source S and destination D, when S # D. For
example, when N = 8§, source node S is 5, and destina-
tion node D is 7, the tag T can be 010 or 01 1, or 011 as
shown in Fig. 1.

2.2. Destination tag routing in GIN

The routing algorithm discussed above is the distance
tag routing: the sender must compute the tag before the
packet is sent. To avoid preprocessing control overhead,
we propose two destination tag routing functions
carry(j,d;) and borrow(j,d;) where j means the switch
number at stage i, and d = dyd\d>---d, | means the
destination. Initially, we set the switches to be either
even or odd, that is, a switch j = jojij>---j,_1 1S even
(odd) at stage i if j; is 0(1).
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Definition 1.

carry(j, d;)
j+2 if jis an even(odd) switch and
= di = 1(0),
Ni otherwise,
borrow(j,d;)
j—2" if jis an even(odd) and d; = 1(0),
- { j otherwise.

By Definition 1, a packet is routed to the same switch
number to the consecutive stage, when j; is equal to d;
regardless of which function is applied. Carry function
has behavior of moving toward either straight or down
direction, but borrow function goes up or straight. By
Definition 1, when the two functions proceed non-
straight link, it shows that the switch j at stage i is even
(odd), and d; =1 (0). So the choice of progression to
next link can be done by destination tag only instead of
precomputed tag. The behavior of switching element of
carry and borrow functions is depicted in Fig. 2.

Lemma 1. The functions carry(j,d;) and borrow(j,d;) are
destination tag routing functions.

Proof. We only prove the carry part. The borrow part
can be proven similarly. By Definition 1, as carry rout-
ing function is applied at stage i,0<i<n — 1, the packet
in the switch j = jojij»---j..1 at stage i will reach to
switch jojy -+ ji1dipir1 - - - pa—1 at stage i + 1, where the
destination is dyd\d>---d,_; and p; is 0 or 1. Given
S = S0S1 - Sp—1 and D = d()dldz s dnfl, the routing pdth
will be sos1---8,m1 = dopi -+ pam1 — dodigr - quo1 —

- — dydyd, - - - d, | regardless of either carry or borrow
function is applied. [O

From Lemma 1, the switches traversed by carry or
borrow at stage i have the same first 7 bits as those of the
destination’s. Once the two paths generated by carry
and borrow go through the first non-straight links, they
will not meet until the destination is arrived. That is, we

even even even

odd odd

Function Aborrow; Function Acarry;

Fig. 2. Switching by Aborrow; and Acarry, functions at stage i.

want to demonstrate that there are at least two disjoint
paths in GIN when (S — D) mod 2 = 1.

Theorem 1. When the difference between any source S
and destination D is odd, there are at least two disjoint
paths in GIN.

Proof. When the difference of source S and destination D
is odd, two paths generated by carry and borrow func-
tions will take non-straight links from stage 0 to 1. Let
v_sum be the vertical distance traversed from source
node to current node and be positive. For example, if a
pathis1 — 0 — 6 — 2, thenv_sumwillbel +2 +4 =17.
However at stage n — 1, these two paths still cannot meet
because the v_sums’ sum of the two paths does not exceed
2". The sum of these two paths’ v_sum at stage n — 1 in
the worst case scenario is shown as below:

20042 42242 =2 -2 < 2

These two paths will reach to destination based on
Lemma 1, therefore any two paths generated by carry
and borrow functions are disjoint. [

To perform carry or borrow routing functions, we set
the switches to be either even or odd depending on their
initial location. When a fault occurs, the backtracking
method will be started. If the straight link to next stage is
the route to be taken and there is a fault on it (or the
switch of next stage is faulty), the packet will backtrack
along the path traversed to find a non-straight link. When
non-straight connecting stages i and i + 1 are found, the
packet goes back to stage i and changes the state of the
switch at stage i to alternate state. So the other non-
straight link is taken to stage i + 1 to be the alternate link.
For example, if the source node is 0 and the destination
node is 1 with size=8 in GIN, the paths are 0 —
l1—-1—1and 0—7—5—1 by applying carry and
borrow functions, respectively. Assuming that the link to
switch 1 at stage 2 is faulty and the carry function is used.
The packet will backtrack to stage 0 to find a non-straight
link and the state of the switch will change to borrow. As
a result of changing its state, the other non-straight link
can be taken as an alternate link. In other words, the path
will be 0 — 1 — (x)1,0 — 1 (means backtracking pen-
alty),and 0 — 7 — 1 — 1 as shown in Fig. 3.

2.3. A new routing function in GIN

From Theorem 1, it can be seen that when the dif-
ference between source and destination is odd, GIN can
tolerate one fault. But the proposed routing schemes
need to use backtracking or rerouting packets from the
source node. However, such routing schemes will de-
grade system performance. This situation motivates us
to determine whether a packet can be routed without
backtracking.
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Fig. 3. Backtracking routing under a fault in GIN with N = 8 between
nodes 0 and 1. The dash line means a fault link.

Before introducing a new routing function, let us
review distance tag routing in GIN. At first, we cal-
culate the routing tag ¢ =ttt --t,_, obtained by
D — S, where ¢, is 0, 1 or 1. At stage i, the down (up)
link is taken if # is 1 (1), and the straight link is ap-
plied if ¢ is 0. In distance tag routing, a non-straight
link is taken when the tag bit is 1 or 1. If a number
being represented can consist of only 1 or 1, the
routing path will be all non-straight links. In Theorem
2, we want to show that the representation of
t = (D — S) having mode N can consist of only 1 or 1,
where tmod 2 = 1.

Theorem 2. An odd distance tag t can be represented to
tot; -+ ty_1, where t;is 1 or 1 and 0St<SN — 1.

Proof. When ¢t =1, /11---11, or ¢11---1.

Suppose t =2j — 1 is valid. That is, t = ot - - 1,1,
where ¢ is 1 or 1.

Given t<N -3,
N—-1,t=11---1.

Consider (2j — 1) + 2.

Because (2j — 1) <N — 3, there is at least one 1 in the
representation #t ---t,_; of 2j— 1. Consider the fol-
lowing situations:

@ Iftyis 1,2j+ 1 =1ty ... 1,

(b) If 4, is 1, let £, change to 1, and consider ¢,.
The consideration of ¢, is similar to (a) and (b), and then
b,t;---t; may be traced till 1 is found. However the

because when ¢ is equal to

tracing will be terminated because there exists at least
one 1in 2j — 1.

Any odd number 7 can be represented by fot; ...7,
where t;is 1 or  and 0<¢<N — 1. O

From Theorem 2, we can realize that when the dif-
ference between any source and destination pair is odd,
the routing path can always go through non-straight
links. And in the backtracking scheme, if a packet takes
a non-straight link to next stage and a fault occurs
(may be on the link or the switch of next stage), the
packet can take the other non-straight link to next
stage as an alternate link without backtracking. In
other words, an alternate path can be found out im-
mediately without backtracking if the routing path is
composed of non-straight links only. In Algorithm 1,
we show how a binary number is transferred to repre-
sent to only 1 and 1.

Algorithm 1.
Input: Source node S and Destination node D
Output: Distance tag T : fyt, - - - £,_; (¢ is 1 or 1)
Begin
b=(D—-S) mod N;
fori=0ton—1

it =11,
end for End

So far, the no-backtracking routing scheme discussed is
based on distance tag routing method. That is, the
routing tag must be computed first before a packet is
sent. Let us consider a destination tag routing function
without the need of backtracking in GIN.

Definition 2. Let d = dod, - - - d,_; be the destination and
J = Jjoj1 - Jju_1 be the switch at stage i.
When 0<5i<n -2

NB(j,did;;1)

j =20 if jijisr is 01(10) and didy, = 11(01),
or if j;j;11 is 00(11) and d;d;;; = 10(00),

=<7 if j;is an 0(1) and d; = 0(1),

j+20 if jijn is 00(11) and didy.; = 11(01),
or if j;jiy1 is 01(10) and d;d;,, = 10(00).

And wheni=n—1

NB(j,d,1)

j—2"1orj+2
= if j; is 0(1) and d,_; = 1(0),
j if j; is 0(1) and 4, = 0(1).
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Fig. 4. The path moved by applying NB routing function in GIN with
N=8,S=0and D=1.

In Definition 2, when a packet is routed from stage
n — 1 to n by a non-straight link, any of these two non-
straight links can be chosen because they are redundant.
The purpose of Definition 2 is to make the (i + 1)th bit
of the switch at stage i + 1 to be different from d;,| as a
packet is routed from stage i to i+ 1. That is, NB
function will always take non-straight links from source
to destination when the difference between source and
destination is odd. For example, as illustrated in Fig. 4,
when § = 0 and D = 1 with N = 8§ in GIN, the path will
be 0 — 7 — 5 — 1. The NB function is implemented as
follows: At first, the link to switch 7 is taken because
Joj1 = 00 and dyd, = 10 are at stage 0. At stage 1, the up
link to switch 5 is taken as a result of j;j, = 11 and
did, = 00. Finally, one of the non-straight links to
switch 1 is taken because d, | is different from j, | at
stage 2.

Lemma 2. NB function is a destination tag routing
function and it routes a packet to its destination only by
non-straight links as the difference between the source S
and the destination D is odd.

Proof. Because (S — D) mod 2 =1, the proper non-
straight link is taken by NB function from stage 0 to 1.
And then, the bit j; of the switch number j at stage 1 will
be different from d; according to Definition 2. In addi-
tion, the non-straight link is still taken to stage 2, and

NB function will keep the current bit different from d.
Generally speaking, NB function will always reach the
odd (even) switch at stage i and the d; is 0 (1). Eventu-
ally, the packet can be routed to destination by
destination tag and non-straight links when
(S—=D)mod2=1. 0O

3. No-backtracking gamma interconnection network

There are two parts in GIN routing, one is
(S — D) mod 2 = 1, and the other is (S — D) mod 2 = 0,
where S and D designate source and destination, re-
spectively. So far, we have only discussed the first part of
GIN routing. In this section, no-backtracking gamma
interconnection network (NBGIN) obtained by modi-
fying GIN is presented. NBGIN can tolerate one fault
without paying backtracking penalty for any source and
destination pair.

3.1. Topology

An NBGIN of size N = 2" is similar to GIN, but at
stage 0 switch 2i and switch 2i + 1 are coupled into one
2 x 4 switch, and other stages are kept the same as GIN.
Fig. 5 shows the NBGIN with size=8. The naming
scheme at stage 0 is as follows. A switch of j at stage 0 is
an even switch if jmod 2 = 0, otherwise it is an odd
switch. And the four associated links are named as 10,
01, 11, and 00 if the switch is even. Whereas, the links

Stage 0
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Fig. 5. No-backtracking gamma interconnection network with N = 8.
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Fig. 6. The behavior of NB routing function at stage 0 in NBGIN.

are named as 11, 00, 10, and 01 if the switch is odd as
shown in Fig. 6.

3.2. A new destination tag routing function in NBGIN

Here we present a destination tag routing function NB
that can route a packet by non-straight links only from
source to destination in NBGIN. Let the destination
D =dyd,---d, |, and the modified NB destination tag
routing function is shown in Definition 3. Fig. 6 exhibits
the behavior of NBrouting function at stage 0 in NBGIN.

Definition 3. At stage 0

NB(j,dod:)
2j— 1 if jo = 0(1) and dod; = 10(11),
2/ if jo=0(1) and dod; = 01(00),
T ) 2i+1 if jo=0(1) and dod; = 11(10),
2j+2 if jo=0(1) and dod; = 00(01).

Additional stages are the same as Definition 2.

According to Definition 3, a packet can be routed to a
switch j at stage 1 where the bit j; is different from d;.
There remain two more choices to reach stage 2 by non-
straight links. By choosing the proper non-straight link
from Definition 2, the packet will have two non-straight
links going to stage 3 and so on. The behavior from
stage 1 to the destination is similar to that described in
Lemma 2 by NB destination tag routing function.

Lemma 3. NB routing function can route a packet only
through non-straight links from stage 1 to stage n in
NBGIN between any source-destination pair.

Proof. From Definition 3, we can conclude that when a
packet is routed to switch j = jyj; ---j,_ at stage | by
NB routing function in NBGIN, the current bit j; is
different from the bit d;, where d = dyd, - - - d,_; is the
destination. And by Lemma 2, the packet will be routed
to switch ¢ = goq14> - - - g,—1 of stage 2 by a non-straight
link such that g, is different from d>. Generally speaking,
from stage i — 1 to stage i, NB function will take the

switch j = joj, ---j,_1 at stage i , where j; is different
from the bit d;. So the routing path from stage 1 to stage
n always takes non-straight links from any source to any
destination. [

From Lemma 3, an alternate link can be found im-
mediately from stage 1 to stage n if there is a fault. Let
us consider the situation from stage 0 to 1. Because four
links are connected to stage 1 from one switch, there are
two links to be chosen from when d, is 0 or 1. If there is
a link fault between stage 0 and 1 or a switching fault at
stage 1, the alternate link is the choice.

Theorem 3. NBGIN can tolerate one fault except stage 0
and n without backtracking.

Proof. It can be proved with two parts: the first part is
that a switch fault occurs at stage 1 or a link fault be-
tween stages 0 and 1, and the second part is that a fault
occurs between stages 1 to n.

When a switch fault at stage 1 or a link fault between
stage 0 and 1 occurs, there is an alternate link to be used
to connect another switch at stage 1 because there are two
links for dy = 0 or 1. In addition, if there is no fault from
the first part, there are two choices going to stage 2. By
Lemma 3, the packet can be routed to destination only by
non-straight links. That is, if there is a fault, the other
non-straight link is the alternate link to tolerate the fault.

By NB routing function, we can route a packet to
destination without backtracking in NBGIN. [

From Theorem 3, we can see that a packet can be
routed to destination without backtracking. Moreover,
when a fault occurs, an alternate link (the other non-
straight link) can be found right away without paying
any penalties due to links fault.

3.3. Routing and rerouting schemes

Algorithm 2 shows the routing algorithm of NBGIN.
If there is no fault in NBGIN, by Lemma 3, the packet
can be routed to destination by applying NB routing
function. When a fault occurs, an alternate path (the
other non-straight link at the same stage) can be found
immediately. That is, when the non-straight link or the
switch at stage i is faulty between stage i — 1 and i, the
other non-straight link can be taken to stage i . Then,
the straight link will be taken from stage i to i + 1 after
the alternate link from stage i — 1 to i had been pro-
gressed. If a non-straight link is taken between stage
i+ 1 and destination, NB function will choose the
proper non-straight link in order to tolerate one more
fault. But if the path from stage i + 1 to destination
consists of straight links only, no more faults can be
tolerated. Therefore, it is concluded that NBGIN is one-
fault tolerant and multiple faults robust.
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Algorithm 2.
Input: destination tag dyd\d; - - - d,_1, the source node
J=Jojij2 " Jn-1
begin
J=int(j/2);
for (i = 0;i < n;i + +){

if (i = 0){
if(the switch is even){
switch(dod;)
case:10
the first link to switch 2j — 1 is taken;
case:01
the second link to switch 2; is taken;
case:11
the third link to switch 2 + 1 is taken;
case:00
the fourth link to switch 2j + 2 is taken;
}
if(the switch is odd){
switch(dyd;)
case:11
the first link to switch 2j — 1 is taken;
case:00
the second link to switch 2; is taken;
case:10
the third link to switch 2j + 1 is taken;
case:01
the fourth link to switch 2j 4 2 is taken;
H

/* for example, the alternate link of first link is
third link */
if the chosen link is faulty then
the alternate link is (the chosen link +2) mod 4
}
else{
if (jijir1 =00 and did;,; = 10) or (j;j;;1 =01 and
dd;.y=11) or (jiji 1 =10 and
did;, = 01) or (jji.1 = 11 and did;;, = 00)
the link to switch j — 27 is taken to stage i + 1
elseif (=0and d;=0)or (j,=1and d, = 1)
the straight link to switch j is taken to stage
i+1
else
the other non-straight link to switch j — 2’ is
taken to stage i + 1
}
if the non-straight link is faulty
the other non-straight link is alternate to next
stage
else
print the network have more than two faults,
and then exit
j is set to a new switch number at stage i + 1
end

Stage 0 1 2 3
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Fig. 7. The routing path with S =0 and D = 2 without faults shown
by bold lines, and the fault-tolerant path with S = 2 and D = 4 shown
by dash lines in NBGIN with N = 8.

Fig. 7 illustrates a routing example of NBGIN with
N = 8. The bold line shows a fault-free path from S =0
to D = 2. The dotted lines move the routing path from
S =2 to D =4, where the link to switch 0 of stage 2 is
faulty. At first, these two separate links to switch 2 and
switch 4 can be taken randomly, and we take the link to
switch 2 by NB function. Thus, the link to switch 0 of
stage 2 should be used. However, the link between
switch 2 of stage 1 and switch 0 of stage 2 is faulty. To
bypass the fault, an alternate link from switch 2 of stage
1 to switch 4 of stage 2 is taken, and finally, the straight
link is taken to reach the destination.

4. Comparison and analysis

To demonstrate the supremacy of NBGIN, we have
compared NBGIN with GIN and the other four gam-
ma-induced interconnection networks, CGIN, B-net-
work, PCGIN, and FCGIN. Table 1 shows the
characteristics of these networks.

The hardware costs for these networks are almost
equal except at the stage 0 or n. If a link fault occurs
between stages 0 and 1, the B-network has no alternate
path. In CGIN (Chuang, 1996) and PCGIN (Chen et al.,
2000), there are at least two disjoint paths between any
source and destination pair, and the routing schemes are
distance tag and destination tag routing, respectively.
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Table 1

The comparison of GIN, CGIN, B-network, PCGIN, FCGIN, and NBGIN

Network Fault-tolerance method Single-fault tolerant Routing method Rerouting link penalty

GIN Multiple paths No Distance tag routing -

Cyclic GIN Backtracking Yes Distance tag routing n—1

3

B-network Dynamic alternating path No Destination tag routing 2 links

PCGIN Backtracking Yes Destination tag routing 4
1 13n+ 79 17 /-3\"
n\ 42 147 49\ 4

FCGIN Dynamic alternating path Yes Destination tag routing 1

NBGIN Dynamic alternating path Yes Destination tag routing 0

And FCGIN also uses destination tag scheme. As for
the capability of fault tolerance, CGIN, PCGIN,
FCGIN, and NBGIN are single-fault tolerant from
stage 0 to n, whereas B-network is one-fault tolerant
between stage 1 and n. Once a fault occurs, CGIN and
PCGIN use the backtracking mechanism to find alter-
nate paths; but B-network, FCGIN and NBGIN can
find an alternate path without backtracking. In B-net-
work, if there is a fault between stages i and i + 1, the
backward link to stage i — 1 is taken first and then fol-
lowed by a non-straight link to stage i (Lau and Poon,
1998). If the link to stage i is faulty, the backward link to
stage i — 2 will be taken to find the alternate path. Ra-
ther than using backward links, FCGIN uses chaining
link to tolerate faults. In NBGIN, when a fault occurs,
the other non-straight link will be taken to reach the
next stage, with the penalty being 0. However, the
penalty is 2 under a fault in B-network and it is 1 in
FCGIN.

In CGIN, when a fault occurs, the packet is back-
tracking to stage 0 and the rerouting tag is used as a
routing tag. As a result, the average number of back-
tracked links is

In PCGIN (Chen et al., 2000), the probability is 0.5 for
either a fault to occur at a straight link or a switch to
occur at a straight link or a switch to be reached via a
straight link; and the probability is 1/3 for straight link
fault to occur. Hence, there is a 16.67% probability to
backtrack, but at stage n — 1 the probability is 50%
because no redundant link is available. Let the back-
tracking penalty at stage i be 7(i):

T(i)—% * (1+%(T(i—1)+1)+1>
3 1,
:Z+ZT(1—1), r0)=1, 7(1)=5/2
13 6/-3\"

T =7-3(3)

Average penalty is

1 13 79 17 (-3 nl
— >
—n< 21’l+1 7 9( ) ) for n=>2.

From Table 1, it can be seen that the penalty in
NBGIN is zero under a fault; in contrast, others need
more than 2 links to accomplish the same result. In
addition, with respect to routing method, NBGIN and
B-network use destination tag routing; however, others
need distance tag routing. Regarding the capability of
fault tolerance, CGIN and NBGIN permit one-fault
tolerant and are robust with multiple faults, but GIN
and B-network are robust with multiple faults only. In
terms of hardware cost, NBGIN needs very little at
stage 0 which composes of N/2 2 x 4 switches instead of
N 1 x 3 switches. However, backtracking needs more
hardware expenses, because it must provide a bi-direc-
tion network as the worst case happens.

5. Conclusion remarks

A new multipath multistage interconnection net-
work called NBGIN is proposed in this paper.
NBGIN allows one-fault tolerant; and its advantages
over existing fault-tolerant GINs are dynamic rerout-
ing plus low rerouting penalties under a fault. In ad-
dition, we also present a destination tag routing
function called NB routing function. By applying NB
function, the alternate path can be found immediately
when a fault occurs in NBGIN. Finally, we compare
and summarize the features of six networks in terms of
cost, fault tolerability and average penalties. To sum
up, NBGIN represents an interconnection network of
which it has capabilities of performing one-fault tol-
erant, low fault penalty, dynamic rerouting and desti-
nation tag routing.
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