
Performane of multipoint relaying in ad homobile routing protoolsPhilippe Jaquet1, Anis Laouiti1, Pasale Minet1, and Laurent Viennot1INRIADomaine de Volueau78153 Le Chesnay edexFranefphilippe.jaquet, anis.laouiti, pasale.minet, laurent.viennotg�inria.frAbstrat. We analyze the performane of ad ho pro-ative routing pro-tools. In partiular we fouse on the multipoint relay onept introduedin OLSR protool and whih brings a signi�ant improvement in broad-ast ontrol traÆ overhead.We analyze the performane in two radionetwork model: the random graph model and the unit graph model. Therandom graph is more suitable for the modelization of indoor networks.The unit graph is more suitable for outdoor networks. We ompare theperformane of OLSR with the performane of basi link state protoolsusing full ooding.1 IntrodutionRadio networking is emerging as one of the most promising hallenge madepossible by new tehnology trends. Mobile Wireless networking brings a newdimension of freedom in internet onnetivity. Among the numerous arhite-tures that an be adapted to radio networks, the Ad ho topology is the mostattrative sine it onsists to onnet mobile nodes without pre-existing infras-truture. When some nodes are not diretly in range of eah other there is aneed of paket relaying by intermediate nodes. The working group MANet ofInternet Engineering Task Fore (IETF) is standardizing routing protool forad ho wireless networking under Internet Protool (IP). In MANet every nodeis a potential router for other nodes. The task of speifying a routing protoolfor a mobile wireless network is not a trivial one. The main problem enounterdin mobile networking is the limited bandwidth and the high rate of topologialhanges and link failure aused by node movement. In this ase the lassial rout-ing protool as Routing Internet Protool (RIP) and Open Shortest Path First(OSPF) �rst introdued in ARPANET [1℄ are not adapted sine they generatetoo muh ontrol traÆ and an only aept few topology hanges per minute.MANet working group proposes two kinds of routing protools: the reativeprotools and the pro-ative protools. The reative protools suh as AODV [3℄,DSR [2℄, and TORA [4℄, do not need ontrol exhange data in absene of datatraÆ. Route disovery proedure is invoked on demand when a soure has a newonnetion pending toward a new destination. The route disovery proedure in



2 P. Jaquet, A. Laouiti, P. Minet, L. Viennotgeneral onsists into the ooding of a query paket and the return of the routeby the destination. The exhaustive ooding an be very expensive, thus reatingdelays in route establishment. Furthermore the route disovery via ooding doesnot guarantee to reate optimal routes in terms of hop-distane.The pro-ative protools suh as Optimized Link State Routing (OLSR) [5℄,TBRPF [6℄, need periodi update with ontrol paket and therefore generates anextra traÆ whih adds to the atual data traÆ. The ontrol traÆ is broad-asted all over the network via optimized ooding. Optimized ooding is possiblesine nodes permanently monitor the topology of the network. OLSR uses multi-point relay ooding whih very signi�antly redue the ost of suh broadasts.Furthermore, the node have permanent dynami database whih make optimalroutes immediately available on demand. The protool OLSR has been adaptedfrom the intra-forwarding protool in HIPERLAN type 1 standard [7℄. Most ofthe salient features of OLSR suh as multipoint relays and link state routing arealready existing in the HIPERLAN standard.The aim of the present paper is to analyze the performane of the multipointrelaying onept of OLSR under two models of network: the random graph modeland the unit graph model. The paper is divided into four main setions. The useof analytial models is very interesting beause it aptures the essential of thealgorithms that annot be aptured by simulations beause of the ombinatorisexplosion of parameters to tune. This follows the �rst attempts of ad ho routinganalytial modeling in [15, 16℄. The �rst setion summarizes the main feature ofOLSR protool. The seond setion introdues and disusses the graph models.The third setion develops the performane analysis of OLSR with respet tothe graph models. We give few theoretial theorems about the performane ofmultipoint relaying without proof due to the lak of plae but with due refereneto reports and artile ontaining in extenso the proofs (mostly in the researhreport [14℄).2 The Optimized Link State Routing protool2.1 Non optimized link state algorithmBefore introduing the optimized link state routing we make a brief reminderabout non optmized link state suh as OSPF. In an ad ho network, we all link,a pair of two nodes whih an hear eah other. In order to ahieve uniast trans-mission, it is important here to use bidiretionnal link (IEEE 802.11 radio LANstandard requires a two way paket transmission). However due to sensitivityof power disrepanies, unidiretional links an arise in the network. The useof unidiretional links is possible but require di�erent protools and is omittedhere. Eah link in the graph is a potential hop for routing pakets. The aim of alink state protool is that eah node has suÆient knowledge about the existinglink in the network in order to ompute the shortest path to any remote node.Eah node operating in a link state protool performs the two following tasks:{ Neighbor disovery: to detet the adjaent links;



Performane of multipoint relaying 3{ Topology broadast: to advertize in the whole network about importantadjaent links.By important adjaent links we mean a subset of adjaent links that permit theomputation of the shortest path to any destination.The simplest neighbor disovery onsists for eah node to periodially broad-ast full hello pakets. Eah full hello paket ontains the list of the hearedneighbor by the node. The transmission of hello pakets is limited to one hop.By omparing the list of heared nodes eah host determine the set of adjaentbidiretional links.A non optimized link state algorithm performs topology broadast simplyby periodially ooding the whole network with a topology ontrol paket on-taining the list of all its neighbor nodes (i.e. the heads of its adjaent links). Inother words, all adjaent links of a node are important. By ooding we meanthat every node in the network re-broadast the topology ontrol paket uponreeption. Using sequene number prevents the topology ontrol paket to beretransmitted several times by the same node. The number of transmissions ofa topology ontrol paket is exatly N , when N is the total number of in thenetwork, and when retransmission and paket reeption are error free.If h is the rate of hello transmission per node and � the rate of topology on-trol generation, then the atual ontrol overhead in terms of paket transmittedof OSPF is hN + �N2 (1)In terms of bytes transmitted, more preisely in IP addresses unit, the over-head is hNM + �N2M (2)where M is the average number of adjaent links per node. If M is of the sameorder thanN then the overhead is ubi inN . Notie that the topology broadastoverhead is one order of magnitude larger than the neighbor disovery overhead.Notie that for non-optimized link state routing the hello and topology on-trol paket an be the same.2.2 OLSR and MultiPoint Relay nodesThe Optimized Link State Routing protool is a link state protool whih opti-mizes the ontrol overhead via two means:1. the important adjaent links are limited to MPR nodes;2. the ooding of topology ontrol paket is limited to MPR nodes (MPR ood-ing).The onept of MultiPoint Relay (MPR) nodes has been introdued in [7℄.By MPR set we mean a subset of the neighbor nodes of a host whih oversthe two-hop neighborhood of the host. The smallest will be the MPR set the



4 P. Jaquet, A. Laouiti, P. Minet, L. Viennotmore eÆient will be the optimization. We give a more preise de�nition of themultipoint relay set of a given node A in the graph. We de�ne the neighborhoodof A as the set of nodes whih have an adjaent link to A. We de�ne the two-hop neighborhood of A as the set of nodes whih have an invalid link to A buthave a valid link to the neighborhood of A. This information about two-hopneighborhood and two-hop links are made available in hello pakets, sine everyneighbor of A periodially broadasts their adjaent links. The multipoint relayset of A (MPR(A)) is a subset of the neighborhood of A whih satis�es thefollowing ondition: every node in the two-hop neighborhood of A must have avalid link toward MPR(A).The smaller is the Multipoint Relay set is, the more optimal is the routingprotool. [13℄ gives an analysis and examples about multipoint relay searhalgorithms. The MPR ooding an be used for any kind of long hole broadasttransmission and follows the following rule:A node retransmits a broadast paket only if it has reeived its �rst opyfrom a node for whih it is a multipoint relay.Referene [7℄ gives a proof that suh ooding protool (seletive ooding) even-tually reahes all destinations in the graph.[7℄ also gives a proof that for eahdestination in the network, the subgraph made of all MPR links in the networkand all adjaent links to host A ontains a shortest path with respet to theoriginal graph.Therefore the multipoint relays improve routing performane in two aspets:�rst it signi�antly redues the number of retransmissions in a ooding or broad-ast proedure; seond it redues the size of the ontrol pakets sine OLSR nodesonly broadast its multipoint relay list instead of its whole neighborhood list ina plain link state routing algorithm.In other words if DN is the average number of MPR links per node andRN the average number of retransmission in an MPR ooding, then the ontroltraÆ of OLSR is, in paket transmitted:hN + �RNN ; (3)and, in IP addresses transmitted:hMN + �RNDNN : (4)Notie that when the nodes selets all their adjaent links as MPR links, wehave DN =M and RN = N : we have the overhead of a full link state algorithm.However we will show that straightforward optimizations make DN � M andRN � N gaining several orders of magnitude in topology broadast overhead.Notie that the neighbor disovery overhead is unhanged. Summing both over-head we may expet that OLSR has an overhead redued of an magnitude orderwith respet to full link state protool.The protool as it is proposed in IETF may di�er to some details fromthis very simple presentation. The reason is for seond order optimization with



Performane of multipoint relaying 5regards to mobility for example. For example hosts in atual OLSR do notadvertize their MPR set but their MPR seletor set, i.e. the subset of neighbornodes whih have seleted this host as MPR.2.3 MPR seletionFinding the optimal MPR set is an NP problem as proven in [8℄. However thereare very eÆient heuristis. Amir Qayyum [13℄ has proposed the following one:1. selet as MPR, the neighbor node whih has the largest number of links inthe two-hop neighbor set;2. remove this MPR node from the neighbor set and the neighbor nodes of thisMPR node from the two-hop neighbor set;3. the previous steps until the two-hop neighbor set is empty.An ultimate re�nement is a prior operation whih onsists into deteting inthe two-hop neighbor the node whih have a single parent in the neighbor set.These parents are seleted as MPR and are eliminated from the neighbor set,and their neighbor are eliminated in the two-hop neighbor set.It is proven in [8, 10℄ that this heuristi is optimal by a fator logM whereM is the size of the neighbor set (i.e. the heuristial MPR set is at most logMtimes larger than the optimal MPR set).3 The graph modelsThe modelization of ad ho mobile network is not an easy task. Indeed theversatility of radio propagation in presene of obstales, distane attenuationand mobility is the soure of inommensurable diÆulties. In passing one shouldnotie that mobility not only enompass host mobility but also the mobility ofthe propagation medium. For example when a door is open in a building, thenthe distribution of links hange. If a truk passes between two host it may swithdown the link between them. In this perspetive building a realisti model thatis tratable by analysis is hopeless. Therefore we will fouse to build modelsdediated to spei� senarios.There are two kinds of senarios: the indoor senarios and the outdoor se-narios. For the indoor senario we will use the random graph model. For theoutdoor senarios we will use the random artesian graph model. The most re-alisti model lies somewhere between the random graph model and the randomartesian graph model.3.1 The random graph model for indoor networksIn the following we onsider a wireless indoor network made ofN nodes. The linksare distributed aording to a random graph with N verties an link probabilityp. In other words, a link exists between two given nodes with probability p.
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Fig. 1. A random graph with n = 10 and p = 0:7, generated by MapleLink's existene are independent from one pair of nodes to another. Figure 1shows an example of a random graph with (N; p) = (10; 0:7), the nodes havebeen drawed in onentri mode just for onveniene.The random graph model impliitly aknowledge the fat that in an indoornetwork, the main ause of link obstrution is the existene of random obsta-le (wall, furniture) between any pair of nodes. The fat that the links are in-dependently distributed between node pairs assumes that these obstales areindependly distributed with respet to node position, whih of ourse is neverompletely true. However the random graph model is the simplest satisfatorymodel of indoor radio network and provides exellent results as a starting point.When the network is stati, then the graph does not hange during the time.It is lear that nodes does not frequently hange position in indoor model, butthe propagation medium an vary. In this ase the random graph may varywith the time. One easy way to model time variation is to assume random andindependent link lifetime. For example, one an de�ne � as link variation rate, i.e.the rate at whih eah link may ome down or up. During an interval [t; t+ dt℄a link an hange its status with probability �dt, i.e. it takes status \up" or\down" with probability p, independently of its previous status. The e�et ofmobility won't be investigated in the present paper.3.2 The random Unit graph model for outdoors networksTo explain this kind of graph it suÆes to refer to a very simple example. Let L bea non-negative number and let us de�ne a two-dimensional square of size L�Lunit lengths. Let onsider N nodes uniformly distributed on this square. Theunit graph is the graph obtained by systematially linking pairs nodes when



Performane of multipoint relaying 7their distane is smaller or equal to the unit length. This model of graph iswell adapted to outdoor networks where the main ause of link failure is theattenuation of signal by the distane. In this ase the area where a link anbe established with a given host is exatly the disk of radius the radio rangeentered on the host. However the presene of obstale may give a more twistedshape to the reeption area (that may not be single onneted).Figure 2 shows a random unit graph of dimension two. The random unitgraph is built in two step: the �rst step is the uniform distribution of the pointon the retangle area; the seond step is the link distribution between node pairaording to their distane.
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0 1 2 3 4Fig. 2. The random Unit graph derived from random forty points loations in a 5� 4retangleThe reeption area may also hange with the time, due to node mobility,obstale mobility, noise or atual data traÆ. In the present paper we will assumethat the network is stati.Of ourse, the unit graph an be de�ned on other spae than the plane.For example a unit graph an be de�ned on a 1D segment, modeling a mobilenetwork made of ars on a road. It an be a ube in the air, modeling a mobilenetwork made of airplanes, for example.4 Analysis of OLSR in the random graph modelThe proof of the results listed in this setion an be found in [9℄.



8 P. Jaquet, A. Laouiti, P. Minet, L. ViennotMost pro-ative protools (like OLSR) have the advantage to deliver optimalroutes (in term of hop number) to data transfers (the proof of this is in [7℄and [14℄). The analysis of optimal routes is very easy in random graph modelssine a random graph tends to be of diameter 2 when N tends to in�nity with�xed p.Theorem 1. The optimal route between two random nodes in a random graph,when N tends to in�nity, is either of length 1 with probability p,or of length 2with probability q = 1� p.Theorem 2. For all " > 0, the optimal MPR set size DN of any arbitrarynode is smaller than (1+ ") logN� log q with probability tending to 1 when N tends toin�nity.Notie that DN = O(logN) whih very favorably ompares to the size of thethe whole host neighborhood whih (in average pN) and onsiderably reduesthe topology broadast.Theorem 3. The broadast or ooding via multipoint relays takes in average anumber RN of retransmissions smaller than (1 + ") logN�p log q .Corollary 1. The ost of OLSR ontrol traÆ for topology broadast in therandom graph model is O(N(logN)2) ompared to O(N3) with plain link statealgorithm.Remark: Notie that the neighbor sensing in O(N2) is now the dominant soureof ontrol traÆ overhead.
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Performane of multipoint relaying 95 Analysis of OLSR in the random Unit graph5.1 Results in 1D and 2D random unit graphsWe present results for 1D and 2D random unit graphs. The proof of the resultsshown in this setion an be found in [14℄. A 1D Unit graph an be made of Nnodes uniformly distributed on a strip of land whose width is smaller than theradio range (set as unit length). We assume that the length of the land strip isL unit length.Theorem 4. The size of the MPR set DN of a given host is 1 when the host isat less than one radio hop to the end to one end of the strip, and 2 otherwise.Theorem 5. The MPR ooding of a broadast message originated by a randomnode takes RN = bL retransmission of the message when N tends to in�nityand L is �xed.Notie this is assuming an error free retransmission. In ase of error, theretransmission stops at the �rst MPR whih does not reeive orretly the mes-sage. In order to ope with this problem one may have to add redundane in theMPR set whih might be too small with regard to this problem.Notie that these �gures favorably ompare with plain link state whereDN =M = N=L and RN = N .The analysis in 2D is more interesting beause it gives less trivial results.Theorem 6. When L is �xed and N inreases, then the average size of theMPR set, DN tends to be smaller than 3�(N=(3L2))1=3 = 3�(M=(3�))1=3.Notie that this �gure ompares favorably with plain link state where DN =M = N=L2.Figure 4 displays simulation results for dimension 2. The heuristi has beenapplied to the entral node of a random 4 � 4 unit graph. The onvergene inM1=3 is learly shown. Notie that in this very ase the upper bound of DN is atleast greater by a fator 2 than atual values obtained by simulations. Figure 5summarizes the results obtained for quantity DN in the random graph modelfor dimension 1 and 2. The results for dimension 2 have been simulated.Theorem 7. The MPR ooding of a broadast message originated by a randomnode takes RN = O((NL4)1=3) retransmissions of the message when N tends toin�nity and L is �xed.5.2 Comparison with dominating set oodingIn [11℄ Wu and Li introdued the onept of dominating set. They introdued twokinds of dominating set that we will all, the rule 1 dominating set and the rule2 dominating set. In this setion we establish quantative omparisons betweenthe performane of dominating set ooding and MPR ooding. In partiular we
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MFig. 4. Bottom: simulated quantityDN=M1=3 versus the number of neighborM for theentral position in a 4� 4 random unit graph,top: upper bound obtained in theorems.will show that dominating set oodings does not outperform signi�antly fullooding in random graph models and in random unit graph of dimension 2 andhigher. Rule 1 dominating set does not outperform signi�antly full oodingin random unit graph model of dimension 1. MPR ooding outperforms bothdominating set ooding in any graph models studied in this paper.The dominating set ooding onsists into restriting the retransmission ofa broadast message to a subset of nodes, alled the dominating set. Rule 1and rule 2 onsist into two di�erent rules of dominating set seletion. The rulesonsist into ompairing neighbor sets (for example by heking hellos). For anode A we denote by N (A), the neighbor set of node A.In rule 1, a node A does not belong to the dominating if and only if thereexists a neighbor B of A suh that1. B is in the dominating set;2. the IP address of B is higher than the IP address of A;3. N (A) � N (B).In this ase one says that B dominates A in rule 1.In rule 2, a node A does not belong to the dominating if and only if thereexist two neighbor B and C of A suh that1. B and C are in the dominating set;2. nodes B and C are neighbors;3. the IP addresses of B and C are both higher than the IP address of A;4. N (A) � N (B) [N (C).
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Fig. 5. Unit graph model from bottom to top, average number of MPR for 1D, 2D andfull links state protool versus the average number of neighbor nodes M .In this ase one says that (B;C) dominates A in rule 2.We �rst, look at the performane of dominating set ooding in the randomgraph model (N; p).Theorem 8. The probability that a node in a random graph (N; p) does notbelong to the dominating set is smaller than N(1 � (1 � p)p)N in rule 1, andsmaller than N2(1� (1� p)2p)N in rule 2.Theorem 9. In the random unit graph model of dimension 1, assuming inde-pendene between node loation and node IP addresses, the probability that anode does not belong to the dominating set in rule 1 is smaller than 4M and theaverage size of the dominating set in rule 2 is maxf0; 2L� 1g.Remark: The proofs of these theorem an be found in [14℄. The density of thedominating set in rule 2 is twie than the density of retransmitters in MPRooding when the network model is the random unit graph of dimension one.In random graph of dimension 2 and higher the probabilities that a node doesnot belong to the dominating set in rule 1 or in rule 2 are O(1=M) sine it isimpossible to over one unit disk with two unit disk that have di�erent enters.6 Conlusion and further worksWe have presented a performane evaluation of OLSR mobile ad-ho routingprotools in the random graph model and in the random unit graph model.
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