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Abstract— While a single fiber strand in wavelength division 

multiplexing (WDM) has over a terabits-per-second data rate and 

a wavelength channel has over a gigabits-per-second transmission 

speed, the network may still be required to support traffic 

requests at rates that are lower than the full wavelength capacity. 

To avoid assigning an entire lightpath to a small request, many 

researchers have looked at adding traffic grooming to the Routing 

and Wavelength Assignment (RWA) problem. In this work, we 

consider the RWA problem with traffic Grooming (GRWA) for 

mesh networks under dynamic lightpath connection requests. 

Like RWA, GRWA is also NP-Complete. While most of the 

previous work in this field focuses on optical networks without 

grooming or with full grooming capabilities, in this work we 

study the blocking performance of optical networks with sparse 

traffic grooming resources. This paper proposes a novel heuristic 

for dynamic traffic grooming in WDM mesh networks, where 

connections arrive one at a time and hold for random time 

durations. The strength of the proposed heuristic stems from its 

simplicity, applicability to large-scale networks, and efficiency 

compared to other heuristics proposed in the literature.  Our 

simulation results demonstrate that deploying traffic grooming 

resources on the edge of optical networks is more cost effective 

and results in a similar blocking performance to that obtained 

when distributing the grooming resources throughout the optical 

network domain.  

 
Index Terms—WDM optical networks, RWA, wavelength 

assignment, traffic grooming.  

I. INTRODUCTION 
Optical fibers can carry multiple data streams by assigning 

each to a different wavelength. This approach is known as 
Wavelength Division Multiplexing (WDM). Currently, WDM 
is classified as: (1) coarse WDM (CWDM) with 

40≈ wavelengths per fiber and (2) dense WDM (DWDM) 
with 200≈  wavelengths per fiber. Each wavelength can be 
viewed as a channel that provides an optical connection 
between two nodes. Such a channel is called a lightpath or a 
connection. Once a set of lightpaths has been determined, each 
lightpath needs to be routed and assigned a wavelength. This is 
referred to as a routing and wavelength assignment (RWA) 
problem [1]. 

RWA was proven to be insufficient to ensure the most 
efficient utilization of network resources [2]. In order to 
overcome the deficiencies associated with RWA, 
telecommunication carriers start adopting a technique that  

 
consists of efficiently grooming the low speed traffic streams 
into high capacity channels. This technique is referred to the  
RWA problem with grooming (GRWA). 

As WDM networks are migrating from ring to mesh 
topologies, it is very important to solve the traffic-grooming 
problem in a mesh network with sparse resources. In a sparse 
grooming network, some nodes may have some grooming 
capabilities while others may not have any (traffic must stay on 
a distinct wavelength when flowing through these nodes). This 
problem was addressed in [4,9], where the authors presented 
an ILP formulation and a heuristic approach to solve the 
grooming node placement problem in sparse grooming 
networks under static and dynamic traffic conditions. 
Contrarily to our study, this work does not support networks 
with sparse wavelength conversion resources. It is assumed 
that all the nodes in the optical network either have grooming 
capabilities or not, while in our work, we impose constraints 
on the grooming capabilities in terms of the number of 
transceivers used for originating and terminating optical 
lightpaths.. 

Previous research on traffic grooming in WDM mesh 
networks [2,3] assumes that the traffic grooming resources are 
distributed throughout the optical network domain. This 
assumption is impractical and cost prohibitive. In this work, 
we conduct extensive simulation experiments and demonstrate 
that it is more cost effective to place traffic grooming 
resources on the edge of optical networks rather than distribute 
them throughout the optical network domain. Furthermore, our 
simulation results show that edge grooming results in similar 
blocking performance to that obtained when deploying traffic 
grooming resources throughout the optical network. 

In addition, because of the high cost of all-optical 
wavelength conversion resources, our approach allows 
wavelength conversion to take place at nodes with traffic 
grooming capabilities, thus, utilizing optical transponder 
capabilities to perform traffic grooming and wavelength 
conversion without having to deploy distinct wavelength 
conversion resources. This eliminates the wavelength 
continuity constraint and thus, significantly improves the 
blocking probability. 

The rest of the paper is presented in the following order. 
Section II, defines and discusses the GRWA problem under 
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relatively dynamic traffic patterns. In Section III, we introduce 
our most contiguous GRWA heuristic and the rationale behind 
the heuristic. Detailed performance comparisons are provided 
in Section IV. Finally, Section V concludes this study and 
provides ideas for future extensions. 

II. TRAFFIC GROOMING, ROUTING, AND WAVELENGTH 
ASSIGNMENT PROBLEM (GRWA) 

The routing and wavelength assignment (GRWA) problem 
with traffic grooming for dynamic lightpaths handles 
connection requests with a wide range of capacities. For 
example, in backbone transport networks with OC-192 
capacity on each wavelength, an OC-1 connection request will 
require a lightpath of size OC-192 in the absence of traffic 
grooming devices. In this case, most of the capacity of the 
lightpath is unused. This problem can be resolved by allowing 
the multiplexing (i.e., traffic grooming) of two or more 
connections onto a single wavelength such that the total 
capacity after multiplexing is less than or equal to the 
maximum capacity of a single wavelength. Thus, traffic 
grooming increases the utilization of network bandwidth. 

The GRWA problem can be divided into two cases: Single-
hop and Mulit-hop traffic grooming. In the case of single-hop 
traffic grooming [3], grooming is performed at the edge of the 
transport optical network (i.e., grooming is performed before 
entering and after exiting the optical network by the source and 
destination nodes respectively). In the multi-hop case [3], 
grooming can be performed at any node in the network. 

The dynamic GRWA problem with sparse traffic grooming 
resources presented in this paper relies on the following 
assumptions: 
1. The network is a general mesh topology with directed 

fiber connections. A pair of fiber links (i.e., one in each 
direction) is needed to connect a pair of nodes. 

2. Network switches may or may not have support for traffic 
grooming. 

3. Traffic grooming capability of each node is limited to the 
number of traffic grooming devices (resources) installed 
on that node. 

4. Traffic grooming devices can perform wavelength 
conversion too but the cost of a traffic grooming device is 
more than that of a wavelength conversion device since 
traffic grooming devices are capable of achieving more 
complex functionality (i.e., multiplexing and de-
multiplexing connections). Thus, traffic grooming or 
wavelength conversion devices should be deployed in 
nodes based on whether traffic grooming is needed or not. 

5. Lightpaths do not contain loops. We use the K-shortest 
paths algorithm to enumerate the K shortest and loop-free 
paths between two nodes. 

III. MOST CONTIGUOUS WAVELENGTH 
ASSIGNMENT HEURISTIC 

The wavelength assignment problem has been studied 
extensively. A summary of the research in this area can be 
found in [8]. A large number of wavelength assignment 

schemes have been proposed in the literature including 
random-fit, first-fit, most-used, least-used, least-loaded, min-
product, max-sum, and relative capacity loss. These schemes 
can be classified into the following four categories [5]: 

1. Balance the load among all wavelengths: These schemes 
usually perform poorly when compared to other 
wavelength assignment schemes (e.g., random-fit, least-
used). 

2. Pack the wavelength usage: These schemes are simple 
and perform well when the network state information is 
known precisely (e.g., first-fit, most-used). 

3. Spread the wavelength usage: These schemes are also 
simple and perform as well as the schemes that pack the 
wavelength usage (e.g., least-loaded). 

4. Global Assignment: These schemes are more 
computationally extensive compared to the other schemes 
but they deliver the best performance (e.g., max-sum, 
relative capacity loss). 

 However, none of the above wavelength assignment 
schemes account for the scarcity of the traffic grooming and 
wavelength conversion resources in optical transport networks. 
For such networks, we propose a simple GRWA heuristic that 
minimizes the use of traffic grooming and wavelength 
conversion resources without hindering the blocking 
performance of the network. The rationale of our work is the 
fact that traffic grooming and wavelength conversion resources 
are scarce and expensive.  Thus, the proposed GRWA 
heuristic minimizes the usage of these resources without 
increasing the network blocking performance [6, 7]. Figure 1 
provides a flowchart of the proposed heuristic.  

 

 

Fig. 1:  Most-Contiguous Heuristic Flowchart 
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Most-Contiguous (MC) Heuristic 

• Definitions 

 R: Number of requests. 
GetFirstPathPointer: Function that returns a pointer to 
the first path maintained in the K-shortest path array for 
the given request. 
GetLastPathPointer: Function that returns a pointer to the 
last  path maintained in the K-shortest path array for the 
given request. 
AssignWavelengths: Function that handles wavelength 
assignment for the  given  path by saving the assigned 
wavelength for each link in a vector. This function  
returns true if the wavelength assignment succeeds, 
otherwise it returns false. 
SavePath: Function that saves the path with its 
corresponding wavelength assignment. 
GetSmallestPathCost:  Function that returns the lowest 
cost path. 
GetNumberOfHops: Function that returns the number of 
hops for the given path. 
OR: Function that performs bitwise -or- operation of all 
the wavelength availability masks from start-hop to 
current-hop 
MASK:  Binary Vector of length equal to the number of 
wavelengths. Each bit in this vector reflects whether the 
individual wavelengths are used (1) or not  (0). 
AllUsed: Function that returns true if all the bits in 
MASK vector are used, otherwise it returns false. 
SaveAssginWavelengths: Function that saves assigned 
wavelengths from start hop to current hop. 
 

• Main  

1: first= GetFirstPathPointer (r) 

2: last=  GetLastPathPointer (r) 

3: for each path from start to last 

4:   if( AssignWavelengths(path,                                    

           selectedWavelengths)==true ) 

5:         SavePath(path, selectedWavelengths) 

6:  end if 

7: end for 

8:  SelectedPath= GetSmallestPathCost () 

    10: end for 

• Wavelength Assignment  
 AssignWavelengths (pathPtr, selectedWavelengths) 

 

 Start Procedure 

 

1: start =1 

2: current= 1 

3: N= GetNumberOfHops( pathPtr ) 

4: While  ( current <= N ) 

5:  while  ( true ) 

6:   MASK = OR (start, current, pathPtr) 

7:   if  (AllUsed (MASK) ) 

8:    break 

9:   else 

10:   current=current+1 

11:  end if  

12:  End while 

13:   if (start == current) 

14:    return false 

15:   else 

16:  SaveAssginWavelengths(MASK,start,current) 

17:    If ( current == N) 

18:     return true 

19:    else  

20:    start=current 

21:    end if 

22:   end if 

23: end while 

24: return true  

End Procedure 

Few notes about the proposed algorithms: 

• The total routing cost for a given request used by 
GetSmallestPathCost function is represented as: 

iii VGDC βα ++=           (1) 

Where: 
• M : Number of lightpath requests. 
• iD : The number of hops for request i . 

• iG : The number of grooming devices used by 

request i . 
• iV :  The number of wavelength conversion devices 

used by request i . 
• α: The cost of a single traffic grooming device 
• β : The cost of a single wavelength conversion 

device. It is assumed that α > β  to reflect actual 
hardware costs. 

• C: Total cost of routing a lightpath request through 
the optical network. This cost includes the cost of the 
wavelengths used to carry the lightpath from its 
source to the destination node plus the cost of all 
wavelength conversion and traffic grooming devices 
used by the lightpath. 

• When a tie occurs between multiple wavelength 
assignments, any of the simple pack/spread wavelength 
assignment schemes presented above can be used to break 
the tie. We use the first-fit wavelength assignment scheme 
to break such ties because of the simplicity. The tie can 
also be broken randomly.  
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• There is no guarantee that the algorithm will always find 
the wavelength assignment with the lowest possible 
number of traffic grooming and wavelength conversion 
devices. The algorithm keeps away from wavelength 
bandwidth fragmentation to avoid increasing the network 
blocking performance.  

• Finally, the algorithm keeps the blocking performance as 
low as possible even at the expense of having more traffic 
grooming and/or wavelength conversion resources. A 
scheme that will always find the lowest number of traffic 
grooming and wavelength conversion resources can be 
computationally extensive and the scheme proposed here 
provides a good balance between simplicity and the 
efficiency of the found solutions. 

IV. PERFORMANCE RESULTS 
Extensive simulations have been carried out to investigate 

the performance of the proposed MC heuristic assuming the 
network topology depicted in Fig. 2 under dynamic traffic 
conditions. Each fiber link is assumed to carry 8 OC-48 
wavelength channels (i.e., lambdas). The following 
summarizes the parameters of our simulation study: 
• The offered network load is given by : 

          L Hλ=                                                      (2) 
           Where: 
      L : Offered traffic load in Erlang 
      λ : Number of lightpath requests/ hour 
        H : Average call holding time in hours 

• The connection holding time is exponentially 
distributed with mean1/H . We assume the holding 
time (H) to be 5 minutes. 

• Lightpath requests arrive at a node following an 
exponential distributed process with mean1/ λ .  The 
destination node of a lightpath is uniformly chosen 
from all nodes except the source node of the lightpath. 

• The capacity of a lightpath request follows a uniform 
distribution between OC-1 and the maximum capacity 
of a single wavelength. 

 

 
 

Fig. 2: 16-node WDM mesh network. 
 

Figure 3 indicates that increasing the number of grooming 

and conversion devices can significantly reduce the blocking 
probability for the most-contiguous heuristics especially when 
the network is heavily loaded. This could be explained with 
the fact that in the presence of more grooming and conversion 
devices, the algorithm is more likely to setup a lightpath for 
the source-destination pairs by utilizing the same resources to 
the extent possible.  

In addition, Fig. 3 illustrates that the blocking probability 
for a traffic load of 50 Erlangs is the same when the average 
number of traffic grooming and wavelength conversion 
resources is increased from 5 to 75. This indicates that a 
network designer can reduce the network cost without 
affecting the network performance by carefully deploying a 
limited number of traffic grooming and wavelength conversion 
resources in the network. These results support our previous 
analysis under static traffic conditions [7]. 

Figure 4 shows the blocking probability with different 
number of traffic grooming and wavelength conversion 
resources under a fixed heavy traffic load of 250 Erlangs. The 
purpose of this experiment is to study the performance 
implications of using traffic grooming devices vs. wavelength 
conversion devices. We observe that the blocking performance 
obtained using traffic grooming devices only is less than that 
obtained using wavelength conversion devices. Also notice 
that increasing the number of conversion devices under heavy 
traffic load has no major impact on improving the blocking 
performance. This is due to the fact that the resource 
bottleneck is the number of wavelengths on each fiber-link and 
not the number of wavelength converters at each node. 
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Fig. 3: Comparison of the call blocking probability versus traffic load of the 
most-contiguous using (0, 5, and 75) traffic grooming and wavelength 
conversion devices. 

 
Figure 5 depicts the performance of having traffic grooming 

and wavelength conversion devices on the edge nodes only 
(i.e., single-hop traffic grooming), compared to the case where 
the resources are distributed throughout the network. We use 
the 16-node network depicted in Fig. 2, where we assume that 
nodes (1, 2, 5, 11, 13) are the edge nodes. Our results 
demonstrate that having the traffic grooming and wavelength 
conversion devices on the edge nodes only, can achieve 
blocking performance that is very close to that obtained when 
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having them on every node. This Figure also indicates that the 
blocking performance does not always improve as the traffic 
grooming and wavelength conversion devices are placed 
throughout the optical network. This implies that a similar 
blocking performance can be achieved by deploying less 
traffic grooming and wavelength conversion devices on the 
edge nodes only. 
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Fig. 4: Comparison of the call blocking probability of devices that have traffic 
grooming capability only versus devices that have wavelength conversion 
capability only. 
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Fig 5: Comparison of the call blocking probability versus traffic load of 
placing traffic grooming and wavelength conversion devices on edge nodes 
only and throughout the optical network. 
 

Figure 6 compares the performance of our proposed Most-
Contiguous heuristic with the AGP and MinTHV heuristics 
presented in [9]. We chose to compare our proposed heuristics 
with the AGP and MinTHV heuristics because they were 
demonstrated to produce low blocking probabilities. In order 
to have a fair comparison, we conducted out simulation 
experiments such that all the nodes have traffic grooming 
capabilities. We also assumed that each fiber link carries 16 
OC-192 wavelength channels. Our results show that the most-
contiguous heuristic significantly improves the blocking 
performance compared to the AGP and MinTHV heuristics. 
This is because our most-contiguous approach uses the 
network resources more efficiently by distributing the traffic 
more evenly among all network links; thus, lowering the 
blocking probability significantly 

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 100  150  200  250  300

B
lo

ck
in

g 
%

 P
ro

ba
bi

lit
y

Traffic Load(Erlang)

MinTHV
AGP

MC- Grooming Only

 
 
Fig. 6: Comparison of the call blocking probability versus traffic load of the 
most-contiguous, AGP, and MinTHV using 32 traffic grooming resources 

V. CONCLUSION 
This paper presents a simple and yet efficient heuristic for 

traffic grooming, routing, and wavelength assignment in 
optical mesh networks. Simulation results illustrate the 
performance of the proposed heuristic under dynamic traffic 
conditions. Our results demonstrate that the proposed heuristic 
reduces the total number of traffic grooming and wavelength 
conversion resources without hindering the blocking 
performance of the network. Our work shows that the 
proposed heuristics achieve better results compared to the 
AGP and MinTHV heuristics which are shown to produce low 
blocking results in the literature. Our simulation results also 
show that deploying traffic grooming and wavelength 
conversion resources on the edge of optical networks leads to 
lower cost networks with comparable blocking performance. 
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