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Abstract

A multihop, wavelength division multiplezx (WDM)-
based network, CayleyNet, is proposed for the real-
1zation of terabil lightwave networks. CayleyNels are
altractive virtual topologies because they support the
largest number of nodes for four-neighbor connection
in a range of diameters. In general, CayleyNets are
bi-directional and there are N = p x k nodes, where
p is a prime and k is a factor of p— 1. QOur analy-
sis shows that CayleyNel has similar performance in
channel efficiency, total and user throughput as the
ShuffleNet with N = 4* x k. However, CayleyNet
has the advantages of a more flexrible network size and
symmetric transmission distance. Compared with the
N = 2% x k ShuffleNet and toroidal mesh, the Cay-
leyNet has a superior performance.

1 Introduction

With the recent advances in fiber optics, lightwave
networks composed of optical fibers have embarked on
an important role in telecommunications. In the real-
ization of terabit lightwave networks, wavelength divi-
sion multiplexing (WDM) is used for large-scale con-
currency on a single fiber [1]. There are two classes of
WDM-based systems, single-hop and multi-hop {2, 3].
While the single hop approach requires wavelength-
agile transmitters and receivers, the multihop ap-
proach, on the other hand, assigns fixed transmission
frequency to each communication link, and therefore,
eliminates the need for pre-transmission communica-
tions and rapidly tunable devices [3]. Each node has a
small number of transmitters, transmitting and receiv-
ing signals in an assigned and fixed wavelength. This
arrangement allows simultaneous transmission among
multiple users and thus attaining the terabit capacity
of the network. As the word multihop suggested, a
message may be required to route through intermedi-
ate nodes, each retransmits the message on a different

wavelength until it reaches the destination.

The establishment of an efficient multihop light-
wave network relies heavily on the proper assignment
of wavelengths to communication links of each node.
The goals are to ensure that there is at least one
path between any pair of nodes and that the aver-
age and maximum number of hops for a message to
reach its destination should be small. Such assign-
ments are based on an interconnection topology. Since
this topology is not directly related to the physical
connection of nodes, it is referred to as a virtual topol-
ogy. A number of virtual topologies have been pro-
posed [3, 4]. Of the many options, ShuffieNet and
the toroidal mesh are among the most popular topol-
ogy [3]). Performance comparison of these two net-
works are found in [4, 10, 11].

For the ShuffleNet, there are N = p* x k nodes ar-
ranged in p* rows and k columns [6, 5]. Interconnec-
tion between adjacent columns is a perfect shuffle [12]
and transmission is uni-directional. Each node has p
transmitters and p receivers, each transmitting and
receiving in a fixed and assigned frequency. Figure 1
shows an N = 22 x 2 = 8 ShuffleNet. The symbol
Aij, 1,7 =0,...,7 corresponds to different transmit-
ting frequencies.

The toroidal mesh (or torus) is basically a 2-
dimensional grid. In general, there are N = p x k
nodes, where p and k are any integers. Applications
of toroidal meshes are found in both communication
networks and parallel computers. A uni-directional
version of the torus is implemented as the Manhat-
tan Street Network [9] whereas a bi-directional case
is studied in [13]. In applying the torus as a virtual
topology for lightwave networks, there are four or two
transmitters and receivers, depending if the links are
bi-directional or uni-directional.

Whether it is a ShuffleNet or a torus, a virtual
topology is for wavelength assignments. Physically,
the network topology can be arbitrary, provided that
direct transmission exists between adjacent node in
the virtual network. Popular topologies in local and
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(a) ShuffleNet

Figure 1: An 8-Node ShuffleNet and Its Implementation.
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(b) Star Implementation

metropolitan area networks such as the bus, star or
tree networks are sufficient. As indicated in {4], Fig-
ure 1 (b) shows a star implementation of the 8-node
ShuffieNet.

One advantage of the ShuffieNet and the torus is
their simple routing algorithm. Since messages usu-
ally require multiple hops to get to destinations, the
goal of routing is to determine an appropriate outgoing
links for each incoming message. A simple, distributed,
self-routing algorithm that can identify shortest paths
based only on address of the destination exists for the
ShuffleNet and torus [6, 14]. The maximum of the
minimal distance (in hops) between two nodes is called
the diameter{15]). Obviously, a small diameter implies
potentially a small communication delay. The diame-
ter of an N = p* x k ShuffleNet is 2k — 1 whereas that
ofan N =px k torus is |2] + |£].

While the main disadvantage of a torus is its rel-
atively large diameter, the disadvantages of a Shuf-
fleNet include non-symmetric node distance and lim-
ited number of nodes. Due to ShuffleNet’s uni-
directional property, distance from node ¢ to j does
not equal to that from j to i. In most cases, if node
i sends a message to its immediate neighbor, the re-
ply/acknowledge message needs to traverse more than
half the diameter. Furthermore, the number of nodes
for a ShuffleNet is restricted to N = p* x k. When pis
large, the possible number of nodes becomes limited.
For example, when p = 4, there are only three pos-
sible network configurations in the range of 1,000 to
100, 000 users. The number of feasible configurations
reduces to two when p = 8 for this range of users.
With the growing number of computer users and net-
work size, the design of an efficient virtual topology
that can accommodate thousands of nodes with min-
imum delay is desirable.

In this paper, we propose a new interconnection
graph as the virtual topology for wavelength assign-
ment in large-scale lightwave networks. This new
topology is based on a special class of symmetric
graphs, the Borel Cayley graphs [16, 17]. For sim-
plicity, we call the resultant network, the CayleyNel.
These Cayley graphs are attractive candidates for vir-
tual topologies because they are currently, the dens-
est known degree-4 graphs for a range of diameters,
D =1,...,13. (The degree of a network is the num-
ber of neighbors at each node.) This property means
that for a degree-4 connection and the given range
of diameter, CayleyNet connects the largest number
of nodes known. This dense property also implies
that the number of intermediate hops between any
two nodes is small for CayleyNet. Furthermore, unlike
the ShuffleNet, CayleyNet is a bi-directional network.
This property implies symmetric node distance, i.e.,
the distance (in hops) from node i to node j is the
same as from nodes j to 1.

2 CayleyNet

The original definitions of Cayley graphs and Borel
Cayley graphs are based on finite algebraic group the-
ory [18]. In this section, we first review these original
definitions and then present a more practical defini-
tion.

Definition 1 A graph C = (V, G) is a Cayley graph
with vertex set V if two vertices vy, v, € V are adja-
cent <> v1 = vy * g for some g € G where (V, *)is a
finite group and G C V \ {I}. G is called the gener-
ator set of the graph and I is the identity element of
the finite group (V, *).
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Figure 2: Size of Degree-4 Graphs.

This original definition of a Cayley graph requires
nodes to be elements in a group but does not specify
a particular group. A Borel Cayley graph is a Cayley
graph defined over the Borel group of matrices:

Definition 2 Let V(, 4y be a set of Borel matrices,
then
Vip,a) = {((I) z) iz =d" (modp),
ye{0,...,p—1},t€{0,...,k—-1}}

where p and a are fixed parameters, p is a prime, a
€ {2,...,p— 1}, and k is the order of a. That is,
a* = 1 (mod p).

In other words, the nodes of Borel Cayley graphs are
2 x 2 Borel matrices, and matrix multiplication (mod
p) is the group operation *. Connections of a ver-
tex are generated by post-multiplying the vertex by
elements in the generator set, G. The number of el-
ements in G determines the number of neighbors at
a node and hence the degree of the graph. For bi-
directional networks, the generator set G 1is closed un-
der inversion. In general, we can construct a degree-é
CayleyNet by choosing the appropriate generator set
(6 =| G |). In this paper, we concentrate our efforts
on degree-4 networks.

For degree-4, bi-directional networks, we have 4
elements (generators) in the generator set G, A =

1 1
(ao1 yxl)’ B = (a;
Cayley graphs are attractive interconnection models

”12), and their inverses. These

The Moore bound is an upper bound for the number
of nodes for a given degree and diameter. However,
this upper bound has been proved to be unattain-
able except for a few trivial cases where the diame-
ter, D = 2 [19]. Given this general impossibility of
constructing graphs with the Moore bound, there has
been a longstanding search to find the densest regular
graphs of a given degree and diameter. In a techni-
cal report published in 1988, Chudnovsky et al. an-
nounced that the Borel Cayley graphs are the dens-
est known degree-4 graphs for a range of diameters,
D = 17,...,13. Since then, these Cayley graphs re-
mained the densest for that range of diameter [20].
However, with vertices of the graph defined as 2 x 2
matrices and connection specified through modulo p
matrix multiplications, the original definition of Borel
Cayley graphs is abstract and complex. In studying
the degree-4 case, we have used their inherent prop-
erties to develop a more practical definition in the in-
teger domain. For simplicity, we call the resultant
degree-4, bi-directional network, the CayleyNet.

Definition 3 A degree-4, bi-directional, N = p x k
CayleyNet where p is prime and k is a factor of
p — 1 is specified by choosing two generators t1,i3 €
{0,...,k—1},¢; # ¢, and an element a € {2,...,p—1
} such that a¥ = 1 (mod p). Connections of nodes are
defined as: for any node j € V = {0,...,N — 1}, if
j =i (mod k),

jo~Jtai, jrarl, j4+ 8, 5+ 87", (mod N)

because they are node-symmetric and are currently the where ,

densest known, degree-4 graphs. The node-symmetric ai = <i+ty>p+<a >, k-1

property is useful for routing and is reviewed in Sec- afl = <i—-{ >+ < jai"l >p k—1; 1)

tion 3. Figure 2 shows the Moore bound, Borel Cayley Bs = <it+tz>p+<a >, k —1;

graphs discovered in 1988 and known graphs in 1987. G = <i-ty>r+<—dTr >, k-3
9d.4.3
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(a) CayleyNet

Figure 3: A 21-Node CayleyNel and Its Implementation.

Transmitters Receivers

(b) Star Implementation

the symbol ~ represents “adjacent to” and < i+t >%
denotes (i +t) (mod k).

This new definition of Borel Cayley graphs is actu-
ally a Generalized Chordal Ring (GCR) representa-
tion of the graph. Generalized Chordal Rings are
integer-domain graphs in which nodes are divided into
k classes according to modulo k arithmetics. Nodes
belonging to the same congruence class ¢ (mod k) have
the same connection constants, a;,ﬁ;,a;l,ﬁfl. In
earlier reports, we have proved that any Cayley graphs
can be transformed into an a GCR with k classes. The
connection constants, «;, G;, o I,ﬂ; 1 corresponds to
the generators, A, B A~! B-~! of the original def-
inition. The resultant transformation is isomorphic
to the original graph and hence retains all properties
including the node-symmetric and dense properties.
Readers interested in the proof and transformation al-
gorithm are referred to [21, 22].

As an example, consider a CayleyNet with p = 7,
k = 3 and N = 21 nodes. We choose a = 2 (a* =
1 mod p), t; = 0 and ¢t; = 1. With these choices, the
diameter D = 3.

Connections can be defined as: For any j € V, if
jmod3 =1i: jisconnected to j+a;, j+a,-_1, i+ 5,
and 7+ ﬂi‘l (mod N), where according to Equation 1

3 fori=0; -3 fori=0;
o; = 6 fori=1; a,-_lz —6 fori=1;
-9 fori=2; 9 fori=2;
4 fori=0; -10 for i =0;
Bi = 7 fori=1; gl= —4 fori=1;
10 for i = 2; -7 fori=2.

Figure 3(a) shows an N = 7x3 = 21 CayleyNet rep-
resented in the integer domain as GCR graphs. Simi-

lar to the ShuffieNet, the CayleyNet is only a virtual
topology. Physical implementation is arbitrary. Fig-
ure 3(b) shows a star-implementation. But unlike the
ShuffieNet, CayleyNet is bi-directional and there are
four transmitters and four receivers at each node.

3 Routing for CayleyNet

Since CayleyNet is a multi-hop network, the pur-
pose of routing is to identify intermediate nodes be-
tween and source and destination pair. Ideally, an
optimal routing algorithm identifies the shortest path
between any two nodes thorough a computational
scheme with a space (storage) requirement indepen-
dent of the graph size, i.e., space complexity is of O(1).
However, to our knowledge, such an algorithm does
not exist for CayleyNet. In this section, we review
an routing algorithm, the Vertez-Transitive Routing,
that identifies shortest path with a table of O(NV) at
every node.

Vertex-Transitive Routing exploits the node-
symmetric (or vertex-transitive) property of Cay-
leyNet. By definition, a node-symmetric graph implies
that there is an automorphism (mapping) that maps
vertex i to vertex j for any ¢, in the vertex set [18].
A useful interpretation of this property for CayleyNet
can be summarized in the following proposition [22].

Proposition 1 Let i = mik + ¢y, j = mok + ¢2, and
i = m’k+ . If i connects to j through a sequence of
generators a, 3, . . ., then ¢’ connects to j' through the
same sequence of generators, where

1
J =< m/+a<¢ T (my—my) >p k+ < '—cr1tep >k .

)
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1263

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on October 26, 2009 at 09:57 from IEEE Xplore. Restrictions apply.



While (i # j) do Steps 1-4

Given source i = myk + ¢; and destination j = mqk + c3.

if ! was chosen

Step 1: Identify new destination,
J =< afF i (my —m) >, k4 < ez - >
Step 2: From row j’ of database, determine which link to take.
Step 3: Identify new source, i/ = mk + ¢ and
m=1, c¢=1t;, iflink o was chosen
m=1, ¢=1ty, iflink 8 was chosen
m=p— < a*h >p, =< —lp >, i a~! was chosen
m=p— <a*T'ryy >, =< —ty >y,
Step4: i=4¢ and j = j

Table 1: Vertez-Transitive Routing for CayleyNel.

The proof of the above proposition is included
in [22] and is not repeated here. This interpretation
of vertex-transitivity is useful for routing. It allows us
to transform the original problem of routing between
nodes 7 and j to a new problem of routing between
node 7 = 0 and j’, where using Equation 2

J =< a0k (my —my) >, k< —er e >k
(3)
This suggests that a table-based routing algorithm
can be used to determine all shortest paths between
any two nodes. At each node, we store a table with
N —1 rows and 4 columns. Row i of the table indicates
all optimal links from node 0 to node i. We empha-
size that. the same routing table is used at every node.
When a message is generated at source 7 to destination
7, this is equivalent to routing between 0 and j’ where
j' is identified by Equation 3. Then using row j' of
the routing table, we can determine the link that cor-
responds to a shortest path. Once a link is identified,
we can find the neighboring node by using the ap-
propriate connection constants, o, ™!, 3, 3! for the
corresponding class. We then have a new problem of
routing between this neighboring node and j’. This
procedure is repeated until the source and destination
are the same. Table 1 consists of a pseudo-code for
the algorithm. We observe that this routing algorithm
finds all possible shortest path(s) and in addition, is
capable of determining the entire path from the source
using the same routing table.
As an example, we consider the CayleyNet with
p =7 and k = 3, given in section 2. There are N =
p X k = 21 nodes. At each node, we store a size 20 x
4 routing table shown in Figure 4. Again, row i of
the table indicates all optimal links from node 0 to
node i. To illustrate that vertex-transitive routing is
capable of identifying all optimal shortest paths, we
use the algorithm to route a message from node 0 to
16. According to Figure 3(a) there are three shortest

paths between the two nodes, namely:

path1: 0 24 4 % 10 % 18
path2: 0 25 18 2o 1 25 16
path3: 0 22 11 % 2 2 16

At iteration 0, ¢ = 0 and j = 16. According to Step
1 of Table 3, we identify j* as 16. From row 16 of the
routing table, there are three choices corresponding to
the three shortest paths. Arbitrarily we choose link /3.
According to step 3, the new source i/ = 4. Now at
iteration 1, we have ¢ = 4 and 7 = 16. Step 1 iden-
tifies j* to be 6. From row 6 of the routing table, we
pick link «, which determines the new source ¢ = 3.
Then at iteration 2, j is 3 and ¢ is 6. For this source
and destination pair we have j/ = 3, which means link
a should be taken according to row 3 of the routing
table. The equations in step 3 then determine ' to
be 3. Finally at iteration 3, both source and desti-
nation are 3 and the algorithm terminates. We have
thus successfully found path 1 (3 @ a) between 0 and
16. The iterations of this example are summarized in
Table 4. Recall that at iteration 0, there are three
optimal links, 8,a~', 8~'. We have arbitrarily cho-
sen 3 which leads to shortest path 1. Had we chosen
link a1, we would have found path 2. And similarly,
the choice for link 3! will lead to path 3.

4 Performance

In this section, we compare the performance of Cay-
leyNet with other popular networks, such as the Shuf-
fleNet and Torus. Analogous to the work in [5] and [6],
the performance attributes considered are channel ef-
ficiency, 1; network throughput, C'; and user through-
put, ¢. Assuming the traffic load is uniformly dis-
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Figure 4: A Routing Table for a CayleyNet

tributed, these attributes are defined as:

1
E[number of hops
nWw

n
C
c 1w

where W is the total number of channels in the net-
work and w is the number of channels per user. For an
N = p* x k ShuffleNet, according to [6], the channel
efficiency, ns is

- 2Ap—1) (P*k 1)
kp* (p—1)(Bk~1) — 2k (p* - 1)
The total number of channels, the number of chan-

nels per user, the total and the user throughput are
respectively [6],

ns

Ws = k pk‘H
ws = p

4
CS - kpk'H ns ( )
s = pns

For an N = p x k bi-directional toroidal mesh, the
channel efficiency, nr is

4
Ptk
The total number of channels, the number of chan-

nels per user, the total and the user throughput are
respectively,

nr =

Wr = 4pk

wr = 4

Cr = Wroyr (5)
cr = 4 nr

For an N = p x k bi-directional CayleyNet, we
do not have a closed form solution for the expected

-,
<

iteration | ¢ 7 j'  link
0 0 16 16 B8
1 4 16 6 o
2 3 6 3 a
3 3 3 - —— —

W W

Table 2: A Summary of Iterations

number of hops. Instead, we use the average path
length obtained by our computer implementation of
the Vertex-Transitive routing algorithm to determine
channel efficiency, 7¢. For the total number of chan-
nels, the number of channels per user, the total and
the user throughput, we have

Wc = 4 pk

we = 4

Cc = Wene )
cc = 4nc

Assuming a 1-Gb/s user transmission rate, the
channel efficiency and network throughput for differ-
ent sizes of the ShuffleNet (S-N, p = 2,4), degree-4
toroidal mesh (T-M) and degree-4 CayleyNet (C-N)
are investigated and plotted in Figures 5 and 6. In
the case of the torus, we have assumed the best con-
figuration in which p = k = V/N.

Of the degree-4 networks (i.e, C-N, T-M, and S-N
with p = 4), we observe that the CayleyNet and the
ShuffleNet with p = 4 have the best and comparable
performance. However, we recall that the ShuffleNet
has non-symmetric node distance and limited number
of nodes. In the range of 1,000 — 100, 000 nodes, there
are only three possible configurations for p = 4 Shuf-
fleNet. In other words, the bi-directional Cayleynet
provides similar performance to the p = 4 ShuffleNet
without the problems associated with ShuffleNet.

The p = 2 ShuffieNet provides more possible net-
work configurations. However, because of its smaller
degree, its performance is significantly less than that
of the CayleyNet. The toroidal mesh has the most
flexible network size, N = p x k where p, k can be any
integers. Nevertheless, because of its relatively large
path length, the toroidal mesh has the worst perfor-
mance compared with the ShuffleNet and CayleyNet.

5 Conclusions
Wavelength division multiplexed (WDM) systems

are useful in the realization of terabit lightwave net-
works. For WDM systems, there are the single-hop
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Figure 5: Channel Efficiency vs. Size of Networks

and multi-hop approaches. By eliminating the need for
pre-transmission communication and wavelength-agile
transmitters, the multihop approach is readily imple-
mentable [5]. In a multihop network, a user has a small
number of transmitters and receivers, each transmit-
ting and receiving signals in a fixed and assigned wave-
length. The wavelength assignment is based on a vir-
tual topology. Existing examples include the Shuf-
fleNet, MSN, and hypercube.

An efficient virtual topology implies that a large
number of users are connected through a small number
of hops. Of the many topologies, the ShuffieNet and
toroidal mesh are among the most popular options [3].
However, ShuffleNet’s limitations and disadvantages
include a restricted number of nodes, p* x k, and an
asymmetric transmission distance between two nodes.
In most cases, if node 7 connects to node j in one hop, a
message from node j to node i takes more than half the
diameter. The toroidal mesh, on the other hand, has
symmetric transmission distance and a very flexible
network size. However, its relatively long path length
implies messages need to route through large number
of intermediate nodes and therefore not suitable for
large-scale networks.

To alleviate these problems, we propose the use of
Cayley graphs from the Borel group [16]. These net-
works are attractive because they have been known as
the densest degree-4 graphs for an interesting range
of diameter, D = 7,...,13 [16, 17]. This property
implies that the number of hops between two nodes is
small, compared with the size of the network. Further-
more, it is a bi-directional network with four trans-
mitters and receivers at each node. Analogous to the
uni-directional ShuffleNet, we called the resultant net-
work, CayleyNet. In general, a CayleyNet has p x k

nodes, where p is a prime and k is a factor of p — L.
This more flexible network size is another advantage
of the CayleyNet.

We further evaluate performance of the CayleyNet,
ShuffleNet (p = 2,4) and toroidal mesh in terms
of channel efficiency, network and user throughput.
We found that the CayleyNet provides similar perfor-
mance as the p = 4 ShuffleNet with the added advan-
tages of (i) a symmetric transmission distance and (ii)
more available network size. When compared with the
p = 2 ShuffleNet and toroidal mesh, CayleyNet has su-
perior performance. However, we caution readers that
this is achieved at a higher cost of bi-directional links
and more complex routing algorithm. Finally, as it
has been noted in [4], we emphasize that there is no
ideal universal topology. An efficient topology is ap-
plication dependent and is subject to various physical
and economical constraints. One of the purposes of
this paper is to suggest CayleyNet as a design option
in pursuit of terabit lightwave networks.

References

[1] C.A. Brackett. “Dense Wavelength Division Mul-
tiplexing Networks: Principles and Applications”.
IEEE Journal of Selected Areas on Communications,
8:948-964, August 1990.

(2] B. Mukherejee.  “WDM-Based Local Lightwave
Networks—Part I: Single-Hop Systems”. IEEFE Net-
work, 6:12-26, May 1992.

[3] B. Mukherejee.  “WDM-Based Local Lightwave
Networks—Part II: Multi-Hop Systems”. IEEE Net-
work, 6:20-32, July 1992.

9d.4.7

1266

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on October 26, 2009 at 09:57 from IEEE Xplore. Restrictions apply.



50000

T - —r—rrTrT r —T—TTT T
S-N (p = 4) —— i
C-N (6§ =4) 6—
10,000 3 S-N (p = 2) —— 3
[ T-M (6 = 4) 85— ]
Network [ ]
Throughput i
Gb/s
(Gb/s) 1,000 | 3
100 e | 2 " a g a2l " A PR U S A
1,000 10,000 100,000
N

Figure 6: Network Throughput vs. Size of Networks

[4] B.Li and A. Ganz. “Virtual Topologies for WDM
Star LANs - The Regular Structures Approach”. In
Proceedings of the IEEE INFOCOM’92, pages 2134-
2143, May 1992.

[5] A.S. Acampora, M.J. Karol, and M.G. Hluchyj. “Ter-
abit Lightwave Networks: The Multihop Approach”.
AT & T Technical Journal, 66(4):21-34, November
1987.

[6] M.G. Hluchyj and M.J. Karol. “ShuffieNet: An Ap-
plication of Generalized Perfect Shuffles to Multihop
Lightwave Networks”. Journal of Lightwave Technol-
ogy, 9(10), October 1991.

[7] PW. Dowd. “Wavelength Division Multiple Ac-
cess Channel Hypercube Processor Interconnection’.
IEEFE Transactions on Computers, 41(10):1223-1241,
October 1992.

[8] K. Sivarajan and R. Ramaswami. “Multihop Light-
wave Networks Based on de Bruijn Graphs”. In
Proceedings of the IEEE INFOCOM’91, pages 1001—
1011, April 1991.

[8] N.F. Maxemchuk. “Regular Mesh Topologies in Local
and Metropolitan Area Networks. AT & T Technical
Journal, 64(7):1659-1685, September 1985,

[10] E. Ayanoglu. “Signal Flow Graphs for Path Enu-
meration and Deflection Routing Analysis in Multi-
hop Networks”. In Proceedings of the IEEE GLOBE-
COM’89, November 1989.

[11] N.F. Maxemchuk. “Comparison of Deflection and
Store-and-Forward Techniques in the Manhattan
Street and Shuffle-Exchange Networks”. In Proceed-
ing of the IEEE INFOCOM’89, pages 800-809, 1989.

[12] H.S. Stone. “Parallel Processing with the Perfect
Shuffle”. IEEE Transactions on Computers, 20:153—
161, February 1971.

[13] F. Borgonovo and E. Cadarin. “Routing in the Bidi-
rectional Manhattan Network”. In Proceeding of the

(14]
(15]

(16]

[17)

(18]

(19]

(20]

[21]

(22]

9d.4.8

Third International Conference on Data Communica-
tion Systems and their Performance, Rio de Janeiro,
June 1987.

Thomas G. Robertazzi. “Toroidal Networks”. IEEE
Communications Magazine, 26(6):45-50, June 1988.

C. Berge. The Theory of Graphs. John Wiley & Sons,
New York, 1972.

D.V. Chudnovsky, G.V. Chudnovsky, and M.M. Den-
neau. Regular Graphs with Small Diameter as Mod-
els for Interconnection Networks. Technical Report
RC 13484(60281), IBM Research Division, February
1988.

K. Wendy Tang. Dense Symmetric Interconnection
Networks. PhD thesis, Electrical Engineering Depart-
ment, College of Engineering and Applied Science,
University of Rochester, Rochester, New York, 1991.

N. Biggs. Algebric Graph Theory. Cambridge Uni-
versity Press, London, 1974.

J.C. Bermond and C. Delorme. “Strategies for In-
terconnection Networks: Some Methods from Graph
Theory”. Journal of Parallel and Distributed Com-
puting, 3:433-449, 1986.

L. Campbell et al. “Small Diameter Symmetric Net-
works from Linear Groups”. IEEE Transactions on
Computers, 41(2):218-220, February 1992.

B.W. Arden and K.W. Tang. “Representations and
Routing of Cayley Graphs”. IEEE Transactions on
Communications, 39(11):1533-1537, November 1991.

K.W. Tang and B.W. Arden. “Vertex-Transitivity
and Routing for Cayley Graphs in GCR Represen-
tations”. In Proceedings of 1992 Symposium on Ap-
plied Computing, pages 1180-1187, Kansas City, MO,
March 1-3 1992.

1267

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on October 26, 2009 at 09:57 from IEEE Xplore. Restrictions apply.



