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a b s t r a c t

Optical network-on-chip (NoC) is a new designing of Multi-Processor System-on-Chip (MPSoC). Global
bus is the simplest logical topology of optical NoC. Static routing and wavelength assignment is one
important communication mechanism of optical NoC. This paper addresses the routing and wavelength
assignment (RWA) problem for locally twisted cube communication pattern on global bus optical NoC.
For that purpose, a routing scheme, that is an embedding scheme, is proposed, and a wavelength assign-
ment scheme under the embedding scheme is designed. The number of required wavelengths is shown to
attain the minimum, guaranteeing the optimality of the proposed scheme.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

With the development of Multi-Processor System-on-Chip
(MPSoC), current electronic network-on-chip (NoC) designs face
serious challenges, such as bandwidth, latency and power con-
sumption. Recently, optical network-on-chip (NoC) approach has
been proposed as promising technique to overcome this bottleneck
[2,11–13,19]. Selecting a logical network topology is very impor-
tant in designing of optical NoC. Several topologies, such as bus,
crossbar, butterfly and torus topologies, have been proposed [2].
In this paper, we address the wavelength assignment problem in
optical NoC with bus topology. A global bus is perhaps the simplest
of logical topology, and involves N terminals and an optical bus
(see Fig. 1). One of the terminals arbitrates whether the optical
bus is leisure so that it can communicate with other N � 1 termi-
nals. However, using the arbitral optical bus often limits the per-
formance due to practical constraints on bus bandwidth and
arbitration latency as the number of network terminals increases.
Then wavelength division multiplexing (WDM) technique provides
an approach to enhancing the performance of optical bus.

Wavelength division multiplexing technique divides the band-
width of an optical fiber into multiple communication channels
represented by their respective wavelengths. Then a multiplicity
of different data streams can be transmitted simultaneously across

a same optical fiber. Because the wavelength resource is restricted
and the current WDM technology has already allowed about sixty
wavelengths per fiber. The routing and wavelength assignment
(RWA) problem is very important in optical NoC. In recent years,
the RWA problem has been studied for various combinations of
communication pattern and optical network [3–5,20,21]. This pa-
per proposes a static routing and wavelength assignment scheme
for locally twisted cube (LTQ) communication pattern on global
bus optical NoC. In order to facilitate the research, the global bus
can be expressed as a linear array graph (see Fig. 2). In the linear
array, nodes and edges represent the processors and the shared
bus respectively.

Mainly due to smaller diameter (nearly half that of hypercube
of the same size), locally twisted cube has been studied by many
researchers [7–10,14,15,17]. Indeed, quite a number of algorithms
have been designed based on locally twisted cube [8,10,15,18]. To
execute an algorithm developed for LTQ on linear array topology, it
is crucial to solve the corresponding routing and wavelength
assignment (RWA) problem, i.e., that of finding all source–destina-
tion paths in the LTQ and assigning appropriate wavelengths to
these paths so that the total number of wavelengths is minimized.
For this purpose, an embedding scheme having the minimum con-
gestion called the optimal embedding scheme is proposed in this
paper. The embedding scheme maps each node and edge of LTQ
onto a node and path of linear array respectively. In order to gauge
the congestion of an embedding scheme and prove the optimality,
a maximum m-induced subgraph of LTQ will be proposed firstly.
Based on this, an optimal wavelength assignment is proposed.
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The remainder of this paper is organized in this fashion: Section 2
describes some terminologies and preliminaries. Section 3 deter-
mines the maximum m-induced subgraph of LTQ. Section 4 is devoted
to the congestion of a LTQ embedding into linear array. In Section 5,
the wavelength assignment schemes, together with their optimality
proofs, are described. Finally, Section 6 summarizes this work.

2. Preliminary

2.1. Locally twisted cube

Let f0;1gn denote the set of all 0;1 binary strings of length n. Let
0n (resp. 1n) denote a string consisting of n 0s (resp. n 1s). For two
binary strings x and y 2 f0;1gn, let xþ y denote the (bitwise mod-
ulo 2) sum of x and y. For x ¼ ðxn�1; xn�2; . . . ; x0Þ 2 f0;1gn

; x0 is
called the zero bit of x; x1 is called the first bit, etc.

Definition 2.1 [17]. For n P 2, an n-dimensional locally twisted
cube, LTQn, is defined recursively as follows:

(1) LTQ 2 is a graph consisting of four nodes labeled with 00, 01,
10, and 11, respectively, connected by four edges {00, 01},
{01, 11}, {11, 10}, and {10, 00}.

(2) For n P 3; LTQ n is built from two disjoint copies of LTQn�1

according to the following steps: Let LTQ0
n�1 denote the

graph obtained from one copy of LTQn�1 by prefixing the
label of each node with 0. Let LTQ1

n�1 denote the graph
obtained from the other copy of LTQ n�1 by prefixing the label
of each node with 1. Connect each node ð0; xn�2; xn�3; . . . ; x0Þ
of LTQ0

n�1 to the node ð1; xn�2 þ x0; xn�3; . . . ; x0Þ of LTQ 1
n�1 with

an edge.

Fig. 3 shows two examples of locally twisted cubes.

Lemma 2.1 [17]. Two nodes x ¼ ðxn�1; xn�2; . . . ; x0Þ and
y ¼ ðyn�1; yn�2; . . . ; y0Þ of LTQn are adjacent if and only if either (a)
xk ¼ yk and xk�1 ¼ yk�1 þ x0 for some 3 6 k 6 n� 1, and xr ¼ yr for
all the remaining bits or (b) xk ¼ yk for some k 2 f0;1g, and xr ¼ yr for
all the remaining bits.

LTQ n is obviously an n-regular graph, and the labels of any two
adjacent nodes of LTQn differ in at most two successive bits.

A d-dimensional edge, or simply d-edge, of LTQn is an edge ðu;vÞ
such that the labels of u and v are repugnant at bit d but are unan-
imous at all previous bits. In this case, v is called the d-neighbor of
u, denoted v ¼ NdðuÞ. Let DIMd denote the set of all d-edges of LTQn.
Then, EðLTQ nÞ ¼

Sn�1
d¼0DIMd.

2.2. Induced subgraph

In this paper, we use VðGÞ and EðGÞ to denote the node set and
edge set of graph G, respectively. For a node subset S, the subgraph
of G induced by S, denoted by G½S�, is a graph with node set S and all
the edges of G with both nodes in S. Let nðSÞ denote the number of
edges of G½S�. For a pair of disjoint node subset S1 and S2 of graph G,
let nðS1; S2Þ denote the number of edges with one node in S1 and the
other node in S2.

Definition 2.2. An m-induced subgraph of a graph is one that is
induced by m nodes. A maximum m-induced subgraph of a graph
is one that has the maximum number of edges. Let max nGðmÞ
denote the maximum number of edges in an m-induced subgraph
of graph G. Then max nGðmÞ ¼maxS # VðGÞ;jSj¼mnðSÞ.

For the purpose of calculating the max nGðmÞ, the following def-
inition is most useful. Any nonnegative integer m can be uniquely
written as m ¼

Pr
i¼02pi , where p0 > p1 > p2 > � � � > pr P 0. Abdel-

Ghaffar [1] defined a function

f ðmÞ ¼
Xr

i¼0

pi

2
þ i

� �
2pi ;

and proved that this function satisfies the following properties.
For a given positive integer m, we define k ¼ blog2mc and

m0 ¼ m� 2k. Obviously, 2k
6 m < 2kþ1 and 0 6 m0 < m=2.

Proposition 2.1 [1]. Let m be a positive integer. Then,

f ðmÞ ¼ k2k�1 þ f ðm0Þ þm0 ¼ f ð2kÞ þ f ðm0Þ þm0:

Proposition 2.2 [1]. For any positive integers m1 and m2, we have

f ðm1 þm2ÞP f ðm1Þ þ f ðm2Þ þminfm1;m2g:

opticalbus

terminals
1 2 3 4 N-1N-2N-3 N

Fig. 1. The global bus with N terminals.
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Fig. 2. Linear array with N nodes.
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Fig. 3. LTQ3 and LTQ4.
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