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TraÆ-based Reon�guration for LogialTopologies in Large-Sale WDM Optial NetworksMasaki Muratay, Yongbing Zhangz, Hideaki Takagiz, and Yusheng Ji�yNTT Internet Inorporation, Nishi-Shinjuku, Shinjuku-ku, Tokyo 160-0023, JapanzGraduate Shool of Systems and Information Engineering, University of Tsukuba,Tsukuba-shi, Ibaraki 305-8573, Japan�National Institute of Informatis, Chiyoda-ku, Tokyo 101-8430, JapanAbstratWavelength division multiplexing (WDM) tehnology has emerged as apromising tehnology for bakbone networks. The optial layer based onWDM tehnology provides optial routing servies to the upper layers suhas the paket swithing layer and the time-division multiplexing (TDM) layerover the generalized multi-protool label swithing (GMPLS) paradigm. Theset of all-optial ommuniation hannels (lightpaths) in the optial layer de-�nes the logial topology for the upper layer appliations. Sine the traÆdemand of upper layer appliations utuates from time to time, it is requiredto reon�gure the underlying logial topology in the optial layer aordingly.However, the reon�guration for the logial topology is relutantly disrup-tive to the network sine some traÆ has to be bu�ered or rerouted duringthe reon�guration proess. It therefore needs to have an eÆient transitionmethod from the urrent logial topology to the new one so as to minimizethe disruption to the network.In this paper, we fous on the reon�guration transition approahes forlogial topologies in large-sale wavelength-routed optial networks. We pro-pose several heuristis that move the urrent logial topology eÆiently to thegiven target logial topology. Our algorithms limit the disruption to the net-work as little as possible during the reon�guration proess. For this purpose,a lightpath is taken as the minimum unit for the reon�guration. Our algo-rithms onstrut the new logial topology starting from a lightpath with thelargest bene�t ontributed to the reon�guration. The proposed algorithmsare evaluated in omparison with existing algorithms in an NSFNET-like net-work model with 16 nodes and 25 links. The results show that the proposedalgorithms yield muh better performane (less disruption to the network)than previous algorithms mostly with omparable omputation time.Key words: Lightpath, logial topology, traÆ-based reon�guration, multihoponnetion, wavelength-division multiplexing, optial networks.1



1 IntrodutionWavelength division multiplexing (WDM) is a promising tehnology for using theenormous bandwidth available in an optial ommuniation medium [1, 2℄. In aWDM-based network, wavelength multiplexers are utilized to multiplex user sig-nals on a single WDM �ber and optial rossonnets (routing nodes) are used toswith the optial signals in optial domain. Routing nodes with a limited numberof optial transmitter and reeivers (a pair of a transmitter and a reeiver is alleda transeiver) are interonneted with eah other by point-to-point �ber links. Amessage arriving at any of the input links of a routing node on some wavelengthan be swithed to any one of the output links on the same wavelength withouteletro-optial (E/O) or optial-eletroni (O/E) onversion. A route (a set of links)traversed by data between two nodes and formed by an all-optial path on a givenwavelength is alled a lightpaht. The wavelength limitation required for an all-optialtransmission path is alled the wavelength ontinuity onstraint. It is virtually im-possible to realize the whole onnetions with all lightpaths due to the resoure(wavelength, transeiver, et.) limitation. Therefore, the data transmission from asoure to its destination inevitably needs to pass through more than one lightpathand experienes E/O onversion at intermediate lightpath end-points.The WDM optial layer in a WDM-based network provides a logial topologyomprised of lightpaths to its upper layers suh as the paket swithing layer andthe time-division multiplexing (TDM) layer based on the generalized multi-protoollabel swithing (GMPLS) ontrol paradigm [3, 4, 5℄. In the design of a logialtopology for a wavelength-routed WDM network, both the physial �ber networkand the network traÆ pattern of the upper layers should be taken into aount.Sine the traÆ pattern in upper layers may utuate from time to time, it is vitalto reon�gure the logial topology aording to the hanges in the traÆ pattern.There are two important issues involved in the reon�guration of a network logialtopology [2, 6, 7, 8, 9℄. One is how to determine the target logial topology orre-sponding to the urrent topology and traÆ pattern. The other is how to determinea reon�guration transition sequene shifting the urrent topology to the new one.In this paper, we fous on the latter problem and propose several reon�gurationalgorithms for large-sale WDM optial networks that attempt to move the urrentlogial topology to the given new one while minimizing the disruption to the net-work. We take a lightpath as the minimum unit in the reon�guration proess andtry to determine an optimal establishment sequene for the new lightpaths. Unlikeprevious studies, we take into aount of the rerouted traÆ during the reon�g-2



uration proess. We onstrut the new logial topology starting from a lightpathwith the largest bene�t ontributed to the reon�guration. The proposed algo-rithms are evaluated in omparison with existing algorithms by means of numerialexperiments.The rest of the paper is organized as follows. Setion 2 desribes the bakgroundof this paper and the related work on the logial topology reon�guration in WDMoptial networks. Setion 3 presents the problem formulation and the performanemeasures used in the paper. Setion 4 desribes the proposed algorithms. Simulationresults are shown in Setion 5 and the onlusions are summarized in Setion 6.2 Bakground and Related WorkThe generalized multiprotool label swithing (GMPLS) is extended from the multi-protool label swithing (MPLS) framework that improves the routing performaneover the traditional IP paket swithing and provides the quality of servie (QoS)required to support realtime multimedia appliations [3, 4, 5, 10, 11, 12℄. Likeiruit-swithed networks, MPLS establishes the end-to-end onnetion path, alledthe label swith path (LSP), between a ommuniation party before transferring datapakets. Pakets transferred on an LSP are assigned with a label at eah intermedi-ate router, alled the label swith router (LSR). At eah hop, the LSR strips o� theexisting label and applies a new label whih tells the next hop LSR how to forwardthe pakets. In GMPLS, wavelengths are used as the labels and utilized to form alogial topology for the upper layers along with the optial LSRs, alled the optialrossonnets (OXCs). The logial topology onstruted in the optial layer mayhange orresponding to the traÆ requirements of the upper layers.The logial topology for a WDM-based network should be designed based onboth the physial network topology and the traÆ pattern of upper layers [2, 7, 8℄.The exat solution to this problem an be easily shown NP-hard [13℄, and there-fore heuristi approahes are usually used to �nd realisti solutions. Furthermore,it is vital to reon�gure the logial topology aording to the hanges in traÆ pat-tern. However, the reon�guration is disruptive to the network under operation. Ittherefore needs to onsider a trade-o� between the performane of the new logialtopology and the ost of the topology reonstrution [8, 9, 14, 15, 16, 17℄. Some au-thors foused on the reon�guration transition approahes [18, 19, 20, 21℄. However,their models are limited to small networks like loal area networks.Banerjee and Mukherjee [8℄ have studied the reon�guration issues for logial3



topologies in large-sale WDM optial networks. They formulated the reon�gura-tion problem by using the modi�ed integer linear programming (MILP) formulationand proposed a heuristi algorithm to obtain the new logial topology with theminimum ost. Genata and Mukherjee [17℄ proposed an adaptive reon�gurationapproah to follow the dynami hanges in traÆ patterns without a priori knowl-edge. Their algorithm reats promptly to the traÆ utuation by adding or deletingone or more lightpaths at a time. Sreenath et al. [9℄ proposed a two-stage approahto the reon�guration problem. In the �rst stage, the reon�guration is limited to afew hanges in order to speed up the reon�guration proess and redue the reon-�guration ost. In the seond stage, the topology optimization between onseutivetraÆ hanges is performed in order to make the topology lose to the optimal one.By using the methods desribed above, the reon�guration an be partitionedinto several steps so that the di�erene between the new and old logial topologiesat eah step is limited. However, we still have the problem of how to realize thenew logial topology, i.e., how to move the old logial topology to the new one.Labourdette et al. [18℄ proposed an eÆient method, alled the branh exhange,to shift the old topology to the new one in a loal area network like a star-oupleron�guration. Under their approah, the reon�guration sequene is determinedlearly and eah time only one node pair is seleted to swith their transmitters andreeivers. Kato et al. [22℄ proposed several reon�guration algorithms that movethe old logial topology to the new one for a torus network. However, their modelis based on either star or bus physial networks, i.e., there is no wavelength onitbetween the new and old lightpaths. The authors in [23, 24℄ proposed a reon�gu-ration method spei� to a ring network. Their approah attempts to minimize thedisruption to the network and guarantees the onnetivity of the network during thereon�guration proess. Reently, the authors in [25, 26℄ proposed to use a lightpathas the minimum unit to reon�gure the logial topology for large-sale WDM optialnetworks. They tried to determine a reon�guration sequene resulting in the min-imum disruption to the network resoures based on the number of onit relationsbetween the new and the old lightpaths. However, the performane measures theyused are restrited only to the utilization of transeivers and the traÆ demand ofupper layers is not taken into aount.
4
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(d) New logial topology.Figure 1: An example of the new and old logial topologies.3 Problem Spei�ationIn a WDM network, eah routing node is equipped with add/drop devies andwith a limited number of transeivers for data inputs/outputs. A routing node anwork as the starting or the ending point of a lightpath. A logial topology for aWDM network is determined based on the traÆ demand of upper layers. Thereon�guration for a logial topology is to realize a given new logial topology basedon the urrent (old) logial topology as shown in Figure 1. The lightpaths in the newand old logial topologies are denoted by li (i = 1; 2; 3; 4) and l0i (i = 1; 2; � � � ; 5),respetively. The same lightpaths that are used both in the new and old topologies(e.g., l05 in the old logial topology and l4 in the new logial topology) will remainunhanged. However, the old lightpaths that use any resoures, either wavelength,transmitter, or reeiver, in onit with any new lightpath will be relutantly torndown in order to establish the new lightpath. Sine this may ause paket delay orloss, it is ruial to limit the disruption to the network during the reon�gurationproess as little as possible.In this paper, we take a lightpath as the minimum unit for reon�guration similarto [25℄. To establish a new lightpath having onit relation with any old lightpath,a two-phase proedure is performed. Firstly, the old lightpaths that have onit5



relations with the new one should be torn down. A ontrol message is forwarded tothe nodes along the oniting old lightpaths and let them to release the requiredresoures. Seondly, another ontrol message is forwarded to the nodes along thenew lightpath and let them to establish the new lightpath aordingly. Sine thetime duration for establishing eah new lightpath may not vary largely, we assumethat the establishment time for any new lightpath is the same and is simply treatedas a step of the whole reon�guration proess. Therefore, to reon�gure a new logialtopology with n new lightpaths requires n steps.Let N denote the number of nodes in the network. The numbers of transmittersand reeivers at node i are denoted by Ti and Ri, respetively. In this paper, it isassumed that Ti = Ri; 1 � i � N . It is also assumed that eah transmitter/reeiveris tunable to any wavelength range. The set of new lightpaths is denoted by S. Thewhole notation used in this paper an be found in Appendix.In order to minimize the disruption to the network and guarantee the quality ofservie to the upper layers during the reon�guration proess, an algorithm needs to(1) limit the number of disrupted transeivers, (2) minimize the bias of the number ofdisrupted transmitters/reeivers between the di�erent stages during the reon�gura-tion operation, and (3) minimize the performane degradation of data transmissionin the upper layers. To take these fators into aount, we introdue several perfor-mane measures. As in our previous researh [25℄, the mean number of disruptedtranseivers (MDT) is de�ned as the number of disrupted transmitters/reeivers onaverage at eah step during the reon�guration proess and is given by the followingrelation. MDT = 12jSj NXi=1� TiXj=1 tij + RiXj=1 rij�;where tij and rij denote the disrupted time duration (measured in the number ofsteps) of the jth transmitter and reeiver at node i, respetively, and jSj denotes thenumber of new lightpaths. Note that the disruption time of a transmitter/reeiverused only in either the new or the old logial topology is onsidered to be zero.Therefore, we an formulate an optimization problem for MDT as follows.min 12jSj NXi=1� TiXj=1 tij + RiXj=1 rij�; (1)subjet to tij; rij � 0:6



The value of MDT is determined by the establishment order of the new lightpathsand it is generally diÆult to �nd the best establishment sequene. If the reon-�guration sequene is given, the value of MDT an be alulated as follows. Thenumber of disrupted transeivers at step i (1 � i � jSj), denoted by Di, an bealulated by D1 = C1;D2 = D1 + C2 � p1;: : :Di = Di�1 + Ci � pi�1= (C1 + C2 + � � �+ Ci)� (p1 + p2 + � � �+ pi�1)= iXj=1 Cj � i�1Xj=1 pj;where Ci and pi denote respetively the numbers of transeivers disrupted and usedto establish a new lightpath at step i. We assume that eah new lightpath is estab-lished at the end instant of a step and, at eah step, only one pair of transeiversis used to establish one lightpath. Therefore, we have pj = 2 for j = 1; 2; � � � ; jSj.Then, the mean number of disrupted transeivers (MDT) is given by the followingrelation. MDT = 12jSj jSjXi=1 Di= 12jSj jSjXi=1� iXj=1 Cj � i�1Xj=1 pj�= 12jSj� jSjXi=1 iXj=1 Cj � jSj2 + jSj�:In order to minimize the bias of the number of disrupted transeivers during thereon�guration proess, we introdue a performane measure showing the maximuminstantaneous number of disrupted transeivers (MD) as follows:MD = max1�k�jSjfdis(k)g;where dis(k) denotes the instantaneous number of disrupted transeivers at the kthstep. To minimize MD, the following minimization problem an be formulated.min max1�k�jSjfdis(k)g: (2)7



During the reon�guration proess, the traÆ passing through eah newly estab-lished lightpath li will get some gain g(li), i.e., its delay may beome shorter thanbefore. On the other hand, the traÆ passing through the disrupted lightpaths hasto be rerouted to other lightpaths and that may ause longer delay. This an beonsidered as the ost, denoted by (li), for establishing the new lightpath li. Thedi�erene of the gain and the ost is de�ned as the bene�t for establishing the newlightpath li, denoted by B(li), and given byB(li) = g(li)� (li):It is surely preferable to establish a new lightpath yielding the largest bene�t withthe highest priority. Therefore, we need to �nd a new lightpath li to establish thatsatis�es maxli2S B(li):For this purpose, we introdue two performane measures, the weighted paket hopdistane and the average paket hop distane as in [8, 9℄.The weighted paket hop distane for a paket transmitted between a soure-destination (s-d) pair is de�ned as the produt of the amount of traÆ between the(s-d) pair and the number of lightpaths (lightpath hops) the traÆ passing through.Let x and X denote an (s-d) pair and the set of all (s-d) pairs, respetively. Byletting T denote a ertain logial topology, the weighted paket hop distane of an(s-d) pair x under topology T , denoted by WT (x), is given as follows:WT (x) = �(x)HT (x);where �(x) and HT (x) denote the amount of traÆ and the number of lightpathsused for routing the traÆ for (s-d) pair x, respetively. The average paket hopdistane �(T ) under topology T is de�ned as the average number of lightpaths thata paket traverses from soure s to destination d and is given by�(T ) = 1Px2X �(x)Xx2X �(x)HT (x) = 1Px2X �(x)Xx2XWT (x):4 Proposed AlgorithmsIt is generally diÆult to obtain the optimal reon�guration sequene for a logi-al topology in large-sale networks sine the possible ombinations for lightpathestablishment is up to jSj!. In this paper, we propose to use heuristi algorithms8



that attempt to minimize the average paket hop distane during the reon�gura-tion proess. That is, at eah step of the reon�guration proess the new lightpathyielding the minimum average paket hot distane is seleted to establish. For thispurpose, an auxiliary graph is introdued to show learly the onit relations be-tween the new and old lightpaths. In the following subsetions, we �rst desribehow to onstrut the auxiliary graph and then the proposed algorithms in details.4.1 Auxiliary graph
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Figure 2: Auxiliary graph.In the proposed algorithms, the lightpaths in the new logial topology that haveno onit relations with any lightpath in the old logial topology will not be onsid-ered. For the oniting new and old lightpaths, an undireted bipartite auxiliarygraph Ga(Va; Ea) is introdued, where Va and Ea denote the sets of verties andedges, respetively. The verties denote the new and old lightpaths that have onitrelations, i.e., Va = S[S 0, and the edges denote the spei� onit relations betweenthe new and old lightpaths, i.e., Ea = f(li; l0j)j if li 2 S is in onit with l0j 2 S 0g.Note that the onit relationship may ome from the onits of wavelength,transmitter, and/or reeiver. For example, for the new and old logial topologiesshown in Figure 1, we have the oniting new and old lightpaths as shown in Table1. Assuming that eah node has one transeiver and eah link has two wavelengths,the auxiliary graph for Table 1 is reated as shown in Figure 2. The onit relationsbetween the new and old lightpaths due to wavelength, transmitter, and reeiver areindiated by W , T , and R on edges, respetively, as shown in Figure 2. Generally,the auxiliary graph may onsist of multiple disjoint omponents eah of whih isindependent of others. That is, eah new lightpath in a omponent has onit9



relations only with the old lightpaths in the same omponent and an be establishedwithout interferene of any lightpath in other omponents. The algorithms proposedin this paper fous on only one omponent and they an be used reursively to solvethe whole reon�guration problem.Table 1: Coniting new and old lightpaths.old newlightpath path wavelength lightpath path wavelengthl01 0! 1! 2 �2 l1 4! 1! 2 �2l02 5! 4! 3 �2 l2 5! 4! 3! 0 �2l03 4! 3! 0 �1 l3 1! 4! 3 �1l04 1! 4 �1
4.2 Fixed Most-Bene�t-First (Fix-MBF) algorithmIntuitively, a new lightpath leading to more bene�t to the reon�guration shouldbe established earlier. In Fix-MBF, the bene�t for establishing a new lightpath isdetermined by using the initial auxiliary graph and the initial traÆ ow pattern.The gain obtained from establishing a new lightpath is de�ned by the redutionquantity in the weighted paket hop distane experiened by the traÆ ow passingthrough the new lightpath. On the other hand, the ost for establishing a newlightpath is de�ned by the the inremental delay experiened by the rerouted traÆow.The gain funtion for establishing new lightpath li 2 S, denoted by gfix(li), isde�ned as the di�erene of the weighted paket hop distane values in the old andnew logial topologies before and after establishing lightpath li. Let X 0 denote theset of (s-d) pairs suh that a path x 2 X 0 passes through lightpath li. Furthermore,let TO(li) denote the logial topology in whih only new lightpath li is establishedover the old logial topology TO. Then, we havegfix(li) = Xx2X0�WTO(x)�WTO(li)(x)�: (3)Conversely, the ost funtion fix(li) for establishing new lightpath li 2 S is de�nedas the total inremental delay in the weighted paket hop distane aused by traÆrerouting. Let X 00 denote the set of (s-d) pairs suh that a path x 2 X 00 passes10



through old lightpath l0i 2 S 0 in onit relation with li. Then, the ost funtion isgiven by fix(li) = Xx2X00�WTO(li)(x)�WTO(x)�: (4)Hene, the bene�t for establishing new lightpath li, denoted by Bfix(li), is given bythe following relation. Bfix(li) = gfix(li)� fix(li): (5)In Fix-MBF, we �rst alulate the gain gfix(li) and the ost fix(li) for eah newlightpath li 2 S. Then, we hoose the lightpath with the largest bene�t to establish.The Fix-MBF algorithm has the following �ve steps.Step 1. Create the auxiliary graph Ga(Va; Ea) and let T = TO.Step 2. Calulate the bene�t for establishing eah new lightpath using Equation(5).Step 3. Determine lightpath ` with the largest bene�t in S suh that` = argmaxli2S Bfix(li):Step 4. Set up lightpath `, and update T and Ga(Va; Ea) as follows.T = T + f`g �N(`);S = S n f`g;S 0 = S 0 nN(`):Step 5. If S = ;, let TN = T and stop. Otherwise, go to Step 3.4.3 Adaptive Most-Bene�t-First (Ad-MBF) algorithmThe logial topology of a network along with the traÆ ow pattern evolves grad-ually toward the target logial topology as the reon�guration proess proeeds.Consequently, the gain and the ost of the remaining unestablished lightpaths mayhange aordingly. It is therefore preferable to selet dynamially the best newlightpath to establish. The Ad-MBF algorithm takes into aount of the dynamialhanges of the logial topology. The weighted paket hop distane for eah (s-d)11



pair is updated at eah step of the reon�guration proess. For a logial topologyT and a new lightpath li 2 S, the bene�t for establishing lightpath li is de�ned byBad(li) = gad(li)� ad(li); (6)where gad(li) = Xx2X0�WT (x)�WT (li)(x)�;ad(li) = Xx2X00�WT (li)(x)�WT (x)�:The Ad-MBF algorithm onsists of the following �ve steps.Step 1. Create the auxiliary graph Ga(Va; Ea) and let T = TO.Step 2. Calulate/realulate the bene�t Bad(li) for eah new lightpath li 2 S usingEquation (6).Step 3. Determine lightpath ` with the largest bene�t in S suh that` = argmaxli2S Bad(li):Step 4. Set up lightpath `, and update T and Ga(Va; Ea) as follows.T = T + f`g �N(`);S = S n f`g;S 0 = S 0 nN(`):Step 5. If S = ;, let TN = T and stop. Otherwise, go to Step 2.4.4 Minimal Average paket hop distane lightPath First(MAPF) algorithmIn Ad-MBF, the update of the logial topology is only onsidered loally to thetraÆ ow passing through the newly established lightpath and its oniting oldlightpaths. However, eah new lightpath may have wider impat on the overallsystem performane, i.e., the average paket hop distane. The MAPF algorithmrealulates the average paket hop distane for eah unestablished new lightpath ateah step and a new lightpath leading to the minimum average paket hop distanewill be seleted to establish. For this purpose, the bene�t for establishing new12



lightpath li under logial topology T is de�ned as the negative average paket hopdistane at the next step, i.e., the value of the average paket hop distane afterestablishing lightpath li, i.e.,Bave(li) = ���T (li) + flig �N(li)�: (7)Sine the MAPF algorithm realulates the paths for all the (s-d) pairs, its ompu-tational omplexity should be inevitably higher than the previous two algorithms.The MAPF algorithm has �ve steps as follows.Step 1. Create the auxiliary graph Ga(Va; Ea) and let T = TO.Step 2. Calulate/realulate the bene�t Bave(li) for eah new lightpath li 2 Susing Equation (7).Step 3. Determine lightpath ` with the largest bene�t in S suh that` = argmaxli2S Bave(li):Step 4. Set up lightpath `, and update T and Ga(Va; Ea) as follows.T = T + f`g �N(`);S = S n f`g;S 0 = S 0 nN(`):Step 5. If S = ;, let TN = T and stop. Otherwise, go to Step 2.5 Numerial ExperimentsNumerial experiments have been onduted to evaluate the proposed algorithms inomparison with existing algorithms. The network model used in the experiments isan NSFNET-like network with 16 nodes and 25 links shown in Figure 3. The traÆrates between node pairs for both the new and old logial topologies are randomlyreated aording to two di�erent traÆ types: one is uniformly distributed over therange of [0;�C℄ with probability p (0 � p � 1) and the other is over the range of[0; C℄ with probability (1�p), where � and C are given onstants. In the experiment,the traÆ demand from node i to node j is distinguished from the demand fromnode j to node i. Therefore, the transmission path for the onnetion from node ito node j is independent of that from node j to node i. The logial topology for13



a given traÆ pattern is determined by using the max multihop (MM) algorithmproposed in [2℄. The new logial topology is determined based solely on the giventraÆ pattern and is independent of the old logial topology. This is beause that weexpet to evaluate the eÆieny of the proposed algorithms when there are a largenumber of lightpaths needing to reon�gure. In reality, the new logial topologyshould be designed by taking the old logial topology into onsideration.���� � � �� � � �
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Figure 3: NSFNET-like network model.It is assumed that eah node has wavelength swithing funtionality. It is alsoassumed that eah node in the network has the same number of transeivers andeah link has the same number of wavelengths. In the experiments, we onsider thease in whih the number of transeivers at a node and the number of wavelengthsat a link are all the same and they are denoted by a symbol T=R=W . The parametersettings used in the experiments are as follows: p = 0:3; C = 1, and � is set to 2 and10, respetively. The parameter T=R=W is examined with the values one by onefrom 2 to 10. The simulation program has been developed using JAVA and exeutedon a LINUX server with two 2.8GHz CPUs.In order to ompare our algorithms with existing algorithms, we implement threealgorithms proposed in [25℄, i.e., the longest lightpath �rst (LPF) algorithm, theshortest lightpath �rst (SPF) algorithm, and the minimal disrupted lightpath �rst(MDPF) algorithm. The LPF algorithm onstruts the new lightpaths startingwith the longest one and ontinuing to the shorter ones aording to the numberof hops of the lightpaths in the physial network. On the other hand, the SPFalgorithm onstruts the new lightpaths onversely starting with the shortest one.In MDPF, the new lightpath with the minimal number of oniting old lightpathsis established at eah step of the reon�guration proedure. Interested readers an14



refer to [25℄ for further details in the implementation of these algorithms. Theperformane measures used for evaluation are, as desribed in Setion 2, the numberof disrupted transeivers, the maximum number of disrupted transeivers duringthe reon�guration proess, and the average paket hop distane. The omputationtimes for exeuting the algorithms under onsideration are also examined.5.1 Computational timeTable 2: Computational time (ms) of the algorithms.T/R/W jSj LPF SPF MDPF Fix-MBF Ad-MBF MAPF2 26 3.5 3.5 3.7 12.3 100.2 83.04 55 7.1 7.3 8.1 27.3 388.4 345.25 69 8.8 9.1 10.5 34.9 587.0 545.58 113 15.4 15.3 21.3 61.6 1428.8 1467.710 141 20.0 19.7 30.9 84.1 2233.9 2407.4Table 2 shows the number of new lightpaths jSj having onit relations withthe old lightpaths and the omputation times of the algorithms under onsiderationfor various values of T=R=W when p = 0:3 and � = 10. The results shown in Table2 are the average values obtained from 500 simulation runs eah of whih has beenexeuted with a distint traÆ pattern.It an be seen that the number of new lightpaths jSj and the omputation timesof the algorithms exept Ad-MBF and MAPF inrease proportionally to the value ofT=R=W . It is observed that the omputation time of LPF, SPF, or MDPF is shorterthan either of Fix-MBF, Ad-MBF, or MAPF. Although the omputation times ofAd-MBF and MAPF are longer than others in all ases and grow exponentially, theystill lie in the pratial domain. For example, when T=R=W = 10 (there are over140 new lightpaths needing to establish), the MAPF algorithm takes only around2.5 seonds for the whole reon�guration proess. Note that the di�erene betweenthe new and old logial topologies an be ontrolled less than the size onsideredhere in pratie, and therefore the omputation time for reon�guration should bemuh shorter than the value shown here. Besides, the most important issue forreon�guration is how to limit the disruption to the network so that upper layerappliations will not pereive the reon�guration operation.
15



5.2 Comparison of performaneWe next evaluate the performane of our proposed algorithms. Sine the number ofnew lightpaths (reon�guration steps) for eah distint traÆ pattern may be di�er-ent even for the same value of T=R=W , we normalize the number of reon�gurationsteps to one. Therefore, the x-axis of the graphs represents the reon�guration om-pletion in perentage. The results shown in the �gures are the mean values obtainedfrom 500 simulation runs with 95% on�dential intervals.Figures 4 and 5 show the number of disrupted transeivers for the ases wherethe values of T=R=W are 5 and 10, respetively. From these �gures, it an be seenthat the algorithms show similar behaviors for various values of T=R=W and traÆpatterns. The MDPF algorithm yields the best performane as expeted and theLPF and SPF algorithms show the worst. From Figures 4(a) and (b), or Figures5(a) and (b), it is observed that the utuation of load has little e�et on theperformane, i.e., the value of MDT. Furthermore, the di�erene of the performanebetween the MDPF and other algorithms grows larger when the value of T=R=Wbeomes larger. Figures 6(a) and (b) show the values of MDT and MD, respetively,for various values of T=R=W . From these two �gures, it is observed that MDT andMD of eah algorithm inreases proportionally to the value of T=R=W . It is observedhere again that the LPF and SPF algorithms yield the worst performane omparedwith others.Figures 7 and 8 plot the performane measure �(T ) for the algorithms underonsideration. The performane of LPF and SPF is largely worse than the othersand it is not shown in the �gures. From these �gures, it is observed that the averagepaket hop distane �(T ) an be improved by the reon�guration operation, e.g.,the value of �(T ) an be improved from 1.38 to 1.25 as shown in Figure 7(b). Asdesribed before, a good algorithm needs to perform the reon�guration withoutsari�ing the performane of upper layer appliations. From Figures 7 and 8, it isobserved that the algorithms proposed in this paper perform not only better thanMDPF but provide the performane better than the initial value of �(T ) duringthe whole reon�guration proess. That means an upper lay user an even pereivethe delay redution during the reon�guration operation. Furthermore, the perfor-mane of Ad-MBF and MAPF is improved greatly within several steps from thebeginning. This result is shown learly when the traÆ load is uneven, say, when� = 10 as shown in Figures 7(b) and 8(b). It is also observed that the performaneimprovement is more signi�ant when the value of T=R=W beomes large. Duringthe reon�guration proess, the performane of MDPF may beome worse than its16



initial performane value beause it does not taken into aount of the upper layertraÆ.6 ConlusionIn this paper, we proposed three reon�guration algorithms, Fix-MBF, Ad-MBF,and MAPF, that take into aount of the traÆ demand of upper layers. These al-gorithms are evaluated by using two kinds of performane measures: one indiatingthe quantity of disrupted resoures, i.e., the mean and the maximum numbers of dis-rupted transeivers, MDT and MD, and the other indiating the user performane,i.e., the average paket hop distane �(T ). The latter is more important from a userviewpoint and therefore it should be taken into aount in reon�guration with thehighest priority. It has been shown that our proposed algorithms show muh better�(T ) than existing algorithms. The Fix-MBF algorithm show better performanethan existing algorithms and with omparable omputation time. Furthermore, theAd-MBF and MAPF algorithms provide the best performane, and their omputa-tion time still falls into pratial domain for a moderate-size network even thoughit is longer than others.AknowledgmentThis work is supported in part by the University of Tsukuba under University Re-searh Projets, Researh Grant (A) in 2003.AppendixThe notation used in this paper is shown as follows.li: ith lightpath in the new logial topologyS: set of the new lightpaths having onit relations with the lightpaths in the oldtopology, i.e., S = fl1; l2; � � � ; ljSjgl0i: ith lightpath in the old logial topologyS 0: set of the old lightpaths having onit relations with the lightpaths in the newtopology, i.e., S 0 = fl01; l02; � � � ; l0jSjg 17



Ga(Va; Ea): undireted bipartite auxiliary graph where Va = S [ S 0 and Ea =f(li; l0j)j if li 2 S is in onit with l0j 2 S 0g denote the sets of verties andedges, respetively.TN : target (new) logial topologyTO: urrent (old) logial topologyT (li): logial topology in whih only new lightpath li is established over logialtopology TDi: number of disrupted transeivers at step iCi: number of the old lightpaths disrupted at step ig(li): gain obtained from establishing new lightpath li 2 S(li): ost for establishing new lightpath li 2 SB(li): bene�t obtained from establishing new lightpath li 2 SN(li): set of lightpaths having onit relations with new lightpath li 2 Sx: an (s-d) pairX: set of all (s-d) pairsX 0: set of (s-d) pairs that have paths passing through new lightpath li in the newlogial topologyX 00: set of (s-d) pairs that have paths passing through old lightpaths l0i in onitrelation with liWT (x): weighted paket hop distane between an (s-d) pair x under logial topologyT�(T ) average paket hop distane under logial topology TReferenes[1℄ R. Ramaswami and K.N. Sivarajan. Optial Networks{A Pratial Perspetive. Mor-gan Kaufmann Publishers, In., San Franiso, 2nd edition, 2002.[2℄ B. Mukherjee, D. Banerjee, and S. Ramamurthy. Some priniples for designing awide-area optial network. IEEE/ACM Trans. Networking, 4(5):684{696, Otober1996. 18
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(b)Figure 4: Number of disrupted transeivers for T/R/W=5 when (a) p = 0:3, � = 2,and (b) p = 0:3, � = 10.
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(b)Figure 5: Number of disrupted transeivers for T/R/W=10 when (a) p = 0:3, � = 2,and (b) p = 0:3, � = 10.
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(b)Figure 6: Number of disrupted transeivers for various T=R=W when p = 0:3 and� = 10: (a) mean number of disrupted transeivers (MDT) and (b) maximumnumber of disrupted transeivers (MD).
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(b)Figure 7: Average paket hop distane for T/R/W=5 when (a) p = 0:3, � = 2, and(b) p = 0:3, � = 10.
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(b)Figure 8: Average paket hop distane for T/R/W=10 when (a) p = 0:3, � = 2,and (b) p = 0:3, � = 10.
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