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Abstract—Traffic grooming is important in the design and oper-
ation of translucent optical networks. This paper investigates sub-
wavelength traffic grooming in a translucent optical network and
shows how to take advantage of sub-wavelength traffic grooming
capability of sparsely distributed opaque switch nodes. An efficient
heuristic, called the virtual nodal degree ranked algorithm, is em-
ployed to select the best locations for opaque switch nodes. New
mixed-integer linear programming (MILP) optimization models
are developed to optimally groom sub-wavelength traffic demand
in the translucent optical network. The models maximize served
sub-wavelength traffic demand under a limited network capacity
and minimize required wavelength capacity subject to the condi-
tion that all the traffic demands are served. The models are novel in
optimization methodology because they incorporate both the arc-
node and the arc-path multi-commodity optimization techniques
for a single problem. Based on simulation studies, it is found that
the performance of sub-wavelength traffic grooming of a translu-
cent network is substantially improved by increasing the number
of opaque switch nodes. For some network topologies, the perfor-
mance saturates as the number of opaque switch nodes increases,
though the phenomenon is not general for any type of network
topology.

Index Terms—Amplified spontaneous emission (ASE) noise,
opaque node placement, sparse traffic grooming, sub-wavelength
traffic grooming, translucent optical network, transparent seg-
ment.

I. INTRODUCTION

T RAFFIC grooming is important to help reduce network
design cost and improve network operational perfor-

mance [1], [2]. In this paper, we consider sub-wavelength
traffic grooming for a type of translucent optical network that
is made up of a small set of opaque switch nodes and a set of
transparent switch nodes [3]–[6]. Due to the embedded OEO
conversion and electronic signal processing capabilities, an
opaque switch node can provide various functions including
signal regeneration, wavelength conversion and sub-wavelength
traffic grooming. Most previous studies of translucent optical
networks have concentrated on the advantages of signal regen-
eration and wavelength conversion of the opaque switch nodes
[5]–[9]. However, the advantages of sub-wavelength traffic
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grooming of opaque switches have not been fully explored in
the literature.

This paper studies sub-wavelength traffic grooming in a
translucent optical network. We show how sub-wavelength
traffic grooming in sparsely-distributed opaque switch nodes
in a translucent optical network can be used to groom the
overall sub-wavelength traffic demand. This is a type of sparse
traffic grooming [10]–[12]. Unlike most previous studies on
traffic grooming, which are generally based on an ideal optical
transport layer, the current study is more practical because it
takes into account the limitation of physical-layer impairments
[13].

We investigate two sub-problems, namely 1) how to select the
best locations for opaque switch nodes that provide the function
of sub-wavelength traffic grooming and 2) how to optimally
allocate wavelength capacity and groom sub-wavelength traffic
demand subject to system constraints. The system constraints
considered here include wavelength capacity, sub-wavelength
traffic demand, and physical-layer impairments. In the lit-
erature, many efforts have been dedicated to selecting the
best locations for opaque switch nodes [5], [6] and optimally
grooming sub-wavelength traffic demand [2]. By extending
these existing efforts, we develop an approach for opaque
switch node placement that incorporates physical-layer im-
pairments and new mixed-integer linear programming (MILP)
optimization models for sub-wavelength traffic grooming in
translucent optical networks.

We examine how the number of opaque switch nodes and
their placement affect the performance of traffic grooming.
Our simulation studies indicate that with an increase in the
number of opaque switch nodes, the performance of sub-wave-
length traffic grooming is improved, as expected. Moreover,
performance improvement saturates with an increasing number
of opaque switch nodes under some networks topologies.
However, this trend is not general for any type of topology.
To the best of our knowledge, this work is the first in the field
dedicated to sparse traffic grooming in a translucent optical
network.

The rest of the paper is organized as follows. In Section II,
we introduce the concepts of translucent optical network and
sparse traffic grooming in a translucent optical network. In
Section III, we present an algorithm to select the best locations
for opaque switch node placement. In Section IV, we present
MILP optimization models for sub-wavelength traffic grooming
in a translucent optical network. The models maximize total
served sub-wavelength traffic demand given a predefined
network capacity and minimize required wavelength capacity
given a predefined sub-wavelength traffic demand matrix. In
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Fig. 1. Example of translucent optical network. Each lightpath carries 10-Gb/s
capacity.

Section V, we evaluate the performance of sparse sub-wave-
length traffic grooming of the translucent optical networks
based on simulations.

II. TRAFFIC GROOMING IN TRANSLUCENT OPTICAL NETWORKS

Fig. 1 shows an example of a translucent optical network. The
network consists of two opaque switch nodes, represented by
grey circles, and a larger number of transparent switch nodes,
represented by white circles. The opaque nodes provide signal
regeneration, wavelength conversion, and sub-wavelength
traffic grooming. In contrast, the transparent nodes simply
switch lightpaths at the granularity of a wavelength. They do
not disassemble or reassemble sub-wavelength traffic demand
carried on bypassing lightpaths. However, they can add/drop
sub-wavelength traffic demand locally at their add/drop ports
on condition that appropriate sub-wavelength multiplexers and
demultiplexers are present. A lightpath is a communication
channel in the optical layer that carries a bandwidth equal to
a full wavelength. Depending on the wavelength conversion
capability in a network, a lightpath may be carried on the same
wavelength throughout its route, or uses different wavelengths
on different segments of its route if wavelength conversion
capability is available on its intermediate nodes.

Depending on the number of consecutive lightpaths traversed
by sub-wavelength traffic, there are two modes for sub-wave-
length traffic grooming: single hop grooming and multi-hop
grooming [2]. Single-hop grooming uses the capacity on a
lightpath that is directly established between a pair of demand
nodes to serve sub-wavelength traffic demand. In contrast,
multi-hop grooming employs multiple consecutive lightpaths
that connect a pair of nodes to serve sub-wavelength demand.

Fig. 1 includes examples of single-hop and multi-hop sub-
wavelength traffic grooming. Assume 10-Gb/s lightpaths (0-2),
(2-3-4), and (4-6) have been established (shown in Fig. 1 as
dotted lines). Based on single-hop grooming, 2-, 5-, and 4-Gb/s
sub-wavelength traffic demands are served respectively on the
direct lightpaths between node pairs (0, 2), (2, 4), and (4, 6)
with 8-, 5-, and 6-Gb/s free capacities remaining on the light-
paths, respectively. Due to the sub-wavelength traffic grooming
capability at the opaque nodes 2 and 4, the free capacities on the
three established lightpaths can be used to serve 2-Gb/s traffic
demand between nodes 0 and 6 using multi-hop grooming.

Specifically, the traffic from node 0 to node 6 is first added
at an optical add port of node 0 together with the traffic from
node 0 to node 2. At node 2, the traffic destined for node 2
is dropped. Meanwhile, by taking advantage of the sub-wave-
length traffic grooming capability of node 2, the traffic to node 6

is reassembled onto the lightpath between node 2 and node 4
with traffic from node 2 to node 4. At node 4, which is also ca-
pable of sub-wavelength traffic grooming, the same grooming
process is performed to drop the traffic destined for node 4 and
reassemble the traffic to node 6 onto the lightpath between nodes
4 and 6. The mixed traffic from node 0 and node 4 is eventually
dropped at node 6 and separated, and the traffic between node 0
and node 6 is successfully served by using the free capacity on
the existing lightpaths.

It is well known that multi-hop traffic grooming has the ad-
vantage of avoiding the establishment of direct lightpaths be-
tween node pairs when serving traffic demands, thereby saving
optical add/drop ports and maximizing the capacity utilization
of established lightpaths [2]. Fig. 1 provides an example to show
this benefit. However, in a translucent network, how frequently
multi-hop grooming can be applied is determined by the number
of opaque nodes and their locations. For example, if there is
only a single opaque node in Fig. 1 or there are no direct light-
paths established between nodes 4 and 6, then multi-hop traffic
grooming between nodes 0 and 6 is impossible. Rather, a direct
lightpath should be established between the two nodes. Thus, to
exploit the benefits of multi-hop traffic grooming, it is important
to find the best locations for the opaque nodes with sub-wave-
length traffic grooming capability, and optimally allocate net-
work wavelength capacity to establish lightpaths that can max-
imally serve sub-wavelength traffic demand.

For translucent optical networks, there are several key con-
cepts and properties. First, the lightpath segment between any
two neighboring opaque switch nodes is called a transparent
segment [5]. In Fig. 1, the segment between node 2 and node
4 is a transparent segment. On each transparent segment,
the constraint of wavelength continuity must be assured be-
cause only the two end nodes of the segment can convert
wavelengths. Also, in a translucent optical network, before a
transparent segment is established, its physical-layer signal
quality must be taken into account to assure that the quality is
always above a predefined threshold level [8]. Finally, because
only the opaque nodes can groom sub-wavelength traffic, we
define all the opaque nodes in a network as the grooming node
set, and all the other nodes as the non-grooming node set. In
Fig. 1, the grooming node set includes nodes 2 and 4, and the
non-grooming node set includes all the other nodes.

III. ASE-NOISE-LIMITED OPAQUE NODE PLACEMENTS

A. ASE-Noise-Limited Impairment

ASE noise is one of the most fundamental aspects that con-
strain the maximal transparent reach of an optical signal [14]. In
this study, we consider ASE noise as the dominant effect when
modeling the physical-layer impairments.1 A pre and post-am-
plifier pair are deployed before and after each OXC, respec-
tively. Also, if the fiber link between two neighboring OXC
nodes is long enough, inline optical amplifiers are deployed to

1Without considering other impairments, the current study may underestimate
the overall effect of physical-layer impairments. The framework can however be
extended to include other physical-layer impairments as required.
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boost the optical signal. ASE noise is accumulated when a light-
path passes an EDFA. The accumulated ASE noise is given by
[15]

(1)

where is the unpolarized power level of the accumulated
ASE noise before a lightpath enters the EDFA, is the power
level of the accumulated ASE noise after the lightpath trans-
verses the EDFA, is the ASE noise factor, is Plank’s con-
stant, is the optical signal frequency, is the receiver’s op-
tical bandwidth, and is the gain of the optical amplifier.

At the receiver of a lightpath, we can estimate the -factor of
the optical signal based on the accumulated ASE noise and re-
ceived optical signal [15]. The -factor is widely used as a crite-
rion to measure optical signal quality, which can decide whether
a direct transparent lightpath can be established between a pair
of nodes. Specifically, if the -factor is larger than a predefined
threshold value (e.g., ), which guarantees a good bit
error rate (BER), a direct transparent lightpath can be estab-
lished; otherwise, signal regeneration is required in the middle
of the lightpath.2

B. Opaque Node Placement

Strategies for opaque node placement are important to
translucent network design and operation. A variety of algo-
rithms have been proposed for locating the opaque switch nodes
(or signal regenerators) in a translucent optical network [5]–[9].
In [7], the physical nodal degree of each optical switch node
was selected as a weight to determine the priority of deploying
3R regenerators on these nodes. In [5], a criterion called the
transitional weight was employed to determine the priority
of deploying an opaque switch on each node. A transparent
island division algorithm was proposed in [8] to deploy opaque
switches on the boundaries of transparent islands. In [6], the
OEO node placement problem was modeled as a Connected
Dominating Sets (CDS) problem, in which OEO switches were
placed at the nodes that are in the CDS. Similar to the concept
of Connected Dominating Sets, in [9] an algorithm based on
a criterion called the virtual nodal degree was developed. The
algorithm selected the locations for opaque switch nodes based
on the ability of a node to physically connect to other nodes
within one lightpath hop.

In this paper, we extend the virtual nodal degree algorithm to
select the opaque node locations. We called this algorithm the
virtual nodal degree ranked algorithm. To determine whether a
pair of nodes can be directly connected by a transparent light-
path, we take into account the ASE-noise impairment when
computing -factor of a lightpath. Fig. 2 shows a flowchart of
the extended virtual nodal degree ranked algorithm.

2In this study, we assume that the length of each fiber link is not so long as to
require in-line 3R signal regeneration. However, if such a case occurs, the frame-
work is general enough to cover this special case by taking the inline 3R signal
regeneration into account when calculating �-factor for a lightpath. However,
it should be pointed out that inline 3R regeneration on a link does not bring any
benefits to sub-wavelength traffic grooming since the inline regenerators are in
the optical channel layer and there is no add/drop traffic at the locations of the
regenerators.

Fig. 2. Flowchart of opaque node placement in a translucent optical network
based on the ranks of virtual nodal degrees.

Step 1 creates a virtual topology , which includes all nodes
of the original topology , but its link set is empty. Step 2 em-
ploys the shortest path routing algorithm to find the shortest
route (in physical distance) between each node pair. Then for
each of the routes, Step 3 employs the ASE-noise-limited phys-
ical-layer analysis model presented in Section III-A to decide
whether the route is eligible to directly establish a transparent
lightpath without requiring any intermediate 3R signal regener-
ation. The detailed rule for this is that if the estimated -factor
of the lightpath is larger than a predefined threshold level (e.g.,

), the direct transparent lightpath can be established be-
tween the node pair; otherwise, no such a lightpath is allowed.3

If a lightpath is established, a new virtual link is added to the vir-
tual topology to connect the two end nodes of the lightpath.
This process is repeated until all the shortest routes between the
node pairs are examined. Finally, based on the virtual topology

, Step 4 and Step 5 jointly select nodes from the highest nodal
degree to the lowest nodal degree to deploy opaque switches
until a predefined number of opaque switches are placed.
Here the number is generally specified by the user and can
be subject to the planning budget of the network.

IV. OPTIMIZATION MODELS FOR MAXIMAL SERVED TRAFFIC

DEMAND AND MINIMUM REQUIRED WAVELENGTH CAPACITY

A. Discussion

The whole problem of sub-wavelength traffic grooming in a
translucent optical network can be generally divided into two
steps [2]: 1) establishing virtual wavelength capacity pipes (also
called virtual lightpath topology) between optical switch nodes
and 2) aggregating sub-wavelength traffic demand into these

3If there are any in-line 3R regenerations on the links traversed by the light-
path, the rule to determine whether the lightpath can be established is to see if
any transparent segment (e.g., a segment between two neighboring inline 3R
regenerators) on the route can pass a predefined �-factor threshold level.
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capacity pipes. The first step handles the issues of lightpath
routing and wavelength assignment, which finds a virtual light-
path topology in the optical layer to serve sub-wavelength traffic
demand. The second step routes sub-wavelength traffic demand
on the established virtual lightpath topology.

We have the following key points in the network model.
First, except at sparsely distributed opaque nodes which are
assumed to have sub-wavelength traffic grooming capability,
all the other nodes are transparent and can only add/drop
their local sub-wavelength traffic, but cannot disassemble or
reassemble sub-wavelength traffic on bypassing lightpaths.
Second, only the opaque nodes can provide signal regeneration
and wavelength conversion. All the other switch nodes can only
transparently switch lightpaths at the granularity of a wave-
length. Third, without losing generality, this study assumes
that the traffic demands between node pairs are bidirectional.
This assumption is usually justifiable for backbone transport
networks.

For different network layers, we employ two types of mul-
ticommodity optimization techniques, i.e., the arc-node and
arc-path multi-commodity optimization approaches, for a
single network optimization problem. This approach is novel.
We employ the arc-path technique to establish lightpaths over
the fiber links and consequentially form a lightpath virtual
topology, and the arc-node technique to route sub-wavelength
traffic demand over the lightpath virtual topology. The arc-path
technique for the lightpath establishment step provides the
benefit of disintegrating the sub-step of determining quali-
fied transparent segments (i.e., evaluating -values) from the
capacity optimization, thereby significantly simplifying the
model and improving computation efficiency.

B. MILP Optimization Models

In this section, we introduce mixed-integer linear program-
ming (MILP) models that optimally aggregate sub-wavelength
data traffic into high-capacity wavelength pipes. We optimize
the traffic grooming problems from two perspectives. First, if
network capacity (i.e., high-rate capacity pipes) is predefined,
we maximize served low-rate sub-wavelength traffic demand
over the capacity. Alternatively, we minimize the required
wavelength channels on the condition that all the sub-wave-
length traffic demands are served. We call the first the maximal
traffic serving model, and the second the minimum capacity
model. Both of these models have practical elegance. The
maximal traffic serving model provides a way to maximize the
utilization of the current deployed network capacity and thus
postpone upgrading network capacity when network traffic
increases. The minimum capacity model provides a straightfor-
ward way to minimize the network design cost, which is key to
network design and planning.

In the paragraphs that follow, we define the sets, parameters,
and variables used in the models. In particular, we use notations

and to index the nodes in the optical layer and notations
and to index the nodes in the sub-wavelength layer.

1) Sets:

Set of network nodes.

Set of nodes that are able to aggregate or groom
sub-wavelength traffic between and , which
include source and destination node pair by
default and all the opaque nodes.

Set of network links.

Set of node pairs that have lightpath requests (i.e.,
end-to-end wavelength channels). These requests
are essentially from the sub-wavelength layer that
needs such lightpaths to be established to carry
sub-wavelength traffic demands.

Set of eligible paths (or routes) for the lightpath
demand request between node pair . Note
that a path is eligible to establish a lightpath only if
each transparent segment on the path can meet the

-factor requirement (i.e., ).

Set of transparent segments on path between
node pair . For example, in Fig. 1 if a lightpath is
established from node 0 to node 6 via route 0-2-3-4-6,
then the set of transparent segments of the lightpath
includes segments of (0 to 2), (2 to 4), and (4 to 6).

Set of available wavelengths on each fiber link.
We assume that each link has the same number of
wavelengths.

2) Parameters:

Amount of requested end-to-end sub-wavelength
traffic demand between node pair .

Capacity (in Gb/s) that each wavelength (lightpath)
can carry. For example, if a lightpath can carry a
10-Gb/s (i.e., OC-192) data rate, then is equal to
10.

Binary parameter related to lightpaths. It takes the
value of one if the th transparent segment of path
between node pair traverses link ; otherwise, zero.

Total number of local optical add/drop ports available
at node .

Relationship indicator between lightpath demands
and node pairs. It takes the value of one if a lightpath
demand has an end node pair ; otherwise,
zero. Given the assumption of bi-directional lightpath
demands, it is clear that .

3) Variables:

Served sub-wavelength traffic demand between node
pair .

Served sub-wavelength traffic demand between node
pair that traverses a (lightpath) virtual link
between node pair . Here “virtual link” and
“lightpath” are exchangeable.
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Number of end-to-end lightpath channels established
between node pair .

Number of end-to-end lightpath channels that are
established between node pair . Later we will see
that and are connected through .

Number of end-to-end lightpath channels that are
served on path of node pair .

Binary variable related to lightpaths. It takes the
value of one if the th transparent segment of path
of node pair uses wavelength ; otherwise, zero.
Because no wavelength conversion is allowed on
non-regeneration nodes, an identical wavelength is
required on any transparent segment, which is termed
wavelength continuity.

Takes the value of one if wavelength on link is
used; otherwise, zero.

Takes the value of one if wavelength is used on
any one of the links in the network; otherwise, zero.

4) Model 1: Maximize Served Sub-Wavelength Traffic De-
mand: Objective:

Maximize (2)

otherwise

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

The objective (2) is to maximize the total served sub-wave-
length traffic demand from the client layer. Constraint (3)
grooms the sub-wavelength traffic from the sub-wavelength
layer based on the lightpath virtual topology. Here the node
set consists of all the opaque switch nodes and the
two end nodes and of sub-wavelength traffic demand, as

only these nodes are able to multiplex/demultiplex or groom
sub-wavelength traffic demand between node pair . For
example, in Fig. 2 for the sub-wavelength traffic demand be-
tween nodes 0 and 6, the node set is {0, 2, 4, 6}. Because
the traffic demands between node pairs are bidirectional, for
each sub-wavelength demand the model performs routing and
grooming twice with one for each direction in constraint (3).
To void doubly counting served (bidirectional) sub-wavelength
demand, there is a factor of 0.5 in objective function (2).

Constraint (4) ensures that served sub-wavelength traffic de-
mand would never exceed the demand requested. Constraint (5)
ensures that enough lightpaths (wavelength capacity pipes) are
established between nodes and such that all the sub-wave-
length traffic demand that traverses the virtual link can
be fully supported. Constraints (6) and (7) say that the max-
imal number of lightpaths starting or ending at a node is sub-
ject to the number of allowed lightpath add/drop ports at the
node. Constraint (8) makes a mapping between two lightpath
demand formats, which are used in the arc-node and arc-path
multi-commodity models, respectively. In addition, because of
bidirectional traffic assumption, both node pairs and
under the arc-node model can be mapped to an common light-
path demand under the arc-path model. Constraint (9) ensures
that the lightpath demand between node pair is served by path
set . Constraint (10) says that each path segment should carry
the same number of lightpaths as that of the whole path. Con-
straint (11) ensures that any wavelength on a fiber link can only
be used by a single lightpath segment.

5) Model 2: Minimize Required Wavelength Capacity:
Objective:

Minimize (12)

otherwise

(13)

Constraints (5)-(10)

(14)

(15)

The objective of this model is to minimize the maximal wave-
length number on the fiber links as well as the total wavelength
capacity in the whole network. in (12) is a weight factor. By
setting a small (i.e., ), the maximal wavelength number
on the fiber links becomes a primary objective to minimize.
Constraint (13) ensures that all the sub-wavelength traffic de-
mand from the client layer is served by the lightpath links on
the lightpath virtual topology. Constraint (14) determines the
utilization state of each wavelength on each fiber link. Con-
straint (15) finds whether wavelength is used on any links in
the network.
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TABLE I
SYSTEM PARAMETERS USED IN THE SIMULATION STUDIES

Fig. 3. Test networks. (a) 14-node 21-link NSFNET. (b) 24-node 43-link US
backbone network.

V. SIMULATIONS AND PERFORMANCE EVALUATION

A. System Parameters and Test Networks

The physical-layer parameters used to estimate -factor for
each lightpath and segment are shown in Table I. Specifically,
each lightpath is assumed to be at 10 Gb/s. The maximal am-
plification span is set to be 80 km and the optical signal power
on each channel is amplified to 0 dBm after each amplifier. The
threshold -factor is set to be 7.0. Only if an end-to-end light-
path has a -factor greater than the threshold, can it be estab-
lished between the node pair.

Our test networks include a 14-node 21-link NSFNET net-
work and a 24-node 43-link US backbone network as shown in
Fig. 3. The number shown by each link in the figure indicates
the physical length of the link in km, which is a key parameter

TABLE II
OPAQUE NODE LOCATIONS IN NSFNET

TABLE III
OPAQUE NODE LOCATIONS IN US BACKBONE NETWORK

when calculating -factors.4 Based on the opaque node place-
ment algorithm shown in Fig. 2, we find the opaque node lo-
cations for different numbers of allowed opaque switch nodes,
which are listed out in Tables II and III, respectively, for the two
test networks. In particular, a transparent optical network can
be considered as a special translucent optical network with zero
opaque switch nodes, and an opaque network can be considered
as a special translucent optical network with opaque switches
on all the network nodes.

B. Performance Analyses

For performance evaluation, sub-wavelength traffic demand
matrices are randomly generated. We assume that each node pair
has a random end-to-end sub-wavelength traffic demand, whose
amount is distributed within a range from 10 Gb/s to 40 Gb/s.
For an entire network, there is a total end-to-end sub-wavelength
traffic demand of 1820 Gb/s and 5520 Gb/s in the NSFNET
network and the US backbone network, respectively.

To establish lightpaths, the K-shortest path routing algorithm
(based on physical distance) is applied to find a set of candidate
routes for each node pair. The following rule is applied to ex-
amine whether a route in the found shortest ones is eligible
to establish a lightpath. Specifically, the -factor is examined
for each of the transparent segments on each of the routes to de-
termine whether a route is eligible to establish a lightpath. If a
predefined -factor threshold level cannot be met on any trans-
parent segment, the examined route should be removed from the
candidate route set. As a result, the remaining routes (after the
removals) make up an eligible route set that can be used to es-
tablish lightpaths in the optimization model.

Optimization studies were performed under different network
scenarios ranging from transparent, translucent with different
numbers of opaque nodes, and opaque networks. We considered
both the minimum capacity model and maximal traffic serving
model. We minimize the required number of wavelengths to
fully serve given sub-wavelength traffic demand, and maximize
served sub-wavelength traffic demand if network capacity has
been predefined. To establish lightpaths between node pairs, we

4In the simulation tests, we assume that there are no so long links in the test
networks that require in-line 3R signal regeneration.
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Fig. 4. Number of required wavelengths and total wavelength capacity in the
network (NSFNET).

assume that there are maximal candidate routes that can
be used and participate in the -factor test. In addition, we ig-
nored the constraint of maximal number of add/drop ports at
each switch node in our simulations for fast MILP solutions.
All the optimization cases were solved by a commercial soft-
ware package AMPL/CPLEX of version 10 on a desktop with a
3.39-GHz CPU and 1 G of RAM.

1) Minimum Wavelength Capacity: Fig. 45 shows the re-
sults of the minimum required wavelength capacity in the
NSFNET network when all the sub-wavelength traffic demands
are served. The curve associated with the left -axis shows
the required number of wavelengths to fully serve the traffic
demands (i.e., ), and the curve associated with the
right -axis shows the total wavelength capacity in the whole
network (i.e., ). It can be seen in Fig. 4 that from
a few opaque nodes (i.e., translucent networks) to 14 opaque
nodes (i.e., an opaque network), both the required number of
wavelengths and the total network capacity decrease. This is
because the increase in the number of opaque nodes provides
more flexibility and opportunities for sub-wavelength traffic
grooming, signal regeneration, and wavelength conversion.
In addition, comparing the two curves, it can be seen that the
number of required wavelengths decreases more rapidly, while
the total wavelength capacity does not decrease substantially.
Specifically, moving from a translucent optical network with
five opaque nodes to a fully opaque network, the number of
required wavelengths decreases from 49 to 25. In contrast,
there is only 16% reduction of total wavelength capacity in
transitioning from the five-opaque-node translucent network to
the opaque network.

2) Maximal Served Traffic Demand: Given that the deployed
network capacity is limited, we are also interested in maxi-
mizing served end-to-end sub-wavelength traffic demand. For
this sub-study, simulations were conducted for the NSFNET
network. Assuming the same sub-wavelength traffic demand
matrix as in the previous capacity-minimization study, we try
to maximally satisfy sub-wavelength traffic requests. We as-
sumed that each network link has 25 wavelengths, which are

5No solution (with all the simulated sub-wavelength demands served) can be
found when there are only three opaque nodes as shown in Table II. Thus, the
number of opaque nodes starts from five in the �-axis.

Fig. 5. Impact of network translucency on the total served end-to-end sub-
wavelength traffic demand (NSFNET, 25 wavelengths per link).

the required minimum wavelengths to serve all the sub-wave-
length traffic demands under an opaque network (see Fig. 4).
Based on this capacity, simulation studies were performed to
find the maximal served sub-wavelength traffic demand for var-
ious translucent network scenarios which have different opaque
switch nodes.

Fig. 5 shows the simulation results for the NSFNET network.
We can see that with the increase of the number of opaque
nodes, the total served end-to-end sub-wavelength traffic de-
mand (Gb/s) increases. As before, it can explained by the fact
that a larger number of opaque nodes provide more flexibility
and opportunities for sub-wavelength traffic grooming, signal
regeneration, and wavelength conversion.

Similar simulation studies were performed for the larger US
backbone network and the results are shown in Fig. 6.6 The
same observation can be found that the increase of opaque nodes
in the network helps improve the network performance, i.e.,
more sub-wavelength traffic demand is served. Interestingly, we
also observe a saturation phenomenon between the number of
opaque nodes and the maximal served end-to-end sub-wave-
length traffic demand. From a transparent network without any
intermediate traffic grooming capability to a small increase of
the number of opaque nodes (e.g., to 4 opaque nodes), we find
a significant performance improvement, about 24% more traffic
demand served. Nonetheless, after 4 opaque nodes, any further
increase of opaque nodes in the network seems to only bring
minimal performance improvement. Such a saturation phenom-
enon is however not found in the NSFNET network. Some ex-
planations for this difference are as follows.

The US backbone network has a planar topology without any
shortcut links. The nodes in the middle of the network such as
nodes (9, 10, and 11) are clearly the strongest contenders to
function as signal regeneration nodes (i.e., opaque nodes) for
the lightpaths between the nodes on the west and east sides. In
contrast, the NSFNET network is a different type of topology,
which has several long short-cut links, e.g., links (4-11) and
(2-8). These shortcut links blur the clear distinction of which

6Due to the limited wavelength capacity, i.e., 40 wavelengths per fiber, the
total served demand in the US network does not reach 5520 Gb/s. If more wave-
lengths are carried on each fiber link, all the sub-wavelength traffic demands can
be fully served.
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Fig. 6. Impact of network translucency on the total served end-to-end traffic
demand (US backbone, 40 wavelengths per link).

nodes should have higher priorities to function as signal regen-
eration nodes. Thus, when the same percentage of opaque nodes
is added to an initial transparent network, the performance im-
provement in the NSFNET network is not as dramatic as that in
the US backbone network.

For future research, it would be useful to explore how the net-
work topology can affect the performance of sub-wavelength
traffic grooming in translucent networks. While a detailed con-
sideration of this is beyond the scope of the present paper, we
are in a position to make the following preliminary observations.
We believe that the saturation phenomenon as shown can be ex-
pected for a network with a planar topology like the US back-
bone network, while if a network topology has many short-cut
links such as links (4-11) and (2-8) in NSFNET, no clear satu-
ration trends would be expected.

In addition, in the simulation studies we assumed that the sub-
wavelength traffic demands are based on a uniformly random
distribution. Traffic demands with different distribution patterns
may lead to different grooming results. Thus, it is also inter-
esting to explore how traffic demand distributions or patterns
can affect the performance of sub-wavelength traffic grooming
in translucent networks.

3) Effect of Number of Candidate Routes: All the results pre-
sented so far are based on the assumption that there are up to two
candidate routes between each node pair for establishing light-
paths in the optical layer. The number of candidate routes exam-
ined for the eligibility of establishing lightpaths can be another
important factor that affects the performance of sub-wavelength
traffic grooming. We have evaluated the effect by changing the
number of tested candidate routes between each node pair. It
is anticipated that a larger number of candidate routes can gen-
erate more qualified end-to-end routes that satisfy a predefined

-factor requirement, and provide more opportunities for es-
tablishing direct lightpaths to serve more sub-wavelength traffic
demand.

Fig. 7 shows how the total served end-to-end sub-wavelength
traffic demand changes with an increasing number of candidate
routes for the NSFNET network. It can be seen that the in-
crease in the number of candidate routes does benefit sub-wave-
length traffic grooming. However, the performance improve-

Fig. 7. Impact of the number of candidate routes � on the total served
end-to-end sub-wavelength traffic demand (NSFNET, 25 wavelengths per link).
The translucent network has five opaque nodes.

ment is minimal even if more candidate routes are considered
when the number of candidate routes is more than two. This
therefore implies that the performance of sub-wavelength traffic
grooming in translucent networks saturates with an increasing
number of candidate routes.

VI. CONCLUSION

We studied sub-wavelength traffic grooming in a translu-
cent optical network. We have developed the virtual nodal
degree ranked algorithm for opaque node placement and
the novel MILP-based models for sub-wavelength traffic
grooming for translucent optical networks. The models max-
imize served sub-wavelength traffic demand and minimize
required wavelength capacity. Our simulation studies show
that the performance of sub-wavelength traffic grooming is
improved with an increasing number of opaque switch nodes.
Also, for some network topologies (with planar graphs) such
as the US backbone network, the performance improvement
saturates as the number of opaque switch nodes increases.
Further research is needed to evaluate how network topologies
can affect the performance of sub-wavelength traffic grooming
in a translucent optical network.
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