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the need for the more complicated exact solution. Finally, we evaluate the performance ofthe WDM network in a realistic tra�c scenario, and show that it compares favorably withthat of a centralized switch.Keywords: WDM networks, multimedia streams, routing algorithms, performance evalua-tion.1 IntroductionMultimedia represents the integration of a variety of media, such as data, video, audioand still images. The tra�c underlying networked multimedia applications has di�erentrequirements than that underlying traditional data applications, and networks carrying suchtra�c should take into account the speci�c requirements of multimedia streams.The main di�erence between the tra�c generated by traditional data applications and thetra�c from multimedia streams is one of bandwidth: multimedia streams use relatively highbandwidth in a continuous basis for long periods of time, while the average bandwidth usedby data applications is low. For example, a high-quality compressed video stream can useanywhere from 1.5 to 8 Mb/s for extended periods of time, while the average bandwidth usedby typical data applications can be well below 1 Mb/s. Therefore, when routing streams,the network must keep track of the bandwidth usage of each link.Multimedia applications generate tra�c in sessions; a session is a group of streams whichare logically related. A stream is a continuous 
ow of information from a source node toone or more destinations. The network's routing algorithm is then responsible for �ndingroutes for each of the streams in the session with enough free bandwidth to support them.When the session (or any of its components) terminates, the network de-allocates the corre-sponding bandwidth. Although multimedia applications are expected to make heavy use ofmulticasting, for this paper we consider only unicast tra�c (one destination only), leavingmulticast for a future paper.Due to its low attenuation (less than 0.2 dB/km) and very high bandwidth, �ber has2



became the medium of choice for point-to-point links at high speeds, for any distance over� 100 m. Using Wavelength-Division Multiplexing (WDM), many channels can be createdin the �ber. A tunable transmitter allows the network node to select one of these channelsfor sending data, and to dynamically change this selection. The number of wavelengthsaddressable depends on the technology used to implement the tunable transmitter. Similarcomments can be made for tunable receivers. By making the combined light signal fromthe transmitters available to all receivers (by using, for example, a WDM star coupler),the interconnection pattern between nodes will be de�ned by the tuning of transmittersand receivers to speci�c wavelengths, and can be dynamically changed. In a traditional(�xed-topology) network, given a multimedia session, the routing algorithm is responsiblefor �nding routes for each of its components, satisfying the session requirements. In a WDMnetwork with tunable transmitters and receivers, the routing algorithm has an additionaldegree of freedom: it can choose (or modify) the topology.In this paper, we consider the problem of dynamically routing multimedia streams in aWDM local or metropolitan-area network, taking into account their bandwidth requirements.In section 2, we give a formal problem de�nition, and indicate that the optimum routingand recon�guration problem can be written as an integer linear programming problem. Insection 3 we brie
y describe the previous work in the area. Since the optimum solution iscomplex and, in any case, the problem is NP-complete, in section 4 we give an heuristicalgorithm which will �nd a sub-optimal solution. This algorithm is evaluated in section 5,where we derive an upper bound on the performance of any algorithm, and show that theheuristic produces results close to this upper bound, thus obviating the need to pursue theoptimum solution. Finally, in section 6, we evaluate the performance of the WDM recon�g-urable network in a realistic environment, and show that its performance is comparable tothat of a centralized ATM switch. Our conclusions are presented in section 7.
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2 Problem De�nitionIn this section, we present a formal de�nition for the following problem: \Given a WDM op-tical network and a multimedia session, �nd the topology (i.e., the tuning of the transmittersand/or receivers) and routes for the components of this session that satisfy its bandwidthrequirements and optimize a certain objective function". We �rst describe the environment(network and tra�c models), and then present the problem formulation.2.1 The Environment2.1.1 The Network ModelThe WDM network is a set of nodes, each equipped with a number of optical transmittersand receivers, and an optical interconnection [1]:Optical Transmitters: Each transmitter sends data using a speci�c wavelength. If thetransmitter is tunable, it can use di�erent wavelengths at di�erent times. If two dif-ferent transmitters send data in the same wavelength, their signals are mixed and thedata cannot be received. An important parameter is the output optical power of thetransmitter; it determines how many receivers can be reached by that transmitter.Optical Interconnection: Responsible for combining the light from the transmitters andsplitting the resulting signal between the receivers. Note that the optical interconnec-tion does not necessarily deliver the signal from all transmitters to all receivers - a givenreceiver might have access to only a subset of the transmitters. The most common op-tical interconnection, for the local and metropolitan area network environments, is theWDM star, which equally divides the light from each of the transmitters to each of thereceivers. Other topologies for the optical interconnection, such as trees, are possible;however, the splitting of the transmitted power between the receivers will be unequal.Optical Receivers: The optical receiver is able to extract one speci�c wavelength fromthe combined signal coming from the optical transmitters, and receive the data from4



it. An optical receiver can be either �xed or tunable. An important parameter is thereceiver sensitivity, de�ned as the minimum optical power at the input of the receiverrequired to guarantee a bit error ratio of 10�9 or better. Given the transmitter powerand the distances, the sensitivity will determine how many receivers can be reached bythat transmitter. Many receivers can be simultaneously tuned to a single wavelength,providing physical multicasting.We make the following assumptions about the network, which is depicted in Figure 1:� There are N nodes in the network; node i, i = 1; : : : ; N is equipped with Si opticaltransmitters and Pi optical receivers. We assume that the total number of opticaltransmitters and receivers in the network is the same and will be denoted by K (i.e.,PNi=1 Si = PNi=1 Pi = K). This is reasonable under unicast tra�c because there is anone-to-one correspondence between transmitters and receivers.� The optical interconnection is such that all receivers have access to the light signalfrom all transmitters. No other assumptions are made about it.� The number of distinct wavelengths, denoted by W , is larger than the number oftransmitters/receivers in the network (W � K). Given the bandwidth of the �ber,this is a reasonable assumption for a small to moderate size network (i.e., up to 100nodes).� At any time, only one transmitter and only one receiver can be tuned to a givenwavelength. We do not consider multiple-access operation (i.e., many transmitterstuned to the same wavelength) or physical multicast (i.e., many receivers tuned tothe same wavelength). The network operates in a point-to-point, store-and-forwardfashion.� Any given transmitter can be connected to any given receiver - there are no tunabilityrestrictions. For the purposes of this paper, it does not matter which component (thetransmitters or the receivers) is tunable.5



� Usually, Si and Pi are much less than N . Therefore, each node will have direct con-nectivity to a (typically small) subset of nodes.2.1.2 The Tra�c ModelFor the tra�c, we assume that user requests come in sessions. A session is a group ofstreams that are logically related. We denote by T the number of streams in the session; forthe evaluation, we assume that T is a �xed number. Stream i, i = 1; : : : ; T , is characterizedby its source si, its destination di, and its bandwidth requirement ri. We assume that allthe streams in the session arrive and depart simultaneously, the session arrival process is aPoisson process with rate �, and the session duration is exponentially distributed with rate�.2.2 The Problem FormulationThe problem under consideration can be stated as: \Given the network state (i.e., the routesfor the sessions already established) and a new session with T streams, each stream beingcharacterized by its source, destination and bandwidth requirement, �nd the new networktopology and routes that satisfy the stream requirements, while optimizing a given objectivefunction."A solution to the recon�guration/routing process is composed of two parts: (i) the net-work topology, which de�nes which transmitters are connected (tuned) to which receivers,and (ii) the assignment of routes given the topology. If multiple solutions exist for a recon-�guration/routing problem, the objective function is the criterion used to select the \best"one. The following are possible objective functions:� minimize the average number of hops in the path.� minimize the maximum 
ow over all links.6



Both measures have been shown to be roughly equivalent [2, page 356]. Since we focusin the LAN/WAN environment, for the remainder of this paper we will use the average hopcount as our optimization criterion.2.3 Solving the Recon�guration and Routing ProblemFor a given network topology, the problem of routing multimedia streams satisfying theirbandwidth requirements and minimizing the average number of hops in the path correspondsto the well-known multicommodity 
ow problem, with a linear objective function, which canbe exactly solved by linear integer programming [3]. However, in a WDM network, thetopology itself is a variable, and the 
ow conservation equations become non-linear, becausethey involve the product of two sets of free variables (the 
ows and the topology).In the Appendix, we show that, by adding new free variables to represent this productbetween the 
ow and the topology, and additional constraints, the problem of optimallyrouting a multimedia session on a WDM network can be formulated as a linear integerprogramming problem, which can be solved by standard techniques such as the branch-and-bound method [4].3 Previous WorkA comprehensive review of the work in the �eld of WDM networks can be found in [5] and [6].Here we present a short summary; as done in [5, 6], we classify the existing recon�gurationand routing algorithms as single-hop, where the source and the destination share a wavelengthfor the duration of the data transfer, and multi-hop, where the data might potentially gofrom node to node until it reaches the destination.3.1 Single-Hop AlgorithmsHabbab et al [7] and later Mehravari [8] considered a network where the number of distinctwavelengths is much smaller than the number of stations. Each station has one tunable7



receiver and one tunable transmitter, and both are capable of addressing all the wavelengthsin the network. Coordination between transmitters and receivers is achieved by reservingone wavelength for control; all idle nodes keep their receivers tuned to this wavelength.Multiple-access schemes are used both in the control and in the data channels.Chlamtac and Ganz [9] and later Ganz and Koren [10] considered a scenario where allthe stations are synchronized, the transmitters are �xed and the receivers are tunable. Allpackets arrive aligned at the star coupler. Coordination between transmitters and receiversis achieved by having a common \tuning schedule", known by all nodes. Control algorithmsand approximate analysis based on Markov chains are presented.In summary, the work done in single-hop algorithms assumes that the tuning of trans-mitters and/or receivers can be very fast, and that the network either uses a multiple-accessscheme (which is di�cult to implement e�ciently in optics) or is synchronized (which mightbe di�cult to achieve at high speeds).3.2 Multi-Hop AlgorithmsIn [11, 12, 13, 14] it is assumed that the network recon�guration process will be performedinfrequently; during the recon�guration, the network may even be non operational. Theproblem then becomes similar to a traditional topological design problem, where the tra�cis Poisson and the tra�c matrix is known, with additional constraints introduced by the factthat each node has a well-de�ned number of transmitters and receivers. They all considerthat the light signal from all transmitters is available to all receivers. The di�erences are inthe following areas:(i) Objective function to be optimized: in [11], the objective function is to minimizethe average delay; the authors assume a queue model for the nodes, which makesthe delay a non-linear function of the 
ow in the links. They also take into accountthe propagation delays in the network. In [12], the network is assumed to operateunder de
ection routing, and the average delay is indirectly minimized by minimizing8



the length of the alternate paths between sources and destinations. In [13, 14], theobjective function is to minimize the maximum 
ow over all links.(ii) Additional constraints in the optimization: in [14] tunability restrictions are assumed,i.e., receivers can only be tuned to a subset of the available bandwidths. The otherpapers do not have additional constraints.(iii) Solution method: in [11, 12] the objective function is non-linear, and the authors resortto the \simulated annealing" method to search for a sub-optimal solution. In [13,14] the authors present an heuristic algorithm which divides the problem into twosubproblems - the wavelength assignment subproblem and the routing subproblem,which are solved by linear programming.In summary, the work in the area of multi-hop WDM networks has focused in long-term topological design of the topology, assuming Poisson tra�c. In this paper, we considerthat the network recon�gures on a connection-by-connection basis, allowing it to respondto instantaneous tra�c variations, but without the need for a multiple-access scheme ornetwork-wide synchronization. Moreover, we consider the routing of multimedia streams;since they require reserved bandwidth in the links (and are much less bursty than the tra�cgenerated by data applications), the delay is independent of the tra�c in the links, allowingthe use of a linear objective function (the hop count).4 A Heuristic Solution to the Recon�guration andRouting ProblemThe recon�guration and routing problem, as formulated in section 2, is NP-complete, andthe exact optimum solution has (in the worst case) exponential run time. In this section, wepresent a simpler heuristic solution to the problem.Given a session with one or more streams, we seek to �nd the network topology andthe routes for this session. From a high level point of view, the heuristic solution proposed9



here starts with an arbitrary initial topology (i.e., all the transmitters and receivers areconnected in a certain fashion), and makes changes to it considering the streams in thesession one at a time. The changes are made using the Shortest Path with Recon�gurationAlgorithm, a variation of Dijkstra's Shortest Path algorithm proposed by us that works ina recon�gurable network environment. In the following, we �rst describe the Shortest Pathwith Recon�guration Algorithm, and then give the complete recon�guration and routingheuristic.4.1 The Shortest Path with Recon�guration AlgorithmGiven a source node, Dijkstra's algorithm builds a shortest path tree from that node. Thetree starts with the source node, and at each iteration a node is added to it; the paths inthe tree are the shortest from the source. When used to �nd the shortest path between aparticular pair of nodes, the algorithm terminates when the destination node is added to thetree, at which point only the path between the source and the destination nodes is retained,and the remainder of the tree is discarded.We seek to compute the shortest path in a WDM network, where the topology of thenetwork is a free variable that can also be used to minimize the path length. In the bestcase, we would just tune a transmitter at the source and a receiver at the destination tothe same wavelength, and obtain the shortest possible path, with length equals to one hop.However, this might not always be possible - transmitters and receivers might be alreadyin use. In general, we classify the transmitters and receivers in the network either as freeor locked, and the shortest path algorithm can only recon�gure the free transmitters andreceivers, although it might make use of the locked ones in whatever topology they happento be, as long as there is enough bandwidth available. The algorithm described below doesexactly this: given the WDM network in a certain topology, where some links are free andsome are locked, and a source-destination pair, it �nds the shortest path between these twonodes, recon�guring the free links if necessary. In the Appendix, we give a formal descriptionof the algorithm. 10



Step 1: Using Dijkstra's algorithm, identify: (i) the shortest path between the sourceand the destination, and (ii) the node closest to the source which has a freetransmitter (i.e., either the source itself or the �rst node added to the shortestpath tree that has a free transmitter); this node, if found, will be denoted byNode A. Note that, if the network is disconnected, there might not be a pathbetween the source and the destination.Step 2: Using Dijkstra' algorithm in reverse from the destination to the source (i.e.,building the tree in reverse), �nd the node closest to the destination that has afree receiver; this node, if found, will be denoted by Node B.Step 3: If either node A or node B or both were not found, stop. If a path between thesource and the destination was found in step 1, it is the shortest path. Otherwise,there is no path. If both node A and node B were found, proceed to step 4.Step 4: Let L1 denote the length of the shortest path found in step 1 (make L1 = 1 ifno path was found), and L2 denote the length of the path obtained by tuningthe transmitter in node A to the receiver in node B, and using the shortest pathfrom the source to A, the newly-created A-B link, and the path from B to thedestination. If L1 � L2, do not recon�gure the network and use the shortest pathfrom step 1; otherwise, tune A to B and use the path just created, as describedabove.NOTE: At most one recon�guration is needed to obtain the shortest path (and the algorithmabove �nds it). This can easily be shown by contradiction: assume that the shortest pathbetween nodes S and R requires that node A be recon�gured to connect to node B, andnode C be recon�gured to connect to node D. In the absence of tuning constraints, wecan recon�gure node A to connect directly to node D, �nding a path that is shorter, whichcontradicts the initial hypothesis. 11



4.2 The Recon�guration and Routing HeuristicGiven a session, the basic idea behind the recon�guration and routing heuristic is to take anarbitrary initial topology, and apply the shortest path with recon�guration to each of thecomponents of the session, in decreasing order of bandwidth. The steps are:Step 1: Choose an arbitrary initial wavelength assignment. Create a vectorU , containingthe used bandwidth on each transmitter; initially, Ui = 0, i = 1; : : : ;K. Sort thestreams in the session in order of bandwidth.Step 2: Consider the stream with the highest bandwidth requirement that was not yetprocessed; let us denote it by stream j. Temporarily prune from the networktopology the transmitter/receiver pairs that do not have enough free bandwidthto support the stream, i.e., belonging to the set fi : V �Ui < rjg, where V is thelink bandwidth and rj is the bandwidth requirement for stream j. Mark all thetransmitter/receiver pairs belonging to the set fi : Ui > 0g as locked, and theremainder as free.Step 3: Execute the \Shortest Path with Recon�guration Algorithm" described abovefor this stream. If successful, update the the U vector as follows: Ui  Ui + rj,i 2 path.Step 4: If all streams in the session have been considered, terminate; otherwise, returnto step 2.After this algorithm is run, the initial network topology is transformed into a new topologywhich matches the session requirements. As a part of this process, the routes are also found,if all invocations of the shortest path with recon�guration algorithm in step 3 are successful;otherwise, the heuristic fails and declares the problem infeasible.Note that, for a given network topology, routing a session using this topology becomesthe traditional multicommodity 
ow problem. The branch-and-bound (see, for example, [4])method can be used to solve this linear integer programming problem. Speci�c features of12



the problem can be used to prune the search space and speed-up the solution, as proposed byCrowder et al [15]. In [16] we present a set of enhanced value-�xing rules to accomplish thispruning. Therefore, one can further optimize the solution by using the topology found bythe heuristic, disregarding the routes found in step 3, and re-route the session as described.In some cases, by doing this it is possible to solve a problem declared infeasible by theheuristic. For all the results presented in this paper, we have re-optimized the routes usinginteger programming.5 Evaluation of The Recon�guration and Routing Heu-risticIn this section, we present an evaluation of the recon�guration and routing heuristic describedin the previous section. Ideally, one would compare the results of the heuristic with theexact (optimum) solution; however, we derive an upper bound in performance, which ismuch simpler to compute than the optimum, and use this bound in the evaluation. We alsocompare the performance of the WDM recon�gurable network with a �xed-topology networkwith the same number of nodes and links; for the evaluation, we chose the Shu�eNet [17].The routes in the Shu�eNet were computed using linear integer programming [3, 4].5.1 Evaluation Scenarios and Performance MeasuresThe �rst step in the evaluation is de�ning the evaluation scenarios and performance measuresunder which the algorithms are to be compared:Evaluation ScenariosFor the evaluation, we consider networks with N = 8 nodes; each node has 2 opticaltransmitters and 2 optical receivers (K = 16). We consider the routing of a single sessionon an idle network (this is equivalent to making the session arrival rate, �, much lower thanthe average session duration, 1=�). The session is composed of T streams; T is �xed at 10,13



15 and 20. The sources and destinations of the streams are uniformly distributed over thenetwork. The bandwidth requirement for each stream is generated at random between 0and 100% of the link bandwidth, using the following bimodal distribution (m is the averagebandwidth requirement, expressed as a fraction of the link bandwidth V ):pB(b) = 8<: 1�mm if b < mm1�m if b � m (1)The average bandwidth required by the session, as a fraction of the total bandwidth inthe network, is given by mT=K; we denote this quantity as the O�ered Load to the network.Performance MeasuresThe most basic performance measure is the Session Acceptance Probability, which is theprobability that there are enough resources in the network to accept a session and route it,i.e., the feasible region of the optimization problem described in section 2 is not empty. Sincewe seek to minimize the average path length (in hops), this is another useful performancemeasure. Note that these two performance measures are related: for a given algorithm, theaverage path length indicates the usage of network resources when routing a session. If thisvalue is high, it is likely that the acceptance probability will be low.5.2 An Upper Bound on the Session Acceptance ProbabilityGiven a session composed of T streams as described above, it might be impossible to routethis session, regardless of the network recon�guration algorithm. In this section, we establisha necessary condition for a session to be accepted. If this condition is false, the session cannotbe accepted; for any evaluation scenario, the fraction of the sessions meeting this conditionconstitutes an upper bound on the session acceptance probability.If a session is to be accepted and routed, for each node in the network there should beat least one way of distributing the streams that originate from it among its transmitters.Similarly, there should be at least one way of distributing the streams that are destined toit among its receivers. For example, it is not possible to have three streams requesting 60%14



of a link's bandwidth originating at a node that has only two transmitters, although thethree streams combined request less bandwidth than the total available, because a streamcannot be split. Formally, a necessary condition for the existence of a solution for therouting/recon�guration problem is that, for every node k, k = 1; : : : ; N , at least one feasiblesolution is found for each of the problems below:Problem 1: de�ne Ak to be the set of streams that originate at node k; �nd a set �ij,i 2 Ak, j = 1 : : : ; Sk such that:Xi2Ak �ijbi � V; j = 1; : : : ; Sk (2)SkXj=1�ij = 1; �ij is binary; 8i 2 AkProblem 2: de�ne Bk to be the set of streams that terminate at node k; �nd a set �ij,i 2 Bk, j = 1 : : : ; Pk such that:Xi2Bk �ijbi � V; j = 1; : : : ; Pk (3)PkXj=1 �ij = 1; �ij is binary; 8i 2 BkAlthough in general these problems could be solved by linear integer programming, forthe purposes of this paper we just implemented an exhaustive search, due to the relativelysmall search space in the cases evaluated.5.3 Evaluation ResultsWe have simulated the network under the conditions described in section 5.1, and obtainedboth the session acceptance probability and the average number of hops, as a function ofthe o�ered load, for sessions composed of 10, 15 and 20 streams. We also obtained the same15



performance measures for an 8-node Shu�eNet, with 2 transmitters and 2 receivers per node(i.e., the same size as the WDM network under evaluation), using exactly the same sessions.Figure 2 shows the session acceptance probability for sessions composed of 15 streams, bothfor the WDM recon�gurable network, and for the Shu�eNet. In that �gure, we also plot theupper bound. Figure 3 shows a comparison of the session acceptance probability for 10, 15and 20 streams/session, both for the WDM network (using the routing and recon�gurationheuristic) and the Shu�eNet. As shown in Figure 3, for the same load, a session witha higher number of streams will have a higher probability of being accepted, because thebandwidth of the individual streams will be lower, thus allowing more freedom in arrangingthem. This is always true for the Shu�eNet. For the recon�gurable network, however, atvery high loads, this trend is reversed - the performance for sessions with smaller number ofstreams is better because (for the sessions accepted) it is possible to dedicate a link to eachstream. The main conclusions from these plots are:� The fact that the session acceptance probability for the proposed heuristic is close tothe upper bound indicates that there is no need to pursue the optimum solution, sincethe room for improvement is at most the di�erence between the two solutions.� As expected, the recon�gurable network signi�cantly outperforms the �xed-topologynetwork (the Shu�eNet), even under uniformly-addressed tra�c. For example, fora 90% session acceptance probability, the recon�gurable network can carry twice theload of the Shu�eNet, for 15-stream sessions.Figure 4 shows the average path length as a function of the o�ered load, for 15 streamsper session (the plots for 10 and 20 streams/session are similar), and it further con�rmsour observation that the performance of the recon�gurable network is better than the �xed-topology one; while the average path length for the Shu�eNet is around 2 hops, the pathlength for the recon�gurable network, even at high loads, is close to 1 hop, which is, ofcourse, the minimum possible. 16



6 Evaluation of the WDM Network for a DynamicTra�c ModelIn the previous section, we evaluated the recon�guration/routing algorithm using a statictra�c model, i.e., the routing of a single session with a �xed number of streams on an idlenetwork. Although this evaluation was useful to show that there is no motivation to pursuethe optimum, it is not an indication of the actual performance of the algorithm in a realisticenvironment. In this section, we evaluate the WDM network and the routing/recon�gurationin a realistic environment, where sessions arrive, are routed (or dropped), and if acceptedstay in the network for a certain period of time. We �rst describe the operation of thenetwork in such a scenario, keeping in mind the tra�c requirements, and then evaluate itsperformance, which we compare to that of a centralized switch.6.1 Operation of the WDM Network in a Dynamic EnvironmentThe main di�erence between a WDM network and a traditional mesh network is that theformer is able to dynamically change its topology; with current optical components, this canbe accomplished in sub-millisecond time. The ability to change the network topology at willduring operation, in a de-centralized fashion, gives rise to the following issues:Recon�guring links in use: For stream tra�c, if a link in use is recon�gured, the streamhas to be interrupted for re-routing. This interruption corresponds to the time to\clear the network", recon�gure the links, and re-start service. Video/audio streamscan tolerate interruptions and delay variations as long as the receiving end pre-bu�ersa certain amount of data, to keep playing during interruptions. For interactive tra�c,however, the amount of pre-bu�ering cannot be very large as it adds latency to thecommunication; it is generally recognized that the latency for interactive communica-tions should be less than 200 ms. The decision of when to recon�gure the networkrepresents a tradeo� between performance (in terms of session blocking probability)17



and the number of times an established stream is re-routed during its lifetime. Theextremes for this tradeo� are:� Recon�gure only the idle links: this has the advantage that existing connectionsare never disturbed, but at high loads, it is unlikely that a link is completely idle;the network will �nd itself \locked" in a random con�guration that is far fromoptimal, and will generally perform worse than a regular �xed-topology networkunder the same tra�c conditions.� Recon�gure the whole network at each arriving session: one could consider thearriving session and the sessions already established in the network as a new\larger" session to be routed on an empty network. This has the advantage thatthe network is always optimal, but a given stream might be re-routed an excessivenumber of times.Control of the network: Control of the network is distributed. As long as the networkremains strongly-connected1, a small amount of bandwidth can be reserved in eachlink for management purposes. Therefore, recon�gurations that partition the networkshould not be allowed. In [16] we describe a simple modi�cation of the Shortest Pathwith Recon�guration algorithm to keep the network connected by performing a sec-ondary recon�guration, if necessary.Considering the issues listed above, we propose the following model of operation for therecon�gurable network, which is illustrated in Figure 5:� The network starts with some arbitrary strongly-connected topology (for control pur-poses).� When a session arrives, it is either routed or blocked; blocked sessions are cleared.� The recon�guration/routing algorithm used to accept a session and route it is:1There is at least one path between every pair of nodes in the network.18



Step 1: Try to route the session on the current network topology, using the tradi-tional shortest path algorithm. Prior to routing each stream in the session,temporarily prune from the network topology those links that do not haveenough free bandwidth to support it. A session can be accepted only if therouting of all its component streams is successful.Step 2: If the session was successfully routed step 1, accept this route. The streamsalready established in the network will not be disturbed. Otherwise, pro-ceed to step 3.Step 3: Since no path was found in step 1, the only alternative to accept this sessionwould be to recon�gure existing connections. We use the heuristic presentedin section 4 to compute the new topology and routes, considering as our\session" the existing streams and the new session being added.Step 4: If the recon�guration/routing in step 3 was successful, we accept the newsession and implement the recon�guration. Otherwise, we block the incom-ing session and the network topology remains unchanged.In summary, we recon�gure the network only when the cost of not doing so is to block asession; this way, we have the same performance as if we were to recon�gure at every session,while reducing the number of times a given stream is re-routed.6.2 Simulation ResultsIn this section, we present simulation results for the WDM network in a dynamic environ-ment, where sessions arrive according to a Poisson process, and if not blocked, stay for anexponentially-distributed amount of time. The performance measures of interest are:� Session blocking probability: probability that an arriving session cannot be routed andis blocked.� Average time between successive recon�gurations.19



� Average path change for re-routed streams; the path change is de�ned as the di�er-ence between the longest and the shortest paths experienced by the stream during itslifetime. This is a measure of the delay jitter introduced by the recon�guration, whichhas to be taken into account when de�ning the receive bu�er sizes for video and audiostreams.Figure 6 shows the average path length in the WDM network, as a function of the sessionarrival rate. At low arrival rates, the average path length is that of the initial networktopology (2 hops in this case), because there is no need for recon�guration. As the tra�cincreases, the network recon�gures more often and the path length decreases, using lessresources and enabling the network to accept more sessions.Figure 7 shows the average time between recon�gurations, as a function of the sessionarrival rate. Note the time is given as a multiple of the session duration, i.e., a value of 10means that the average time between recon�gurations is 10 times the lifetime of a session;in the average, approximately only one out of 10 sessions will be recon�gured. The �gureshows that recon�guration is seldom employed, becoming more frequent only at very hightra�c loads.We also computed the average change in the path (di�erence between the maximum andthe minimumpaths during the lifetime of the stream), and found it to be under 0.6 hops in allcases. Moreover, streams using higher bandwidths are less likely to have their routes changedthan streams using lower bandwidths, when the network recon�gures. In Figure 8 we plotthe average path change as a function of both the requested bandwidth per stream and thesession arrival rate. The �gure shows that, at low loads, most streams are not recon�gured;as the load increases, the network will tend to recon�gure more the low-bandwidth streams,in favor of the high-bandwidth ones.We note that the WDM network can be thought of as a \distributed switch", where theswitching function is performed at the nodes and the \center" of the network is completelypassive. However, the same function could be performed by a centralized switch (such as anATM switch); routing is trivial (all paths are of the form source ! switch ! destination).20



So, it is important to determine if, from a performance point of view, there is any advantagein using a WDM network.The two network con�gurations, using a \distributed switch" (WDM) and a centralizedswitch, are shown in Figure 9. For the centralized switch, there are two pairs of opticaltransmitters/receivers, one to carry the tra�c from the node to the switch, and the otherto carry the tra�c from the switch to the node. A WDM network with the same numberof optical transmitters and receivers would have two transmitters and receivers per node.We claim that the complexity of the two networks depicted in Figure 9 is approximately thesame; the optical transceivers are more complex in the WDM case, but the \center" of thenetwork is passive. On the other hand, in the centralized switch scenario, all the complexityis moved to the center of the network, and the optical transceivers are simpler. To completethe evaluation scenario, we still have to choose the transmitter/receiver data rates in theWDM case (VWDM ) and in the centralized switch case (VSW ). Two scenarios are possible:� Same data rate for all transmitters and receivers in both situations, VSW = VWDM .We will denote this switch as \switch 1". Note that the bandwidth out of each nodeof the WDM network in this case is twice that of the switch.� Same output bandwidth for each node in both situations, VSW = 2VWDM , i.e., althoughthe same number of transmitters and receivers is used in both networks, the onesconnected to/from the switch will have twice the data rate as the ones in the WDMnetwork. We will call this \switch 2".Note that switch 2 will always perform better than the WDM network under any tra�cscenario; its performance can be seen as an upper bound to what the WDM network canachieve. This is so because the necessary and su�cient condition for a stream to be acceptedat switch 2 is that bandwidth must be available both at the link from the source to thenetwork, and at the link from the network to the switch. For the WDM network, thiscondition is necessary, but not su�cient, as the streammight need to go through intermediatenodes which must have bandwidth available.21



We have simulated the WDM network described above, together with switch 1 andswitch 2. In all cases, the exact same requests are o�ered to the three networks. Forthe all the evaluations in this section, sessions are composed of a single stream.Figure 10 shows the session blocking probability for the three networks, as a function ofthe session arrival rate. The plot shows that, as expected, the performance of the WDMnetwork is lower than that of switch 2, but not signi�cantly. The performance of switch 1,however, is much lower than that of the WDM network. In Figure 10, the average bandwidthrequested per stream was set to 25% of the link bandwidth; we repeated the evaluation forother values of the stream bandwidth and found similar results.In summary, we have shown that the performance of a WDM recon�gurable networkis much superior to that of a centralized switch with roughly the same amount of opticalhardware (switch 1 in the discussion), and is comparable to the performance of a switch usingoptical transmitters and receivers at twice the rate of the WDM counterparts (switch 2in the discussion). The WDM network will introduce an additional delay jitter due tostream re-routing, but we have shown that, under reasonable tra�c conditions, this re-routing represents a small e�ect, and will a�ect more the low-bandwidth streams than thehigher-bandwidth ones. Moreover, if a speci�c stream cannot be re-routed for some reason,one just needs to mark the transmitters/receivers it is using as locked, and that stream willnot be disturbed by network recon�guration.7 ConclusionsIn this paper, we considered the problem of routing multimedia streams in a WDM recon�g-urable network. We presented an exact solution for the optimum routing and recon�gurationproblem, based on linear integer programming. Since this solution is complex, we also pro-posed an heuristic algorithm to �nd a sub-optimal solution, and derived an upper boundin performance. We showed that the heuristic solution is close to the upper bound, whichobviates the need to pursue the more complex exact solution. Finally, we evaluated the22



performance of the WDM network in a realistic environment, and showed that it comparesfavorably with a centralized electronic switch of equivalent complexity.AppendixA An Integer Programming Solution to the Recon-�guration and Routing ProblemIn this section, we show that the optimum routing/recon�guration problem formulated insection 2 can be exactly solved by linear integer programming. De�ning:T : Number of streams in the sessionfrig : Required bandwidth for stream i, i = 1; : : : ; Tfsig : Source node for stream i, i = 1; : : : ; Tfdig : Destination node for stream i, i = 1; : : : ; TK : Total number of transmitters/receivers in the networkN : Number of nodes in the networkV : Bandwidth of each individual linkP : Receiver distribution vector (N � 1); Pi is the number of receivers innode iL : Transmitter location matrix (N �K); Lij = 1 if transmitter j is locatedin node i, otherwise Lij = 0.R : Wavelength allocation matrix (N�K); Rij = 1 if transmitter j is sendingin a wavelength currently being received at node i, otherwise Rij = 0.Bi : Destination vector (N �1) for stream i, i = 1; : : : ; T ; Bisi = 1, Bidi = �1,and Bij = 0 for j = 1; : : : ; N ; j 6= si; j 6= diX i : Routing vector (K�1) for stream i; X ij = 1 if stream i is routed throughtransmitter j, i = 1; : : : ; T , j = 1; : : : ;KThe problem formulation can be expressed as:23



GIVEN: K;N; V; T;L;P ; fsig; fdig; frig; i = 1; : : : ; TMINIMIZE: Average path length TXi=1 ri KXj=0X ij (4)WITH RESPECT TO: R, X i; i = 1; : : : ; TUNDER CONSTRAINTS:1. Communication is one-to-one, i.e., there is only one transmitter and one receiver perwavelength. All receivers will be tuned to some wavelength to keep network connec-tivity, even if they are not being used for stream communication.NXi=1Rij = 1; j = 1; : : : ;K (5)2. Node i has only Pi receivers. KXj=1Rij = Pi; i = 1; : : : ; N (6)3. There should be a path from every source to every destination. This is equivalent towriting a set of 
ow conservation equations, for routing one unit of 
ow from the sourceto the destination of each stream in the session.(L�R)X i = Bi; i = 1; : : : ; T (7)4. The total bandwidth of the streams routed through a link should not exceed the linkbandwidth: TXi=1 riX ij � V; j = 1; : : : ;K (8)5. Integer constraints: receivers cannot be \divided".R is binary (9)24



No bifurcation of 
ow (in a packet-switched network, this condition can be relaxed, inwhich case the stream might be \divided" into several routes):X is binary (10)The objective function (4) and constraints (5), (6), (7) and (8) de�ne a non-linear opti-mization problem; the objective function is linear, but the constraint set (more speci�cally,equations (7) - the 
ow conservation equations) is not. When constraints (9) and (10) areadded, it becomes a non-linear integer optimization problem.However, the non-linearity in the constraint set comes just from the RX i product inequation (7). By using the fact that R and X i are binary variables, and by increasing thenumber of equations and free variables, we can convert the routing/recon�guration probleminto a linear integer programming problem. We add to the set of free variables the N �Kbinary matrices Z i, i = 1; : : : ; T , subject to the following new constraints:Z ijk � X ik (11)Z ijk � Rjk (12)i = 1; : : : ; T ; j = 1; : : : ; N ; k = 1; : : : ;KEquation (7) then becomes : LX i �Z i1 = Bi (13)where 1 is a K � 1 vector with 1 in all positions.In summary, by adding Z i to the list of free variables, replacing equation (7) withequation (13), and adding inequalities (11) and (12) to the constraint set, the recon�gu-ration/routing problem becomes a linear integer programming problem, which can be solvedby standard techniques such as the branch-and-bound method [4]. It should be noted that,for a given �xed topology (i.e., given R), this problem reduces to the well-known multicom-modity 
ow problem. 25



B Formal Description of The Shortest Path with Re-con�guration AlgorithmINPUTS:� A WDM network with N nodes; node i has Si optical transmitters and Pi opticalreceivers, i = 1; : : : ; N . All transmitters and receivers are either locked or free; thelocked transmitters and receivers are in a certain given topology, and the free ones arenot connected at all.� A source node s and a destination node d.OUTPUT: The path from s to d with the minimum number of hops, using, if necessary, freetransmitters and receivers.ALGORITHM:Step 1: Create a set of nodes P , initially empty, and a set of nodes T , initially containingall the nodes in the network. For each node in the network, associate a label l;initially, assign l(s) = 0, l(i) =1 for i 6= s. Create also two sets of nodes A andB, initially empty.Step 2: Let i be the node with the smallest l(i) (if there are many, choose one at random).If l(i) = 1, there is no path between s and d using the locked receivers andtransmitters; go to step 5. Otherwise, move i from the set T to the set P . Ifnode i has a free transmitter and the set A is empty, also put node i in A.Step 3: Update the label set as follows: for j = 1; : : : ; N , j 6= i, if there is a transmitterin node i connected to a receiver in node j, make l(j) minfl(j); l(i) + 1g.Step 4: If i 6= d, return to step 2; otherwise, the shortest path using the locked transmit-ters and receivers has been found; proceed to step 5.26



Step 5: Create a set of nodes P 0, initially empty, and a set of nodes T 0, initially containingall the nodes in the network. For each node in the network, associate a label l0;initially, assign l0(d) = 0, l0(i) =1 for i 6= d.Step 6: Let i be the node with the smallest l0(i) (if there are many, choose one at random).If l0(i) = 1, go to step 8. Otherwise, move i from the set T 0 to the set P 0. Ifnode i has a free receiver and the set B is empty, put node i in B and go tostep 8. Also, if i = s, again go to step 8.Step 7: Update the label set as follows: for j = 1; : : : ; N , j 6= i, if there is a receiver innode i connected to a transmitter in node j, make l0(j)  minfl0(j); l0(i) + 1g.Return to step 6.Step 8: If the set A or the set B or both are empty, terminate. The shortest path is theone found in step 4, if any. Otherwise, let us denote by a the node in A and by bthe node in B. Let L1 = l(d), La = l(a) and Lb = l0(b). If L1 � La + Lb + 1, thepath found in step 4 is the shortest. Otherwise, tune the free transmitter in a tothe free receiver in b, and use the path from s to a, the a� b link, and the pathfrom b to d.References[1] W. B. Jones, Introduction to Optical Fiber Communication Systems, Holt, Rinehart andWinston, New York, 1988.[2] D. Bertsekas and R. Gallager, Data Networks, Prentice Hall, New Jersey, 1987.[3] M. S. Bazaraa, J. J. Jarvis and H. D. Sherali, Linear Programming and Network Flows,2nd ed., John Wiley & Sons, New York, 1990.[4] F.S. Hillier and G.J. Lieberman, Introduction to Operations Research, 5th edition, NewYork, McGraw-Hill, 1990. 27
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