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How Graph Theory an help Communiations EngineeringD. Coudert X. Mu~nozAbstratWe give an overview of di�erent aspets of graph theory whih an be applied in ommunia-tion engineering, not trying to present immediate results to be applied neither a omplete surveyof results, but to give a avor of how graph theory an help this �eld. We deal in this paperwith network topologies, resoure ompetition, state transition diagrams and spei� models foroptial networks.1 IntrodutionIt is not news that the development of sienes and tehnology makes it impossible to be awareof all �elds of knowledge, and speialization annot be avoided in the sienti� researh where therapid advanes make it diÆult even to follow the new results in the own spei� disipline.This unavoidable fat turns out to be a strong limitation in the development of siene, sinemany ahieved results in some disiplines that ould be useful in other �elds of knowledge are inmost ases unknown by sientists.It is desirable that researhers know at least the existene of other �eld's advanes. Althoughnot being speialist on these other areas, they should know where to look for information in bene�tof their own researh.Multidisipline teams and multidisipline areas are words that nowadays seem to be importantin the sienti� researh. Indeed ollaboration with other groups is always fruitful not only beauseeah disipline an help the others with known results but also beause di�erent points of view anhelp one eah other to better understanding the insight of the problems.This is even more important if we fous on anillae sientiae, i.e. sienes whih are used astools in other sienes suh as maths is with respet to engineering. Mathematiians are usuallylooking for new problems and engineers are usually looking for new solutions. Dialogue of bothareas is interesting for both ommunities.Nevertheless dialogue is not always easy and requires some e�ort from both, mathematiiansand engineers. The translation of a problem arising from engineering to a mathematial languagerequires a deep knowledge of the disipline in whih the problem is ontextualized. Setting ofassumptions and hypothesis of the model is always a ompromise between realism and tratability.Finally, the results given by the mathematial model must be validated with some experimental orsimulation results.One annot expet to have a library of "plug and play" models for new problems, but the artof reating a mathematial model is one of the examples in whih ooperation of engineers andmathematiians is ruial in order to get valuable results.In this paper we give an overview of di�erent aspets of graph theory whih an be appliedin ommuniation engineering, not trying to present immediate results to be applied neither aomplete survey of results, but to give a avor of how graph theory an help this �eld.1



The remaining of this paper is strutured in four setions. We present, in Setion 2, somebasi onepts of graph theory. Setion 3 is devoted to graphs as models for network topologies.Di�erent problems related with ommuniations in whih Graph Theory might be useful are treatedin Setion 4. Finally, Setion 5 deals with spei� problems that appear in Optial ommuniations,and a detailed example is also shown in that setion.2 Graph theory oneptsA graph G = (V;E) is an ordered pair onsisting of a set V = V (G) of elements alled verties anda set E = E(G) of unordered pairs of verties alled edges.Two verties u; v 2 V (G) are said to be adjaent if there is an edge (u; v) 2 E(G) joining them.The edge (u; v) 2 E(G) is also said to be inident to verties u and v. The degree of a vertexv, Æ(v) is the number of verties in V (G) adjaent to it. The minimum and maximum degrees ofthe graph, Æ and � respetively, are de�ned as the minimum and maximum over the degrees of allverties of the graph.A path w(v0; vn) is a sequene of verties v0; v1; : : : ; vn suh that (vi�1; vi) 2 E(G), i = 1::n.Suh a path is said to be of length n. A graph is said to be onneted if there is a path between anypair of verties. If the graph is onneted, the distane between two verties d(a; b) is the lengthof the shortest path joining a and b and the diameter of the graph is the maximum among thedistanes between all pair of verties of the graph.A graph an be de�ned and represented in di�erent ways. One typial representation is bymeans of a drawing in whih verties are drawn as points in the plane or in the spae and edges aredrawn as lines joining points. In spite of being an intuitive view of a graph, it seldom leads to someinsight on its properties. Graphs an also be haraterized by its adjaeny matrix, The adjaenymatrix of a graph with n verties is a n� n matrix A = (aij) with aij = 1 if (i; j) 2 E(G) and 0otherwise. Notie that the adjaeny matrix is always a symmetri matrix. Another way to de�nea graph is giving the adjaeny rules on the set of verties. Graphs that an be de�ned that wayare usually \well strutured", and use to have nie properties.Sine a graph is a binary relationship within elements on a generi set, it is not surprising thatgraphs appear, at least impliitly, in many di�erent ontexts of the sienti� knowledge suh assoiology, eonomy, or engineering.Graphs an be generalized to other related strutures that have been also widely studied:� Multigraphs and weighted graphs. In some ases it is useful to onsider edges having a weight,usually a numerial value, or either that more than one edge an join the same two verties.� Digraphs. A digraph or direted graph is a graph in whih we onsider edges (alled ars inthe ontext of digraphs) having a diretion assigned. In other words, a digraph G = (V;A) isan ordered pair onsisting of a set V = V (G) of verties and a set A = A(G) of ordered pairsof verties alled ars.� Hypergraphs. Instead of onsidering edges as binary relations between verties, hyperedgesare de�ned as subsets of verties (with not a determined size). A hypergraph G = (V;H) isthen de�ned as an ordered pair onsisting of a set V = V (G) of verties and a set H = H(G)of subsets of verties alled hyperedges.� Direted hypergraphs. A direted hypergraph G = (V; ~H) is then de�ned as an ordered paironsisting of a set V = V (G) of verties and a set ~H = ~H(G) of ordered pairs of subsets ofverties alled hyperars. 2



All the de�nitions given for graphs an be translated to all these strutures de�ned above. Thereader an �nd other related onepts and de�nitions in [5, 12℄.3 Graphs and network topologiesConerning to interonnetion networks it is straightforward that a network topology an be mod-eled by a graph in whih the verties of the graph play the role of nodes in the network and theedges model the point-to-point links between di�erent nodes. The graph an be undireted in thease of full-duplex ommuniation links, or direted in ase the links are unidiretional or in aseof highly asymmetri ommuniation protools suh as ADSL. Alternatively, if some nodes sharea ommon physial or logial bus, the bus an be modeled by a hyperedge, and hene the wholenetwork by a hypergraph. This might be the ase of networks that use CSMA/CD-like protoolssuh as Ethernet.Yet in the early 50's graph theory was used to model telephony networks, and from the verybeginning interesting results ame from these studies like, for instane, the studies for non-blokingmultistage swithing networks (the Clos Network, [17℄). Sine then lots of studies have been donein graph theory when onsidering graphs as topologial models for di�erent kinds of networks.Lots of aspets have to be onsidered in the design of an interonnetion network and manyof them are highly dependent on the topology and an be studied in terms of Graph Theory. Inmost ases an important restrition is the maximum number of links that an be onneted to eahnode (maximum degree of the graph). In ase that it is not possible (or onvenient) to have a linkbetween any pair of nodes, a multihop solution must be adopted, i.e. a message must hop throughintermediate nodes before reahing its destination. It is desirable, however, to have the numberof hops between nodes as small as possible (small diameter of the graph). The problem of �ndinggraphs with �xed degree and number of verties having the smallest possible diameter is known asthe (�; n){problem, and has been widely studied in the literature ([12, 7℄).The designer should in some ases foresee that the network might grow in the future by addingnew nodes. It is onvenient that the network size an be inreased without loosing its struturalproperties. There are many graphs that have this property (salability).Another important item of interonnetion network is routing and ommuniations algorithms.In ase that the graph is well strutured, eÆient algorithms an be spei�ally design for thatnetwork topology. The eÆieny of a routing protool depends on the simpliity of the proessingin the intermediate nodes and on the memory needed in these proessors to handle the delivery (suhas small routing tables). Routing has also been widely studied for spei� network topologies underdi�erent ommuniation models (virtual paths, store{and{forward, wormhole routing, deetion(hot potato) routing,. . . ). EÆieny of a routing an also be measured in terms of throughputwhih is related with the number of routes using the same link or node (forwarding index [16, 30℄).Among the ommuniation algorithms, broadasting and dissemination (gossiping) of informa-tion are of speial interest sine they appear often in many ommuniation proesses. They havealso been widely studied under di�erent models and assumptions [31℄.It an be also interesting to know the behavior of topology and routing when some of theomponents of the network fail. Fault tolerane an measured in di�erent ways: by the inreasingof the diameter when removing links or nodes (�;D0; s){problem [36℄); by the number of links ornodes that may fail keeping the network still onneted (onnetivity [26℄) or in terms of routing, bythe aessibility of nodes without reon�guring the routing tables under network failures (survivinggraph [23℄).In many ases it is not possible to de�ne a well strutured topology or even the topology may3



be unknown or unstable like in the internet. Theoretial results and heuristi algorithms an alsobe obtained for generi or even unknown graphs [22℄.We have foused on some important parameters to be onsidered in order to hoose a networktopology. There are, however, many other aspets we have not onsidered here and may also beimportant in some ases, like, for instane, the eÆient layout of the network in the ase of VLSIsystems (planarity, rossing minimization, [5℄) or the eÆient embedding of logial topologies ontoa spei� physial one in the ase of parallel implementation of algorithms that must run over aspei� network [34℄ (the typial instane for this last example is the ase of parallelizing the FFTalgorithm on the hyperube network).4 Other appliations of graph theoryBesides the importane and usefulness of using graphs to model the topology of the network, thereare some other ways in whih graph theory an help ommuniation engineers. In this setion weshow two di�erent examples:4.1 State transition diagramsAnother appliation of graph theory in ommuniations engineering is the one in whih vertiesmodel states of some proess and ars (direted edges) model the possible transitions between thesestates. The most important example for this kind of modeling are the well known Markov hains,but they are not the only ones.An interesting area in whih Graph Theory an help to obtain results in these kind of proessesis the ase of onvolutional odes or the more reent time-spae odes ([40℄) that are deoded bymeans of maximum likelihood, suh as the way the Viterbi algorithm works.The symbol to be transmitted in these kind of odes depends not only on the symbol wanted tobe deoded at the reeiver, but also on the state the transmission is. Moreover, both the transmittedsymbol and the present state determine a new state in the transmission.The usual transition of states is given by a shift register on the state, i.e. states are sequenesonsisting on the last transmitted symbols. Shift register leads to a very well known family ofdireted graphs alled De Bruijn digraphs [28℄.Transition diagrams given by Shift Register have not been proved to be optimum in terms ofode gain (gain in terms of error probability in deoding), and other transition diagrams ould beonsidered in order to onstrut better odes.4.2 Resoure ompetitionIndeed graphs an easily model any situation in whih binary relationships outome like for instanethe ompetition of agents towards the same resoures: verties of the graph represent the di�erentagents, and two verties are adjaent if they want to use the same resoure. In order to omputethe minimum number of resoures needed one an use the resulting \inompatibility" graph. Infat, this problem turns to be a standard problem in graph theory alled vertex oloring: i.e. assignolors to the verties of the graph suh that not two adjaent verties must have the same olor [5℄In the remaining of this setion two examples will be shown for better understanding of thiskind of graphs.
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4.2.1 Interfering graph in ell telephony systemsThe frequeny assignment problem for a ellular network has been thoroughly disussed in theliterature owing, in part, to the important eonomi reperussions that it has for network operators.The largest outlay to be onfronted by an operator is the liense fee for the alloation of the radiofrequeny spetrum. As this spetrum is limited, the pro�tability of the network will depend onthe number of stations required to satisfy the users demand.In the design of a ellular mobile ommuniation system, a region is divided into series of ells,eah one overed by a base station. Eah station works at a ertain frequeny, and the samefrequeny an be used in di�erent ells. However, the reuse of the same frequeny is limited bythe maximum tolerable interferene between ells. The frequeny assignment problem onsists on�nding an assignment of frequenies to the base stations using the smallest possible number offrequenies onsidering the interferene onstrains.A ellular network an be desribed by a graph where the nodes represent the ells and the edgesjoint nodes orresponding to ells that annot use the same frequeny beause of interferenes.This model an also be re�ned onsidering di�erent levels of interferenes, di�erent transmittersper station, or some �xed restritions in the assignment. See [1℄ for some reent results andalgorithms to solve that problem.4.2.2 Conit graph in wavelength assignment for virtual pathsLet us onsider in this setion WDM optial networks onsisting of routing nodes interonnetedby point-to-point �ber-opti links whih an support a ertain number of wavelengths. Swithingwill be supposed to be also optial, and pakets are supposed not to hange of wavelength at theintermediate nodes. When a ommuniation must be established between to nodes of the networka virtual path is reserved and a wavelength is assigned to that transmission.An important restrition in this model is that two di�erent virtual paths sharing at least oneommon link must have di�erent wavelengths, as if they did not, it would not be possible todistinguish both signals at the next intermediate node.To ompute the minimum number of wavelengths required to establish a set of virtual paths wede�ne the Conit Graph the following way: Verties of the graph stand for the di�erent virtualpaths and two verties will be adjaent if the orresponding virtual path share at least one link.As in the previous setion, the wavelength assignment problem an be solved in the ConitGraph by assigning olors (wavelengths) to its verties in suh a way that adjaent verties havedi�erent olors [4℄.One an objet that this a priori planing is not realisti, and it is true. But this stati andsimple setting of the problem an be improved by using more realisti dynami approximationsbased on on-line algorithms [1℄.Notie that the examples shown in this setion have idential translation into a oloring problemof graphs.Related to the the wavelength assignment problem, it is interesting to point a question with a(maybe) surprising answer.The reent Dense WDM (DWDM) allows to use a onsiderable number of wavelengths in thesame �ber. Is it equivalent to use a single �ber with DWDM that using multiple �bers withonventional WDM to join two nodes in the network (supposing that both solutions allow the sametotal number of wavelengths per link)?Many fators should be onsidered to deide whih solution is better. But some Graph theorybakground an help to realize that both solutions are not topologially equivalent [11℄. In fat, it5



is easy to see that the seond alternative turns out to be more eÆient from the point of view ofthe usage of the resoures (wavelengths), as shown in the following example:Suppose a simple network onsisting on four nodes onneted in a star topology as shown inFigure 1 and imagine we want to establish three simultaneous ommuniations between nodes 1{2,2{3 and 1{3. The goal will be assigning wavelengths to these transmission requirements using theminimum number of wavelengths.
1-3 2-31-2 JJJJJ
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14 bb ZZZ���� bbFigure 1: A network and the onit graph for 3 requirements.If links onsist on two �bers eah, the requirement an be satis�ed by using one wavelength per�ber, while two wavelengths per �ber are not enough to solve the assignment with a single �berper link. This an be easily seen in terms of graph olorings, sine the onit graph in this formerase is a triangle, and verties in a triangle annot be olored with two olors.5 Graph theory and all-optial networksIn the preeding setions we have reviewed di�erent aspets in whih Graph Theory an helpCommuniations engineering. We want to fous in this setion on optial networks. At a �rst sightone might think that, from the graph theoreti point of view, there is not any di�erene betweenoptial networks and generi interonnetion networks, sine graph theory do not are about whatare the wires made of.But besides the general results and models for interonnetion networks that an be also usefulin our ontext, new spei� problems appeared in the study of all optial networks. These problemsare not exlusive of this �eld but have now a partiular interest.In partiular, we are not onerned in this setion with lassial networks in whih some eletrialwires are replaed by optial �bers and at eah endpoint there is a eletri-to-optial shift, but onnetworks in whih swithing is also done using lightwave tehnology.Some of the properties of all-optial networks, that lead to new problems in Graph theory arethe following:� While eletrial bu�ering is tehnologially easy to implement, this is not the ase of optialsystems. Routing must be done without storing the information in the routers and paketsannot wait to be delivered through a link without optial to eletrial onversion [25℄.Fast routing algorithms must be realized (suh as MPLS [2, 3℄) and, in ase of networkongestion, deetion routing [38, 14℄ ould be a good solution.� New routing onstraints appear when using WDM, di�erent from those in TDM. An exampleof problems arising from WDM was given in the previous setion.� New models for networks are being developed due to the new devies in optial tehnology. Inthis ontext there have appeared many studies on bus networks [6, 18℄ in whih the networktopology is no more modeled by a graph but by a hypergraph.6



Also, in this diretion we will explain a more detailed example in the next setion in whihwe model a network by a direted hypergraph using existing optial devies.5.1 Using direted hypergraphs with OTIS and OPS ouplersTopologies allowing one-to-many ommuniations in a single ommuniation step have been exten-sively studied. The building blok is the Optial Passive Star (OPS) oupler [27℄ whih an be usedas a single-OPS broadast-and-selet network in whih an inoming optial signal is broadast to alloutput ports [10℄. Although a great deal of researh e�orts have been onentrated on single-OPStopologies [24, 15, 37℄, the OPS oupler presents a severe drawbak sine its size is tehnologiallylimited by its splitting apabilities. That is the reason why multi-OPS topologies seems more viableand salable [6, 18℄.In this setion, we present some multi-OPS topologies with the single-hop Partitioned OPSnetworks (POPS) [13℄ and the multi-hop stak-Kautz network [18℄. We also present the stak-graphs, a family of direted hypergraphs whih is very useful to model and manipulated multi-OPSnetworks. Finally, we present the OTIS arhiteture [35℄, an optial devie whih was used toimplement the optial interonnetions of the POPS and the stak-Kautz.5.1.1 Optial passive starAn optial passive star oupler (OPS) is a singlehop one-to-many optial transmission devie [24, 37℄whih an be view as an optial bus. An OPS(s; z) has s inputs and z outputs. When s = z, theOPS is said to be of degree s (see Figure 2). When one of the input nodes sends a message throughan OPS oupler, the s output nodes have aess to it. An OPS oupler is a passive optial system,i.e. it requires no external power soure. It is omposed of an optial multiplexer followed by anoptial �ber or a free optial spae and a beam-splitter [29℄ that divides the inoming light signalinto s equal signals of a s-th of the inoming optial power. Finally, in a single-wavelength OPSouplers of degree s, only one optial beam an be guided through eah devie. Consequently, notwo nodes an have onurrent aess to any OPS.An OPS oupler of degree s an be modeled by a hyperar linking two hypergraph nodesomposed of s verties eah [10℄, meaning that the proessors of one set (the OPS soures) ansend messages only through the hyperar, whereas the other set (the OPS destinations) an reeivemessages only through the same hyperar. Figure 2 shows an OPS oupler modeled by a hyperar.
hyperarc

4

5

6

7

1

2

3

0
0

1

2

3

4

5

6

7

So
ur

ce
s

D
es

tin
at

io
ns

Optical Passive Star coupler

OPS

Sources OPS as a

Destinations
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staking fator of the orresponding stak-graph, and &(s;G) denotes the stak-graph of stakingfator s, obtained from the digraph G.Stak-graphs are not optimum in terms of the (�;D){problem, and other families of diretedhypergraphs ould be also onsidered [6℄. But stak-graphs are easy to deal with and we will showin the following, through examples, that are very eÆient to model multi-OPS networks.5.1.3 Partitioned Optial Passive Stars networkThe Partitioned Optial Passive Stars (POPS) topology, introdued in [13℄, is an interonnetionarhiteture that uses multiple non-hierarhial OPS to ahieve single-hop networks. The POPSnetwork POPS(t; g), is omposed of N = tg nodes and g2 OPS ouplers of degree t. The nodes aredivided into g groups of size t (see Figure 3). Eah OPS oupler is labeled by a pair of integers (i; j),0 � i; j < g. The input of the OPS (i; j) is onneted to the i-th group of nodes, and the output tothe j-th group of nodes. This network bene�ts of the routing failities of singlehop networks andof the broadast apabilities of OPS-based networks.
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onto q groups of p reeivers, using p + q lenses. This arhiteture onnets the transmitter (i; j),0 � i � p�1, 0 � j � q�1, to the reeiver (q�j�1; p�i�1). Optial interonnetions in the OTISarhiteture are realized with a pair of lenslet arrays in a free spae of optial interonnetions asshown in Figure 5.A family of digraphs obtained from OTIS(p; q) were de�ned in [20℄ as given in de�nition 2.It has been shown in [20℄ that this family of digraphs ontains the Kautz digraphs. This resultwas used in [19℄ to propose an implementation of the optial interonnetions of Kautz, POPSand stak-Kautz networks using OTIS. Furthermore, an optimal implementation of the de Bruijnnetwork with OTIS, in terms of number of lenses, was shown in [20℄.De�nition 2 The H(p; q; d) digraph is de�ned from the OTIS(p; q) arhiteture. It has degree d,suh that d divides pq, and n = pqd verties and m = pq ars. Its verties are integers modulo nand its neighborhood is de�ned as follows:�+H(u) = �v = �1d �(pq � 1)��du+ �q �+ 1�� p(du+ �)�� ; 0 � � � d� 1�
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� The reent development of Complexity Theory and Approximation Theory is ontributing tosolve many problems on Graphs by providing heuristi algorithms that give solutions withsome bounded error.Keeping both ommunities, engineers and mathematiians, working together will help develop-ing solutions in engineering and providing new hallenging and more lose to reality problems tomathematiians.Referenes[1℄ J. Abril, F. Comellas, A. Cortes, J. Ozon, and M. Vaquer. A multiagent system for fre-queny assignment in ellular radio networks. IEEE Transations on Vehiular Tehnology,49(5):1558{1565, September 2000.[2℄ D. O. Awduhe. MPLS and TraÆ Engineering in IP Networks. IEEE CommuniationsMagazine, pages 42{47, De 1999.[3℄ A. Banerjee, J. Drake, J. Lang, B. Turner, D. Awduhe, L. Berger, K. Kompella, andY. Rekhter. Generalized multiprotool label swithing: An overviw of signaling enhanementsand reovery tehniques. IEEE Communiations Magazine, pages 144{151, July 2001.[4℄ B. Beauquier. All-to-all ommuniation for some wavelength-routed all-optial networks. Net-works, 33(3):179{187, Mai 1999.[5℄ C. Berge. Graphs and Hypergraphs. North-Holland, Amsterdam, 1973.[6℄ J-C. Bermond, R. Dawes, and F. Erginan. De Bruijn and Kautz bus networks. Networks,30:205{218, 1997.[7℄ J.-C. Bermond, C. Delorme, and J. J. Quisquater. Strategies for interonnetion networks:Some methods from graph theory. Graphs and Combinatoris, 5:107{123, 1989.[8℄ P. Berthom�e, J. Cohen, and A. Ferreira. Embedding tori in Partitioned Optial Passive Starnetworks. In D. Krizan and P. Widmayer, editors, Proeedings of 4th International Collo-quium on Strutural Information and Communiation Complexity - Siroo'97, volume 1 ofProeedings in Informatis, pages 40{52. Carleton Sienti�, July 1997.[9℄ P. Berthom�e and A. Ferreira. Improved embeddings in POPS networks through stak-graphmodels. pages 130{135. IEEE Press, 1996.[10℄ H. Bourdin, A. Ferreira, and K. Marus. A performane omparison between graph andhypergraph topologies for passive star WDM lightwave networks. Computer Networks andISDN Systems, 30:805{819, 1998.[11℄ I. Caragiannis, A. Ferreira, C. Kaklamanis, S. P�erennes, and H. Rivano. Frational patholoring with appliations to WDM networks. In 28th International Colloquium on Automata,Languages and Programming (ICALP'01), Leture Notes in Computer Siene, pages 732{743,Crete, Greee, July 2001. Springer-Verlag.[12℄ G. Chartrand and L. Lesniak. Graphs & Digraphs. Wadsworth & Brooks, Monterrey, 1986.11



[13℄ D. Chiarulli, S. Levitan, R. Melhem, J. Teza, and G. Gravenstreter. Partitioned OptialPassive Star (POPS) Topologies for Multiproessor Interonnetion Networks with DistributedControl. IEEE/OSA Journal of Lightwave Tehnology, 14(7):1601{1612, 1996.[14℄ T. Chih, J. Cohen, and P. Fraigniaud. Unslotted deetion routing: a pratial protool formultihop optial networks. IEEE/ACM Transations on Networking, 2001.[15℄ I. Chlamta and A. Fumagalli. Quadro-star: A high performane optial WDM star network.IEEE Transations on Communiations, 42(8):2582{2591, August 1994.[16℄ F. R. K. Chung, E. G. Co�man, M. I. Reiman, and B. Simon. On the apaity and forwardingindex of ommuniation networks. IEEE Trans. on Information Theory, 33:224{232, 1987.[17℄ C. Clos. A study of non-bloking swithing networks. Bell System Tehnial Journal, 1953.[18℄ D. Coudert, A. Ferreira, and X. Mu~noz. A multihop-multi-ops optial interonnetion network.IEEE/OSA Journal of Lightwave Tehnology, 18(12):2076{2085, Deember 2000.[19℄ D. Coudert, A. Ferreira, and X. Mu~noz. Topologies for optial interonnetion networks basedon the optial transpose interonnetion system. OSA Applied Optis { Information Proessing,39(17):2965{2974, June 2000.[20℄ D. Coudert, A. Ferreira, and S. Perennes. De Bruijn Isomorphisms and Free Spae OptialNetworks. In IEEE International Parallel and Distributed Proessing Symposium, pages 769{774. IEEE Press, 2000.[21℄ K. Day and A-E. Al-Ayyoub. Topologial Properties of OTIS-Networks. IEEE Transationson Parallel and Distributed Systems, to appear.[22℄ X. Deng and C.H. Papadimitriou. Exploring an unknown graph. Journal of Graph Theory,32:265{297, 1999.[23℄ D. Dolev, J. Halpern, B. Simons, and H. Strong. A new look at fault tolerant network routing.Information and Computation, 72:180{196, 1987.[24℄ C. Dragone. EÆient N � N Star Couplers using Fourier Optis. IEEE/OSA Journal ofLightwave Tehnology, 7(3):479{489, Marh 1989.[25℄ V. Eramo and M. Listanti. Paket loss in a bu�erless optial WDM swith employing sharedtunable wavelength onverters. IEEE/OSA Journal of Lightwave Tehnology, 18(12):1818{1833, Deember 2000.[26℄ J. F�abrega and M. A. Fiol. Maximally onneted digraphs. J. Graph Theory, 13:657{668,1989.[27℄ A. Ferreira. Towards e�etive models for Optial Passive Star based lightwave networks. InP. Berthom�e and A. Ferreira, editors, Optial Interonnetions and Parallel Proessing: Trendsat the Interfae, pages 209{233. Kluwer Aademi, 1997.[28℄ M. Fiol, J. Yebra, and I. Alegre. Line digraphs iterations and the (d,k) digraph problem. IEEETransations on Computers, 33:400{403, 1984.12



[29℄ D. Gardner, P. Marhand, P. Harvey, L. Hendrik, and S. Esener. Photorefrative BeamsplitterFor Free Spae Optial Interonnetion Systems. OSA Applied Optis, 37(26):6178{6181,September 1998.[30℄ M.-C. Heydemann, J. C. Meyer, and D. Sotteau. On forwarding indies of networks. Dis.Appl. Math, 23:103{123, 1989.[31℄ J. Hromkovi, R. Klasing, B. Monien, and R. Peine. Dissemination of information in interon-netion networks (broadasting and gossiping). 1996.[32℄ M. Imase, T. Soneoka, and K. Okada. A fault-tolerant proessor interonnetion network.Systems and Computers in Japan, 17(8):21{30, 1986.[33℄ W.H. Kautz. Bounds on direted (d,k) graphs. Theory of ellular logi networks and mahines.AFCRL-68-0668, SRI Projet 7258, Final report, pages 20{28, 1968.[34℄ M. Livingstone and Q.F. Stout. Embeddings in hyperubes. Mathematial and ComputerModelling, 44(11):222{227, 1987.[35℄ G. Marsden, P. Marhand, P. Harvey, and S. Esener. Optial transpose interonnetion systemarhitetures. OSA Optis Letters, 18(13):1083{1085, July 1993.[36℄ P. Morillo, M. A. Fiol, and J. Guitart. On the (�; d; d0; s){digraph problem. In A.A.E.C.C.Leture Notes in Computer Siene, volume 356, pages 334{340. Springer Verlag, 1989.[37℄ B. Mukherjee. Optial Communiation Networks. Series on Computer Communiations.MGraw-Hill, 1997.[38℄ J. Naor, A. Orla, and R. Rom. Sheduled hot-patato routing. Journal of Graph Algorithmsand Appliations, 2(4):1{20, 1998.[39℄ S. Sahni. The partitioned optial passive stars network: Simulations and fundamental opera-tions. IEEE Transations on Parallel and Distributed Systems, 11(7):739{748, 2000.[40℄ V. Tarokh, N. Seshadri, and A. R. Calderbank. Spae{time odes for high data rate wirelessommuniation: performane riterion and ode onstrution. IEEE Trans. on Inform. Th.,44(2):744{765, Marh 1998.[41℄ F. Zane, P. Marhand, R. Paturi, and S. Esener. Salable Network Arhitetures Using TheOptial Transpose Interonnetion System (OTIS). Journal of Parallel and Distributed Com-puting, 60(5):521{538, 2000.

13


