- 1 -

A Functional Classification of Routing and Wavelength Assignement Schemes in DWDM networks: Static Case

Jin Seek Choi^�, Nada Golmie, Francois Lapeyrere, Frederic Mouveaux and David Su Advanced Network Technologies Division, Information Technology Laboratory, National Institute of Standards and Technology, Gaithersburg, MD, USA (Tel : +1-301-975-5064, Fax : +1-301-590-0932, E-mail:fjin.choi,golmie,lapeyrer,mouveaux,dsug@nist.gov) �also Department of Information & Communication Engineering, Kongju National University, Kongju, Chungnam, 314-701 Korea (Tel : +82-416-850-8625, Fax : +82-416-850-8593, E-mail:jin@ice2.kongju.ac.kr)

Abstract

In this paper, we give an overview of well-known routing and wavelength assignment (RWA) algorithms, and develop a novel classification for some of their main features. The objective of this paper is to show functional aspects of routing and wavelength assignement algorithms in WDM routing networks. Based on this classification, we compare different solutions for each category. Several challenges and trade-offs are identified. Although no algorithm in our study is a clear winner, advantages and disadvantages of several functional characteristics are discussed in order to help a system developer make a reasonable choice among candidate algorithms. In this study, we only consider algorithms for the off-line model (static traffic condition).

Keywords

Routing and wavelength assignement protocol, Routing algorithm, Wavelength assignment algorithm, Static algorithm

I. Introduction

It is expected that Wavelength Division Multiplexing (WDM) routing networks will be deployed to meet the high bandwidth needs of Internet traffic, especially in backbone networks for nationwide or global coverage [1]–[3]. The advent of Dense WDM (DWDM) in optical networks has significantly increased the bandwidth available on a single fiber [4]. End-users are connected with one another via all-optical channels referred to as light-paths that require no processing or buffering at intermediate nodes and potentially no intermediate electric/optic conversion. Routing algorithms can optimize transmission bandwidth over fiber infrastructure so that DWDM network users can reap maximum throughput through optically multiplex channels.

A light-path is an optical path established between two nodes, created by the allocation of the wavelength throughout the path. The light-path provides a “circuit-switched” interconnection between two nodes which may be located “far” from each other in the physical fiber network topology. It is generally desirable to establish light-paths between every pair of nodes. However, in WDM routing networks, the number of wavelengths available on fiber links limits the number of end-to-end connections, since physical constraints such as wavelength channel spacing in fiber links, limited number and tunability of optical transceivers limit the number of channels. Moreover, each wavelength is assigned to one channel without considering the bandwidth requirement. The bandwidth granularity is restricted to the bandwidth utilization of one wavelength.

In this regard, WDM network imposes additional constraints on the wavelength assignment. If a switching/routing node is equipped with a wavelength converter facility, then the wavelength continuity constraint disappears and the routing problem is the same as in normal circuit-switched networks where the only limiting factor is the number of available channels on each link. However, if a light-path operates on the same wavelength across all fiber links that it traverses, the Routing and Wavelength Assignment (RWA) is said to satisfy the wavelength continuity constraint. This constraint leads to inefficient utilization of wavelength channels and results in higher blocking probability. For example, a request may have to be rejected even though a route is available because of the nonavailability of the same wavelength on all the links along the route. Therefore, the problem of RWA becomes critical in WDM routing networks where the goal is to maximize throughput by optimally assigning routes and wavelengths to a given traffic pattern.

- 2 -

RWA algorithms available in the literature also differ in their traffic assumptions and the performance metrics used. The traffic assumptions generally fall into one of the two categories: 1) static traffic, wherein a set of connections for source and destination pairs are given and 2) dynamic traffic, wherein connection requests arrive to and depart from the network one by one in a random manner. The performance metrics used generally fall under one of the following three categories: 1) number of wavelengths required, 2) connection blocking probability (or throughput) which is defined as the ratio between the number of blocked connections and the total number of connections arrived or given, or 3) number of fiber resources handled at the routing nodes (or fiber cost). For the class of algorithms with static traffic assumptions, the objective is to minimize the required number of wavelengths in order to accommodate a given set of connections or to maximize the number of connections accommodated if the number of wavelengths is limited. On the other hand, for the class of algorithms with dynamic traffic assumptions, the objective is to minimize the blocking probability. It is imperative that these algorithms be simpler and faster so that the dynamically arriving connection requests at some rate can be handled as quickly as possible.

Solving the RWA problem for a given network topology and traffic matrix is far from being trivial. RWA is a combinatorial problem known to be NP-complete [14] and routing and wavelength assignment problems are tightly linked together. Even though it is approximately divided into two sub-problems; routing and wavelength assignment, each sub-problem is still NP-complete [14]. Numerous algorithms have been proposed in the literature so far reducing computation complexity of each sub-problem. However, so far no study has addressed the functional classification or discussed any comparative evaluation among different algorithms. Recently, Yoo and Banerjee only describe a survey of some wide area all-optical networks [12]. They describe the design, implementation aspects and analysis of WDM routing algorithm.

In this paper, we give an overview of well-known RWA algorithms under static traffic condition, and develop a novel classification for some of their functional features. In this work, we classify RWA algorithms as a twostep process. In the first step, routes are computed and in the second step wavelengths are allocated. Each step is further broken into two components: (1) search and (2) selection. We classify these functions according to the algorithmic approaches; sequential or combinatorial. Based on this classification, we categorize different RWA algorithms and compare different solutions for each category. In this paper, we only consider RWA algorithms under the static traffic assumption called the off-line model (i.e., static RWA algorithms).

II. Functional Classification of RWA Algorithms

In what follows, a light-path is defined as an end-to-end connection request between two end nodes, which may span multiple links. A route is a selected path along the multiple optical fibers, which may be located far from each other in the physical network topology. A wavelength is a circuit-switched path for the route, that constitutes an interconnected routing path between two nodes. A message can be sent from one node to an other using a specific wavelength, without requiring any buffering and electro-optical conversion at the intermediate nodes.

Basically, a RWA problem can be formulated as follows. Given a set of light-paths that need to be established on the network, and given a constraint on the number of wavelengths, we need to determine the routes and the wavelengths that should be assigned to the light-paths so that the maximum number of light-paths may be established (or the minimum number of required wavelengths used or the minimum light-path blocking probability is achieved). The routing problem is solved by techniques based on the shortest path algorithm. The wavelength assignment problem is solved by graph coloring techniques for the selected routes. Hence, the RWA problem can be defined as an optimization problem in a number of ways using various cost functions. For example, (1) establish all light-paths using a minimum number of wavelengths, (2) establish all light-paths using a minimum number of paths length, (3) maximize the number of light-paths established subject to a constraint on the number of wavelengths and/or path lengths.

Fig. 1 shows a functional classification of RWA problems. The RWA problem is partitioned into two subproblems; routing and wavelength assignment. We can further divide each routing and wavelength assignment problem into two components (1) search and (2) selection functions. Figs. 2–3 give example algorithms for solving each functional element described in the routing and wavelength assignment problems, respectively.

- 3 -

Fig. 1. Functional classification of routing and wavelength assignment algorithms.

Fig. 2. Functional elements of routing algorithm.

A. Functional Elements of Routing Algorithms

In routing problems, taking into account all possible source and destination pairs is impractical because the number of state space is exponentially increased with the number of network nodes and links. Hence, the search function is usually performed by well-known techniques such as shortest-path algorithm and its variations. In k-shortest path algorithm (i.e., more than one route is available), the selection function is performed by either sequential or combinatorial optimization algorithms. Sequential algorithm (called greedy algorithm) is the simplest one in that the selection for each light-path is done sequentially. This technique does not change the results of the previous one, but it consider the results of the previous one. It requires two sub-functions; the selection order and the selection rule. The selection order is the selection sequence of light-paths to be routed (or to be assigned). The selection rule is a decision criterion to choose one of the available candidates. On the other hand, combinatorial selection techniques consider the inter-dependency of light-path routing.

The combinatorial methods are divided into two approaches; optimal and heuristic mechanisms. The optimal approaches use all possible combinations of the inter-dependency. Heuristic^1 methods reduce the combination space. The optimal selection achieves the best result, but, the cost of computational complexity becomes critical.

Fig. 2 illustrates functional elements for routing algorithm. The description of each function is as follows ffl Shortest path (SP): Shortest path algorithms find the shortest route from a given source to a destination in a graph. The route is a path whose cost is less than any other route from the source to the destination. The cost function is often the sum of weights of the edges on the path. Typically, the weights on the graph are static and independent of the number of routes on the link. The shortest path algorithm generates one route and it is independent of other selections. Hence, SP does not require any search order/rule or selection functions.

ffl Weighted shortest path (WSP): Weighted shortest path algorithms are a shortest path algorithm, but the link cost may be dynamically changed depending on the number of routes established. Hence, it requires

1In mathematical programming, this usually means a procedure that seeks a solution but does not guarantee it will find one. This is used to guide the search as a human would do.

- 4 -

a search order. Some examples are as follows – Largest traffic first schemes line up the light-paths to be routed starting the light-path with the largest traffic first in an attempt to search a route.

– Random schemes lines up the light-paths to be routed in random order.

However, this does not require any selection function since it also finds one route for each source and destination pair.

ffl k-shortest path (K-SP): k-shortest path algorithms find more than one route for each source and destination pair. K alternative paths provide the flexibility in route selection. However, the routing problem is transformed into a selection problem, where routes are selected to obtain a minimum cost (total number of hop or link cost) for all source and destination pairs.

The selection functions are as follows:

ffl Sequential selection (Greedy algorithm) – Selection order

� Random schemes line up the light-paths to be routed in a random order in attempt to select routes. � Fixed schemes line up the light-paths to be routed in a given order (e.g., alphabetical order). � Longest-first schemes line up the light-paths to be routed as the longest (hop or cost) path first. � Shortest-first schemes line up the light-paths to be routed as the shortest (hop or cost) path first.

– Selection rule

� Random schemes randomly choose one route among candidates. � First-fit schemes choose the first matched one route among candidates. � Probability schemes choose one route among candidates with probability.

� Minimum-weighted link first schemes choose the route on the link that includes minimum number of established routes.

ffl Combinatorial selection – For an optimal solution, a mixed integer program is used, which is modeled with the multi-commodity flow problem. This is extremely difficult in terms of computational complexity.

– For a heuristic solution, a random rounding algorithm is proposed. In this approach, routing algorithm is repeatedly performed for different set of routes while the maximum number of links in all routes is decreased through an alternative selection of routes. The process is repeated until no further improvements are possible.

B. Functional Elements of Wavelength Assignment Algorithms

As shown in Fig. 3, the wavelength assignment problem can also be defined in terms of search and selection. The search is simple since any available wavelength can be assigned along the selected route. The remaining problem is the selection among available wavelengths, which can maximize the wavelength utilization. Selection is further classified into sequential and combinatorial approaches similar to that of routing algorithms. The sequential approach sorts routes to be assigned. Then, a wavelength is assigned to the sorted routes. On the other hand, combinatorial selection considers inter-dependency of each selection. It is further broken into optimal and heuristic approaches. The optimal approach is a well-known NP-complete problem which is difficult to apply to large networks. So, heuristic approaches are hard to reduce the search space to a smaller set of light-paths, although they may increase the number of wavelengths. A number of heuristic methods have been proposed. They are based on well-known graph coloring methods such as meta-heuristic mechanisms^2.

The descriptions of each functional element are as follows: ffl Sequential selection (Greedy algorithm) – Selection order

� Largest number of neighbor-first schemes sort the routes according to the number of neighbors at an attempt to assign an available wavelength.

� Largest available wavelength-first schemes sort the routes in the order of available wavelengths. � Largest traffic-first schemes sort the routes in order of traffic requirement.

2This is a general heuristic framework for solving hard problems.

- 5 -

Fig. 3. Functional elements of wavelength assignment algorithm.

� Longest path-first schemes sort routes in order of the number of hop counts for each route. � Shortest first schemes sort the routes with the shortest number of hop first. � Random schemes sort routes in a random order.

– Selection rule

� First fit schemes attempt to select the first available wavelength in numerical order. � Most used schemes attempt to allocate the most utilized wavelength first. � Least used schemes attempt to allocate the least utilized wavelength first. � Random schemes attempt to allocate a wavelength randomly.

ffl Combinatorial selection – Optimal selections can solved by exhaustive search. Exhaustive search algorithms always generate the best coloring result for a given graph. But, they do not ensure that the algorithm can handle considerably large graphs, too.

– Heuristic selection algorithms work very well with graph coloring problems, that are further divided into � Genetic algorithms (GA) are standard techniques for hard combinatorial optimization problem. The basic idea is to simulate evolution of genotypes and natural selection, which has been applied to global optimization especially combinatorial optimization problems. The idea is based on the specification of three operations (each one is probabilistic) on objects called “strings”; reproduction-combining strings in the population to create a new string (offspring), mutation-spontaneous alteration of characters in a string, and crossover-combining strings to exchange values, and creating new strings in their place. The reproduction and crossover operations can include competition within populations.

� Simulated annealing algorithms (SA) are another standard techniques for hard combinatorial optimization problem. The idea is to simulate annealing of some object in order to overcome a local minimum point in a sense of iterative improvement. Basically, it is based on the metaphor of how annealing works: reaches a minimum energy state upon cooling a substance, that is, it allows a nonimproving move to a neighbor with a probability that decreases over time. The rate of this decrease is determined by the cooling schedule, often just a parameter used in an exponential decay. With some assumptions about the cooling schedule, this will converge in probability to a global optimum.

� TABU algorithms are relatively new heuristic methods. The basic idea is a random local search, but some movements are forbidden. This should make it possible to get away from local minima.

III. Performance Comparison

Table I surveys the functional elements of static RWA algorithms. By analyzing each functional element in Table I, we can estimate the performance of RWA algorithms. Let’s compare search methods for routing algorithms. Given that N is the number of nodes and M is the number of links, the shortest path between two nodes can be obtained by using either Dijkstra’s or the Floyd’s algorithm. Both algorithms have a computational complexity of O(MN^2) which is based on addition and minimization operations. A weighted shortest path algorithm is a kind of the shortest path algorithm that dynamically considers the link cost. The only difference with the shortest path algorithm is updating the link cost such as bandwidth utilization, number of connections, etc. The third algorithm is Floyd-Warshall’s k-shortest path algorithm. K-shortest path algorithm provides a relaxation of the route selection, but has the computational complexity of O(kMN^2).

- 6 -

TABLE I Examples of static routing and wavelength assignment algorithms

function routing wavelength assignment search selection search selection ref (order) sequential combinatorial sequential combinatorial greedy(order,rule) heuristic optimal greedy(order,rule) heuristic optimal [8] SP AW (LF,FF) [15] SP AW (LF,FF) [15] SP AW (RN,FF) [20] SP AW (LF,FF) [20] SP AW (LF,MU) [13] SP AW (LN,FF) [13] SP AW GA [13] SP AW SA [13] SP AW TABU [13] SP AW ES [9] SP AW ILP [9] SP AW (LTF,FF) [23] WSP(FX) - - - - [10] WSP(LTF) AW (-,FF) [11] k-SP ILP - - - [23] k-SP MFP - - - - [7] k-SP RR AW (LN,FF) [25] k-SP RR AW RR [33] 2-SP RR AW (LF,FF) [33] 2-SP RR AW (RN,FF) [28] k-SP RR AW (LF,FF) [24] - - - - AW (RN,FF) SP: shortest path, k-SP: k-shortest path, WSP: weighted shortest path AW: all available wavelengths, ILP: integer linear programming, MFP: multicommodity flow programming ESP: exhaustive search programming, LTF: largest traffic first GA: greedy, RR: random rounding, GA: genetic, SA: simulated annealing, TABU: TABU FX: fixed, LF: longest-first, LN: largest neighbor-first, FF: first-fit, MU: most-used, RN: random

As a result, we can see that the shortest path algorithm is the simplest one among the algorithms discussed before. However, the k-shortest path algorithm has a better performance than others even if the computational complexity is extremely high.

In the k-shortest path routing, the optimal selection modeled by multi-commodity flow problem always finds the best solution, but it does not promise that the algorithm can handle considerably large networks. Some heuristic, such as Random Rounding (RR), algorithms can considerably reduce the combination space even though they provide almost the same performance as the optimal solution. Nevertheless, the selection algorithm has to run several times. Comparing to the random rounding algorithms, the simplest one is the sequential algorithm called greedy algorithm. The sequential algorithm runs the selection function just once.

In wavelength assignment, the search function is trivial since any wavelengths can be assigned for the route determined. However, selection is a hard combinatorial problem when the objective is to minimize the number of wavelengths used. The sequential approach is clearly the fastest, comparing to other heuristic algorithms. The optimal search programmed by exhaustive search ranks the third one. It is clear that exhaustive search leads to better solutions than other.

- 7 -

A number of heuristic algorithms such as Genetic, Simulated Annealing (or random rounding), and TABU have been proposed and they provide good performance, while the computation time is not exponentially increased. Among them, the TABU algorithm generates the best performance result even though the running time of the TABU is the same as the running time of SA algorithms. GA are also successful, but in [13] the results obtained are worse than the TABU algorithm. The sequential algorithm (Greedy) is clearly the fastest compared to heuristic algorithms such as SA, GA, and TABU, even though it provides inferior performance results.

In the search order, there may exist better algorithms for graph coloring, however, the largest number of neighbors (LN) first method may have the good performance among the selection ordering mechanisms. The LN method is based on the number of neighbors that are the light-paths shared the same link. Intuitively, if a light-path has large neighbors, it is hard to assign a wavelength since an unallocated identical wavelength must be found on more light-paths. The wavelength allocation of the light-path with the largest number of neighbors early will avoid the need for using a large set of wavelengths. Therefore, by establishing LN light-paths first, a better wavelength reuse should be achievable, leading to an overall smaller requirement of wavelengths for a given light-path set. Longest-first algorithm achieves almost same performance of the LN method since a long path is more likely to have more neighbors.

When the number of wavelengths is small, the selection rules of most-used, least-used, first-fit and random schemes are almost identical [34]. As the number of wavelengths increases, the most-used scheme outperforms all other schemes by a significant margin. Random scheme effectively equalizes the load on the wavelengths and therefore has performance which is close to, but better than, least-used.

IV. Conclusion

In this paper, we give an overview of well-known RWA algorithms, and develop a novel classification for some of their main features. Based on this classification, we compare different solutions for each category. Finally, several challenges and trade-offs are identified. Although no algorithm in our study is a clear winner, advantages and disadvantages of several functional characteristics are discussed in order to help a system developer make a reasonable choice among candidate algorithms.

Acknowledgement

The authors would like to thank J. Patel for many useful comments.

References

[1] B. Mukherjee, Optical communication networks. McGraw-Hill Publishers, 1997. [2] R. Ramaswami, Optical networks - A practical perspective. Morgan Kaufmann Publishers, 1998. [3] T. E. Stern and K. Bala, Multiwavelength Optical networks: A layered approach. Addison Wesley Publishers, 1999. [4] R. Ramaswami, “Multiwavelength lightwave networks for computer communication,” IEEE Commun., Mag., pp. 78–88, Feb.

1993.

[5] Chien Chen; Banerjee, S, “Optical switch configuration and lightpath assignment in wavelength routing multihop lightwave networks ,” in INFOCOM’95, Page(s): 1300–1307, vol.3, 1995.

[6] S. Banerjee, and C. Chen, “Design of wavelength-routed optical networks for circuit switched traffic,” GLOBECOM ’96, Vol.

1 , Page(s): 306–310, 1996.

[7] D. Banerjee, and B. Mukherjee, “A practical approach for routing and wavelength assignment in large wavelength-routed optical networks,” IEEE Journal on Selected Areas in Communications, Vol. 14 No. 5, Page(s): 903–908, 1996.

[8] C. Chen and S. Banerjee, “A new model for optimal routing and wavelength assignment in wavelength division multiplexed optical networks,” in INFOCOM’96, Vol. 1 , Page(s): 164 -171, 1996.

[9] Z. Zhang and A. S. Acampora, “A heuristic wavelength assignment algorithm for multihop WDM networks with wavelength routing and wavelength re-use,” IEEE/ACM Transactions on Networking, Vol. 3, No. 3, Page(s): 281 -288, 1995.

[10] K.-C. Lee and V. O, K, Li, “Multi-wavelength all-optical networks with wavelengths outside the erbium-droped fiber amplifier bandwidth,” IEEE Journal of Lightwave Technology, Vol. 13 No. 5, Page(s): 791–801, 1995.

[11] M. Alanyali and E. Ayanoglu, “Provisioning algorithms for WDM optical networks,” in INFOCOM’98, Vol. 2 , Page(s):

910–918, 1998.

[12] J. Y. Yoo and S. Banerjee, “Design, analysis, and implementation of wavelength-routed all-optical networks: routing and wavelength assignment approach,” IEEE Communications survey ’98. http://www.comsoc.org/pubs/surveys/Yoo/yoo.html [13] E. Hyytia and J. Virtamo, “Wavelength Assignment and Routing in WDM networks,” in Nordic Teletraffic Seminar, (NTS) 14, Copenhagen, Denmark, August 18-20, 1998.

- 8 -

[14] I. Chlamtac, A. Ganz and G. Karmi, “Lightnet: lightpath based solutions for wide bandwidth WANs,” in INFOCOM’90, Vol. 3, Page(s): 1014–1021, 1990.

[15] I. Chlamtac, A. Ganz and G. Karmi, “Lightpath communications: an approach to high bandwidth optical WAN’s,” IEEE Transactions on Communications, Vol. 40, No. 7, Page(s): 1171–1182, 1990.

[16] B. Mikac, R. Inkret and I. Podnar, “A heuristic approach to wavelength assignment in All-optical networks,” in Mediterranean Electrotechnical conference MELECON’98, Vol. 2, Page(s): 759–763, 1998.

[17] H. Harai, M. Murata and H. Miyahara, “Performance analysis of wavelegnth assignement polices in all-optical networks with limited-range wavelength conversion,” IEEE Journal on Selected Areas in Communications, Vol. 16 No. 7, Page(s): 1051–1060, 1998.

[18] T. E. Stern, K. Bala, S. Jiang, and J. Sharony, “Linear lightwave networks: performance issues,” IEEE Journal of Lightwave Technology, Vol. 11 No. 5-6, Page(s): 937–950, 1993.

[19] K. Bala and T. E. Stern, “Routing in a linear lightwave network,” IEEE/ACM Transactions on Networking, Vol. 3, No. 4, Page(s): 459–469, 1995.

[20] G. Jeong and E. Ayanoglu, “Comparison of wavelength-interchanging and wavelength-selective cross-connects in multiwavelength all-optical networks,” in INFOCOM’96, Vol. 1 , Page(s): 156–163, 1996.

[21] M. Kovacevic and A. S. Acampora, “A heuristic wavelength assignment algorithm for multihop WDM networks with wavelength routing and wavelength re-use,” IEEE Journal on Selected Areas in Communications, Vol. 14 No. 5, Page(s): 868–880, 1996.

[22] I. Chlamtac, A. Farago and T. Zhang, “Lightpath (wavelength) routing in large WDM networks,” IEEE Journal on Selected Areas in Communications, Vol. 14 No. 5, Page(s): 909–913, 1996.

[23] I. Chlamtac, A. Farago and T. Zhang, “Network flow algorithms for routing in networks with wavelength division multiplexing,” IEE Proceeding Communications, Vol. 142 No. 2, 1995.

[24] O. Gerstel and S. Kutten, “Dynamic wavelength allocation in all-optical ring networks,” in ICC’97, Vol. 1 , Page(s): 432–436, 1997.

[25] R. Sabella, E. Iannone, M. Listanti, M. Berdusco, and S. Binetti, “Impact of transmission performance on path routing in all-optical transport networks,” IEEE Journal of Lightwave Technology, Vol. 16 No. 11, Page(s): 1965–1972, 1998.

[26] M. Kovacevic and A. S. Acampora, “Design of the optical path layer in multiwaveelngth cross-connected networks,” IEEE Journal on Selected Areas in Communications, Vol. 14 No. 5, Page(s): 881–892, 1996.

[27] R. Ramaswami and S. Sivarajan, “Design of Logical topologies for wavelength-routed optical,” IEEE Journal on Selected Areas in Communications, Vol. 14 No. 5, Page(s): 840–851, 1996.

[28] N. Nagatsu, S. Okamoto, and K. I. Sato, “Optical path cross-connect system scale evaluation using path accommodation design for restricted wavelength multiplexing,” IEEE Journal on Selected Areas in Communications, Vol. 14 No. 5, Page(s): 893–902, 1996.

[29] N. C Sinclair, “Minimum cost routing and wavelength allocation using a genetic-algorithm/heuristic hybrid approach”, Proceeding of the Sixth IEE conference on telecommunications, Edinburgh, UK, 1998.

[30] N. C Sinclair, “Minimum cost routing and wavelength-path routing and wavelength allocation using a geneticalgorithm/heuristic hybrid approach,” IEE Proceeding Communications, Vol. 146 No. 1, 1999.

[31] M. R. Handley, M. S. Leeson, A. J. Phillips, J. M. Senior, P. Ball, and I. Wright, “Comparison and simulation of wavelength allocation algorithms on passive optical networks,” in IEE Colloquium on Multiwavelength Optical Networks: Devices, Systems and Network Implementations (Ref. No. 1998/296), Page(s): 8/1–8/6, 1998.

[32] B. Mikac, R. Inkret, and I. Podnar, “An application of heuristic search techniques in telecommunication system design,” in Proceedings KES ’98, Vol. 1, Page(s): 311–317, 1998.

[33] S. Baroni and P. Bayvel, “Wavelength requirements in arbitrarily connected wavelength-routed optical networks,” IEEE Journal of Lightwave Technology, Vol. 15 No. 2, Page(s): 242–251, 1997.

[34] A. Mokhtar and M. Azizoglu, “Adaptive wavelength routing in all-optical networks,” IEEE/ACM Transactions on Networking, Vol. 6, No. 2 , Page(s): 197 -206, 1998.