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AbstratThis tehnial report onsiders the problem of providing a geoast servie, whih isuseful for sending messages to everyone in a spei�ed geographial region, in mobile ad honetworks. In the report, a novel geoasting algorithm ombining uniasting and oodingis proposed for an eÆient geoast paket delivery. TORA (uniast) routing protoolis �rst modi�ed to be able to perform anyasting servie. Our geoasting algorithm isthen obtained using a small variation on the anyasting protool. The proposed protool,named GeoTORA, also inorporates ooding, but ooding is limited to nodes within asmall region. This integration of TORA and ooding an signi�antly redue the overheadof geoast delivery, while maintaining reasonably high auray.1 IntrodutionGeoasting has been proposed as a mehanism to deliver messages of interest to all hosts withina given geographial region [21℄. In traditional multiasting, a host beomes a member of themultiast group by expliitly joining the multiast group. On the other hand, a host automat-ially beomes a member of a geoast group if its loation belongs to the region spei�ed for�This researh is supported in part by National Siene Foundation grants ANI-9976626 and ANI-9973152.yThis tehnial report is a revised version of [18℄. 1



the geoast { this region is referred to as the geoast region [17℄. Thus, the set of nodes in thegeoast region is said to form the geoast group. For a node to be able to determine whether itbelongs to a geoast group or not, the node should be able to know its own physial loation.A node an determine its loation, for instane, using the Global Positioning System (GPS)[1℄.Imielinski and Navas [21, 14℄ proposed approahes for geoasting in the internet. Ko andVaidya [17℄ have proposed the use of geoasting in mobile ad ho networks, and presented aprotool based on ooding. This report improves on the algorithm presented in [17℄.The proposed protool in this tehnial report is named \GeoTORA", beause it isderived from the TORA (uniast) routing protool [24℄. TORA is �rst modi�ed to be able toperform anyast and our GeoTORA protool is then obtained using a small variation on theanyasting protool. Flooding is also inorporated in GeoTORA, but it is limited to nodeswithin a small region. This integration of TORA and ooding an signi�antly redue theoverhead of geoast delivery, while maintaining high auray, as shown in this report.This report is organized as follows. Setion 2 summarizes related work. Setion 3 presentsa general desription of GeoTORA, without presenting any implementation details. A moredetailed desription of TORA and GeoTORA is presented in Setions 4 and 5. Performaneevaluation results are disussed in Setion 6. Finally, Setion 7 presents our onlusions.2 Related WorkThis report presents a new algorithm for geoasting in mobile ad ho networks. A mobile adho network onsists of mobile hosts that ommuniate with eah other over wireless links [7℄.In a mobile ad ho network, typially, all mobile hosts behave as routers. A route between apair of nodes in a mobile ad ho network may go through several other mobile nodes. Theseroutes an hange when hosts1 hange loation. Therefore, there has been signi�ant researhon the development of (uniast) routing protools for mobile ad ho networks [2, 4, 6, 12, 15,16, 19, 24, 26, 28℄.In addition to the above work on uniast routing in ad ho networks, there has been sig-ni�ant work on multiasting as well, and several approahes have been proposed [3, 5, 11, 13, 20,22, 27, 29℄. The shemes for multiasting an be broadly divided into two types: ooding-basedshemes and tree-based shemes. Both approahes have their advantages and disadvantages.1We will use the terms node and host interhangeably.2



Flooding-based shemes do not need to maintain as muh network state as the tree-based proto-ols. On the other hand, ooding-based shemes an potentially deliver the multiast pakets toa large number of nodes who do not wish to reeive them (i.e., nodes whih do not belong to themultiast group). Tree-based shemes tend to avoid this drawbak of ooding-based shemes,at the ost of inreased overhead in tree maintenane.As noted earlier, the onept of geoasting was introdued by Imielinski and Navas [21℄.They also presented an arhiteture to implement geoasting in the internet. Reently, Koand Vaidya [17℄ presented the so-alled Loation-Based Multiast (LBM) algorithm that usesooding to deliver a geoast paket. However, to redue the propagation of the ood, LBMlimits the ood to a forwarding zone { the forwarding zone overs a subset of the network,and is determined based on the loation of the sender and oordinates of the geoast region.Although the algorithm in [17℄ is able to limit the ood of geoast pakets to a relatively smallregion, still many nodes outside the geoast region tend to reeive the geoast paket.3 A Simpli�ed Desription of GeoTORAThis setion presents a simpli�ed desription of the GeoTORA protool. Sine GeoTORA isbased on TORA [24℄, we begin with an abstrat desription of TORA.3.1 TORA ProtoolTORA (Temporally Ordered Routing Algorithm) is one of a family of link reversal algorithms[10℄ for routing in ad ho networks. For eah possible destination in the ad ho network, TORAmaintains a destination-oriented direted ayli graph (DAG). In this graph struture, startingfrom any node, if links are followed in the logial diretion of the links, the path leads to theintended destination. TORA uses the notion of heights to determine the diretion of eah link{ we will disuss this in greater detail later. Despite dynami link failures, TORA attemptsto maintain the destination-oriented DAG suh that eah node an reah the destination, asillustrated below.Figure 1 illustrates how link reversal is performed in TORA. An arrow onneting a pairof nodes in this �gure implies that the two nodes an ommuniate with eah other. That is, thephysial link between the two nodes is bidiretional. However, the TORA algorithm imposes alogial diretion on the links, as illustrated in Figure 1(a) { this �gure shows the destination-3
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(d)(a)Figure 1: Route Maintenane in TORA: Route maintenane is required due to failure of thelink between nodes D and F. In the �gure, a link that has been reversed sine the initial state isshown as a dashed line.oriented DAG with node G being the destination. Observe that, starting from any node in thegraph, the destination G an be reahed by simply following the direted links.Now assume that the link between nodes D and F breaks (perhaps beause node F movesaway from node D). Then, in the destination-oriented DAG, node D does not have any outgoinglogial link. In response, TORA reverses logial diretion of the (D,B) and (D,C) links, asshown in Figure 1(b). Now, node C does not have any outgoing logial link. In response, logialdiretion of link (B,C) is reversed2, resulting in the graph in Figure 1(). Now sine node B doesnot have any outgoing logial link, the logial diretion of link (A,B) is reversed, resulting in thedestination-oriented DAG in Figure 1(d). In this state, eah node (other than the destinationG) has an outgoing logial link, and is able to reah the destination node G by following thedireted links.3.2 Anyasting Using Modi�ed TORATo implement GeoTORA, we �rst modify TORA to be able to perform anyast [9, 25℄. Toperform an anyast, an anyast group is de�ned { anyast group onsists of a subset of thenodes in the network. When a node sends a message to the anyast group, the message isdelivered to any one member of the anyast group.While TORA maintains a DAG for eah destination, the anyasting algorithm wouldmaintain a single DAG for a given anyast group. Observe that, in steady state, when usingTORA, only the intended destination node is a sink node in its destination-oriented DAG.To perform anyasting, we modify TORA to maintain a DAG struture suh that all nodes2TORA employs a partial reversal algorithm. Thus, only some or all inoming links at a node may be reversed.4



belonging to the anyast group are sinks. In this ase, a link that is between two nodes belongingto anyast group is not given a logial diretion.Figure 2 illustrates the anyast sheme. In this ase, let us assume that nodes A, B, C andD belong to the anyast group. The present DAG struture is shown in Figure 2(a). Observethat links with both endpoints in the set fA,B,C,Dg do not have any logial diretion. Fromany node that is outside the anyast group, following the direted links leads to one memberof the anyast group. Now, suppose that node G moves, breaking link (A,G) { the resultingDAG struture is shown in Figure 2(b). Observe that now node G does not have any outgoinglink. In response, the logial diretion of link (G,J) is reversed, resulting in the DAG shown inFigure 2(). Now all nodes that are outside the anyast group have an outgoing link (and apath to at least one node in the anyast group).
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Figure 2: Anyasting using modi�ed TORA3.3 GeoTORA ProtoolThe GeoTORA protool is obtained using a small variation on the above anyasting protool.Consider the system shown in Figure 3(a). In this ase, let us assume that the irle representsthe geoast region. Thus, the geoast group at the present time is the set of nodes fA,B,C,Dg.GeoTORA maintains a single DAG for eah geoast group { the DAG is updated when mem-bership of the geoast group hanges.To perform geoasting using GeoTORA, �rst, a sender node essentially performs ananyast to the geoast group members { similar to the above anyast protool, in GeoTORA,logial direted links are set up suh that a node wishing to perform a geoast an reah any5



one node in the geoast group by simply forwarding the paket on any outgoing link. Whenany node in the geoast group reeives the paket, it oods the paket suh that the oodingis limited to the geoast region { to ahieve this, only nodes that are within the geoast region(i.e., the geoast group members) forward the ooded paket; other nodes simply drop theooded paket. To ensure that a given node does not forward a ooded paket more than one,a sequene number is attahed to eah paket, similar to the ooding shemes used in otherprotools [16, 19℄.For instane, if node E in Figure 3(a) wants to perform a geoast, it forwards the geoastpaket to node G, along the outgoing link (E,G). Node G, in turn, forwards the paket to nodeA. Sine node A is in the geoast region, it initiates a ooding of the paket limited to thegeoast region. Nodes B and C, on reeiving the paket from node A, forward the paket totheir neighbors. When node A reeives the paket from node B or C, it does not forward thepaket, sine node A has already one forwarded the paket to its neighbors. In this manner,the paket will reah nodes A, B, C and D that belong to the geoast region.
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Figure 3: Geoasting using GeoTORASine mobile hosts may move into and out of the geoast region, the set of nodes in thegeoast group an hange dynamially. Thus, we need to inorporate mehanisms to allow anode that is not a sink (i.e., a group member) to beome a sink, and vie versa. GeoTORAinorporates suh mehanisms, as desribed in more detail in the next setion. Here we explainthe behavior of the protool by ontinuing with our example.Again, onsider Figure 3(a). Now suppose that node C moves out of the geoast region,and node K moves into the geoast region simultaneously. The resulting DAG (after GeoTORAtakes appropriate steps) is shown in Figure 3(b). Observe that node K has now beome a sink,6



and node C is no more a sink. Sine node K has moved loser to node A, a link exists betweennodes A and K. However, this link is not given a logial diretion, sine nodes A and K are nowboth in the geoast region.There are two other possibilities that need to be handled in GeoTORA: (a) GeoTORAneeds to handle the ase when all the geoast members may be partitioned from some of theother nodes in the network. (b) GeoTORA also needs to handle the ase when the geoast regionis empty. In this ase, eventually, some node may again enter the geoast region. Thus, thetransitions between a non-empty geoast group and an empty geoast group must be onsidered.4 Temporally-Ordered Routing Algorithm (TORA) [24℄Sine GeoTORA is based on TORA, we now present some more details of TORA3. Readersfamiliar with the details of TORA may omit this setion without loss of ontinuity. TORAprovides loop-free, (potentially) multiple routes from any soure to a desired destination. Inorder to forward data pakets to a given destination, a node simply needs to maintain diretionfor its links. Logial diretion of a link between a pair of nodes is determined by assigning aheight to eah node. The logial links are onsidered to be direted from nodes with higherheight towards nodes with lower height { lexiographi ordering on height is used sine height isde�ned as a �ve-tuple, (� ,oid,r,Æ,i), as explained below. The height onsists of two omponents:a referene level represented by the �rst three omponents of the �ve-tuple, and a delta withrespet to the referene level, represented by the last two omponents of the �ve-tuple. Eahomponent of the �ve-tuple is explained below:� � : A new referene level is de�ned eah time a node loses its last outgoing link. � is a tagthat represents the time of the link failure.� oid (originator id): Unique identi�er of the node that de�ned the new referene level.The oid ensures that the referene levels an be totally ordered lexiographially even ifmultiple nodes de�ne referene levels simultaneously.� r: Reetion indiator bit. This bit is initially set to 0. As seen earlier, when a node doesnot have any outgoing links as a result of a link failure, it reverses some (or all) of its3Due to lak of spae, it is not possible to illustrate all details of TORA with suÆient larity. The readersare referred to [24℄ for further explanations. 7



inoming links. The reation to a link failure propagates through other nodes that havelost all their routes to the destination, as a result of the link failure. When the reationpropagates to a node that originally had only outgoing links, but now has no outgoinglinks (sine all the outgoing links were reversed by its neighbors), the node \reets" thelink reversals, by setting its height higher than any of its neighbors. The r bit is used forthis purpose.� Æ: Propagation ordering parameter. The use of this parameter will be explained by meansof an example below.� i: Unique node identi�er (ID)
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Figure 4: Route Creation Phase in TORA: In the �gure, a irle around a node indiates thatthe route-required ag is set. Arrows on eah wireless link points from the higher height node tothe lower height node. The height is depited as a 5-tuple, as explained in the ontext.TORA performs three basi funtions: route reation, route maintenane, and route era-sure. Three ontrol pakets { query (QRY), update (UPD), and lear (CLR) { are used toaomplish these funtions. Creating routes from various soures to the destination orresponds8



to establishing a sequene of direted links from eah soure to the destination. This is aom-plished by maintaining a direted ayli graph (DAG) rooted at the destination. A query/replyproess with QRY and UPD pakets is used for building the destination-oriented DAG. Figure 4illustrates the proess of route reation, with time inreasing from Figure 4(a) to Figure 4(f).Initially, as shown in Figure 4(a), height Hi of eah node i (other than the destination)is set to NULL { spei�ally, Hi = (�;�;�;�; i). Note that although the last omponent inHi is not null, the height is onsidered to be equal to NULL. The destination node G sets itsheight to be ZERO = (0; 0; 0; 0; G). Now, when any node with no outgoing links (for instane,node A in Figure 4(a)) requires a route to the destination (node G in Figure 4), it broadasts aQRY paket to all of its neighbors and sets a route-required ag. When a node, say X, reeivesa QRY paket, it reats in aordane with the following rules:a) If node X has no downstream links and its route-required ag is un-set, then it just forwardsthe QRY to neighbors, while setting the route-required ag. Note that a link between twonodes whose height is NULL is onsidered undireted. On the other hand, a NULL heightis onsidered to be higher than any non-NULL height.Observe that nodes B and E in Figure 4(b) apply this rule on reeiving a QRY from nodeA, and forward the QRY paket to their neighbors. In Figure 4, a double irle around anode indiates that the route-required ag is set at that node.b) If node X has no downstream links, but its route-required ag is set, then node X simplydisards the reeived QRY paket. For example, when node A reeives a QRY from nodesB or E, it will drop the QRY without any further reations (sine node A's route-requiredag was set when it forwarded the query to its neighbors).) If node X has at least one downstream link and its height is NULL, it modi�es value ofÆ in its height, based on the relative height metri of neighboring nodes. Thus, node Xhanges its urrent NULL height (-,-,-,-,X) to (� ,oid,r,Æ+1,X), where (� ,oid,r,Æ,i) is theminimum height of its non-NULL neighbors (this height orresponds to some neighbornode, i). Also, node X sends an UPD paket ontaining the new height to its neighbors.In our example, in Figure 4(), node F updates its height to (0; 0; 0; 1; F ), sine the onlynon-NULL height among its neighbors is height (0; 0; 0; 0; G) of the destination node G.Node F, then, transmits an UPD to its neighbors.9



d) If node X has at least one downstream link, but its height is non-NULL, it �rst omparesthe time the last UPD paket was broadasted with the time when the link over whih theQRY paket was reeived beame ative. If an UPD paket has been broadasted sinethe link beame ative, it simply disards the QRY; otherwise, node X broadasts an UPDpaket as a response, to inform its height to neighbors.For instane, in Figure 4(d), node F may reeive a QRY paket from node D after nodeF has sent an UPD paket, as seen earlier (with referene to Figure 4()). This results innode F disarding the QRY paket from node D.When a node, say Y, gets an UPD paket from its neighbor, node Y heks its route-required ag to see if it is set or not. If the ag is set (meaning that the height of node Yis NULL), then it updates its height as (� ,oid,r,Æ+1,Y), based on the minimum height value(� ,oid,r,Æ,i) of its non-NULL neighbors. Node Y then broadasts an UPD ontaining its newheight. On the other hand, if the route-required ag of node Y is unset, Y only reats if it haslost its last downstream link. As an example in Figure 4(e), nodes B and C update their heightsin this manner. In turn, node A updates its height as (0; 0; 0; 3; A) sine its route-required agwas set and its non-NULL neighbors' minimum height is (0; 0; 0; 2; E) when it reeives an UPDfrom node E. When route reation proess initiated by node A in Figure 4 ompletes, the heightsof the nodes along any route to the destination are stritly dereasing, as shown in Figure 4(f).Destination-oriented DAG established by the route reation proess an break due to alink failure. In this ase, a proedure for maintaining routes is neessary in order to rebuildthe DAG rooted at the destination. TORA does not reat to link failures as long as thereare still outgoing links available at eah node (other than the destination). If some node, saynode Z, loses all its outgoing links, then it reverses the diretion of some or all of its inominglinks. Link reversal is performed by hoosing a new referene level for the height suh that theheight of node Z beomes higher than any other node in the network. The node that hoosesa new referene level then broadasts an UPD paket ontaining the new referene level to itsneighbors. If suh a link reversal by node Z auses another node (say, node W) to lose its lastdownstream link, node W adjusts its height to be \lower" than the height of the sender of theUPD, i.e., node Z, and broadasts an UPD. This proess of link reversal4 ontinues until eitherall nodes have at least one downstream link (See Figure 1) or a network partition is deteted.4Remind that TORA is based on a partial link reversal algorithm. As an example, in Figure 1(), node Conly reverses the link from node B to node C, but not the link from node D to node C.10



One of advantages in TORA protool is that a network partition an be deteted duringthe route maintenane phase. This apability leads to a proedure for erasing routes. In theroute erasure proess, a CLR ontrol paket is ooded throughout the network to erase all invalidroutes so that all links of nodes partitioned from the destination beome undireted.5 Proposed GeoTORA ProtoolWe now further elaborate on GeoTORA. Sine GeoTORA is quite similar to TORA, we pri-marily highlight the di�erenes between TORA and GeoTORA in this setion. First, the routereation and maintenane in GeoTORA is disussed, followed by the proedure for deliveryof geoast messages using GeoTORA. Reall that, as disussed in Setion 3, for eah geoastgroup, GeoTORA maintains a single direted ayli graph (DAG). This is similar to the DAGmaintained by TORA, with the di�erene being that all nodes that belong to the geoast regionhave a ZERO height { link between a pair of nodes is not assigned a diretion if both nodeshave ZERO height. This is unlike TORA, where only a single node (the destination) has ZEROheight.5.1 Route Creation and Maintenane in GeoTORAIn order to deliver pakets to the geoast group, a soure should have a route to the given geoastregion. To establish routes initially, GeoTORA uses a route reation proess that is essentiallyidential to that for TORA, but with the di�erene noted above (i.e., all geoast members haveZERO height). Figure 5 provides an illustration for the proess of geoast route reation inGeoTORA.In Figure 5, the dotted irle represents the geoast region { nodes G, H and I are withinthe geoast region (in this example, the set of nodes in the geoast region does not hange).Figure 5(a) represents the initial state of the system. Sine nodes G, H and I are within thegeoast region, they set their height to ZERO. Any other node, say i, sets its height to NULL{ spei�ally, node i sets its height to be (�;�;�;�; i). Note that links between two nodeswith ZERO height are not assigned any diretion; similarly links between two nodes with NULLheight are also not assigned any diretion. Nodes C and F (whose height is NULL) have links,respetively, to nodes H and G (whose height is ZERO). Therefore, the links (C,H) and (F,G)are assigned a diretion { reall that NULL height is onsidered to be greater than any non-11
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Figure 5: Geoast Route Creation in GeoTORANULL height. Rules for route reation proess in GeoTORA are idential to those desribed forTORA.Assume that node A wishes to perform a geoast to the geoast group. Sine node A doesnot have any outgoing link, it transmits a QRY paket to its neighbors, and sets its route-requiredag. Note that in Figure 5, a double irle around a node indiates that the route-required agat that node is set. The QRY paket transmitted by node A reahes nodes B and E, and they,in turn, forward the pakets to their neighbors, and also set the loal route-required ag (referFigure 5(b)). Nodes C and D reeive the QRY message from node B, and node F reeivesfrom node E. In Figure 5(), observe that nodes C and F have outgoing links to geoast groupmembers, but node D does not. Therefore, only node D forwards the pakets to its neighbors,and sets its route-required ag. On the other hand, on reeiving a QRY, nodes C and F hangetheir height from NULL to (0; 0; 0; 1; C) and (0; 0; 0; 1; F ), respetively, and send UPD messageto their neighbors informing the new height. Response of a node on reeiving an UPD messageis idential to that in TORA. Figures 5(d) through (f) show evolution of the algorithm beyondthe stage shown in Figure 5(). At the end, as seen in Figure 5(f), a DAG is established whereineah geoast group member is a sink.Now we illustrate route maintenane in GeoTORA. In GeoTORA, the DAG may need12



to be modi�ed when: (a) a link failure ours, or (b) when a node enters or leaves the geoastregion.
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(d)Figure 6: Geoast Route Maintenane in GeoTORA: Three di�erent senarios of link failureThe GeoTORA route maintenane proedure in response to link failures is similar toTORA. Figure 6 illustrates how the DAG is modi�ed in GeoTORA in response to link failures,onsidering several link failure senarios. Figure 6(a) shows the ase where no maintenanereation is taken by node D, as a result of breakage of link (D;F ), sine node D still has anoutgoing link (D,C). Next, as shown in Figure 6(b), the link from node C to node H breaks.Now, node C is left without any outgoing links { let us assume that the link failure ourred attime 1. Node C then updates its height using a new referene level representing the fat thatnode C has lost all downstream links at time 1. The new height of node C is (1,C,0,0,C), asshown in Figure 6(). Node C also generates an UPD ontaining its new height and broadaststhe UPD to neighbor nodes { the proedure for handling the UPD messages in GeoTORA isidential to TORA. Sine node C inreases its height, now node D also has no outgoing links{ in response, node D hooses height (1; C; 0;�1; D) and sends an UPD to its neighbors. Thenew height hosen by nodes C and D results in the loss of the only outgoing link from node B.Therefore, node B lowers its height to (1; C; 0;�2; B), to be lower than the urrent height of13



node D, and transmits an UPD ontaining its new height. The new height hosen by node Bagain auses reversal of the link between nodes A and B to, now, point to node A. However,node A still has another outgoing link (A,E), so no further ation is needed. The �nal state ofthe DAG, after the failure of the link between nodes C and H, is shown in Figure 6().Sometimes, a link failure auses a network partition, suh that some nodes may not haveany path remaining to any node in the geoast group. For instane, Figure 6(d) depits the asewhere link between nodes F and G is broken. Now, assume that the time when failure ourredis 2. The reation to this link failure is similar to the reation following failure of link (C,H)in Figure 6(b). As a result of the failure of link (F,G), nodes F and E hoose new height. Theresulting state is shown in Figure 6(e). Observe that, before all the link failures, node A onlyhad outgoing links (i.e., no inoming links in Figure 6(a)). Now, however, due to the new heighthosen by node E in Figure 6(e), node A has no outgoing links remaining. Node A realizes thatall its outgoing links are broken when it reeives an UPD message from node E ontaining nodeE's new height. Subsequently, following the \reetion" proedure as de�ned in TORA, thefat that A is partitioned from the geoast group is deteted. Therefore, route erasure phase isinitiated. Details of the route erasure phase are not illustrated here for brevity { however, notethat the proedure is idential to TORA. Figure 6(f) shows the network state after route erasureproess has been ompleted. Until a new route to the geoast region is deteted, a soure thatis partitioned from the geoast group is not able to send geoast data pakets.
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Figure 7: Route Maintenane in GeoTORA for handling dynami hange of geoast groupFigure 7 illustrates how GeoTORA handles geoast group membership hanges. ConsiderFigure 7(a) as an example network. In Figure 7(a), when node C moves into the geoast regionand beomes a sink, it simply updates its urrent height to be ZERO, and then a UPD istransmitted by node C to inform its new height to its neighbors. The resulting state is shownin Figure 7(b). Now, let us assume that node H leaves the geoast group by moving out of the14



geoast region. In this ase, the height of node H is set to NULL. Note that a NULL heightis onsidered greater than any non-NULL height. Therefore, undireted links (H,C) and (H,I)in Figure 7(b) now have logial diretions from node H to C and from H to I, respetively, asshown in Figure 7().5.2 Delivery of Geoast PaketsGeoast delivery using GeoTORA onsists of two phases: anyasting phase and loal oodingphase, as disussed below.Anyasting Phase: When a node wishes to send a paket to the geoast group, it forwardsthe paket on any of its outgoing links5. Eah node that reeives the paket forwards the paketon an outgoing link. Provided the soure node is not partitioned from the geoast group, thepaket eventually reahes one member of the geoast group.Loal Flooding Phase: One a paket is delivered to one node in the geoast group (by theanyasting phase above), that node initiates loal ooding of the paket. The purpose of loalooding, desribed below, is to deliver the paket to the remaining geoast group members. Thenode, say X, that initiates the ood, tags the spei�ation of the geoast region to the paket,and broadasts it to its neighbors. Any node, say Y, that reeives the ooded paket veri�eswhether it is within the region whose spei�ation is tagged to the paket. If node Y is outsidethe region, then it simply disards the paket. On the other hand, if node Y is within the taggedregion, then node Y broadasts the paket to its neighbors. Caution is taken to ensure that agiven node would not broadast the same paket more than one.Loal ooding initiated by node Y may not neessarily deliver the paket to all nodeswithin the geoast region. Partiularly, using the above proedure, the paket would not bedelivered to a geoast group member, say Z, if there is no path from Y to Z that onsists ofnodes belonging to the geoast region only (sine loal ooding above is on�ned to the geoastregion). The probability that the paket would be delivered to all the geoast group membersan be inreased by using a larger region for the loal ooding. There exists a trade-o� betweenthe overhead of loal ooding and the number of geoast group members who reeive the paket.5If no outgoing link is available, then the appropriate steps in route reation and maintenane proedures are�rst invoked. 15



6 Performane EvaluationFor the evaluation purpose, the proposed GeoTORA protool is ompared to pure geoast ood-ing and the Loation-Based Multiast (LBM)6[17℄ algorithms. Pure geoast ooding oods thewhole network, and LBM sheme limits the ooding to the smallest retangular region ontain-ing a soure node and a geoast region. We performed a simulation study using an extendedversion of the network simulator ns-2 [4℄. ns-2 is a disrete event-driven network simulatorwith extensive support for simulation of TCP, routing, and multiast protools. The extensionsimplemented by CMU Monarh Projet were used for our simulations. Their extensions enablesimulation of multi-hop wireless ad ho networks. Extensions inlude simulation modules forthe IEEE 802.11 MAC layer protool and a radio propagation model.6.1 Simulation ModelIn our simulation model, initial loations (X and Y oordinates) of the nodes are obtained usinga uniform distribution. The nodes, hosen to be 30 nodes, move around in a retangular regionof size 700 unit x 700 unit square aording to the following mobility model: eah node hoosesa diretion, moving speed, and distane of move based on a prede�ned distribution and thenomputes its next position P and the time instant T of reahing that position. Eah node moveswith three di�erent maximum speeds: 5, 10 and 20 units per seond (i.e., average speeds of2.5, 5 and 10 units per seond, respetively). We ran our simulations with movement patternsgenerated for several di�erent pause times, from 0 to 1000 seonds. A pause time of 0 seondsorresponds to ontinuous motion, whereas a pause time of 1000 seonds is equivalent to statinetworks, i.e., zero mobility, sine our total simulation time is 1000 seonds.Two mobile hosts are onsidered disonneted if they are outside eah other's transmissionrange, whih is de�ned as 250 units for all nodes. The wireless link bandwidth is 2 Mbps. Oneof the nodes is hosen as the sender for the geoasts { it initiates a geoast.For the simulations, any data pakets that annot be delivered due to a broken route aresimply dropped. The size of data payload is 512 bytes. Unless otherwise stated, 1000 geoastshave been done in eah simulation run. For GeoTORA simulation, ontrol pakets are requiredto maintain the DAG, and the size of those pakets is 32 bytes. Finally, a geoast region is6[17℄ presents two LBM algorithms. We ompare with their �rst algorithm whih is based on ooding in asmall region. 16



de�ned to be a 200 unit x 200 unit square region with both X and Y oordinates in the rangebetween 500 and 700.We use two performane metris to measure the auray and overhead of geoast delivery.� Auray of Geoast Delivery [17℄: Auray of geoast delivery is de�ned as the ratio ofthe number of group members that atually reeive the geoast paket, and the number ofgroup members whih were in the geoast region at the time when the geoast delivery wasinitiated. In our simulation results, we report the average auray over all the geoastsperformed during the simulation.� Overhead of Geoast Delivery [17℄: The overhead is measured in terms of the number ofgeoast pakets reeived by the nodes { the number of geoast pakets reeived by nodesis di�erent from number of geoast pakets sent, beause a single broadast of a geoastdata paket by some node is reeived by all its neighbors. Spei�ally, the measures ofoverhead we use is the average number of pakets and average number of bytes reeived byeah node per geoast. This is alulated by dividing the total number of pakets or totalnumber of bytes reeived by all nodes (over a simulation run) by the number of geoastsperformed, and also by the number of nodes in the system. In the pure geoast oodingand LBM sheme, the overhead is due to only data paket, but in GeoTORA it an bedue to data as well as ontrol pakets.6.2 Simulation ResultsIn eah graph below, one parameter (e.g., pause time, maximum speed, or geoast frequeny)was varied while the other parameters were kept onstant.Figure 8(a) shows the auray of geoast delivery of the three geoasting protools as afuntion of pause time. As an be expeted, pure geoast ooding performs very well, deliveringnearly 100 % auray. LBM shows quite omparable auray with pure ooding. Aurayof GeoTORA is also high, but not as high as pure ooding or LBM. One possible reason forthis is that loal ooding in GeoTORA may not deliver pakets to all nodes in the group. Thisproblem an be solved hoosing a larger loal ooding region, trading overhead with auray(a similar approah was used in our earlier work on uniast routing [19℄.).Delays required to establish a route to the geoast group an be another reason whyGeoTORA has lower auray than pure ooding. Let us onsider the ase when the geoast17
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ooding and LBM. Reall that GeoTORA limits the sope of ooding to the nodes loated inthe geoast region. Thus, degree of ooding is smaller in GeoTORA, ompared to other twoooding-based protools. This results in the lower overhead of GeoTORA protool.
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Figure 9: Average number of Bytes versus Pause TimeFigure 9 plots average amount (i.e., Bytes) of geoast pakets reeived by eah node pergeoast, with results being similar to Figure 8(b). Both geoast ooding and LBM have muhlarger byte overhead than GeoTORA. This means that a larger part of bandwidth is wasted withother two ooding-based protools. The urve for the GeoTORA byte overhead due to datapakets, and the byte overhead due to both data and ontrol pakets are almost overlappingbeause the size of ontrol pakets is muh smaller than data pakets.Sine GeoTORA is based on TORA routing protool layered on top of IMEP (InternetManet Enapsulation Protool) [23℄, it also uses a neighbor disovery mehanism, whih requireseah node to transmit at least one hello paket per beaon period (1 seond). This overheadof hello paket transmission should be taken into aount separately from that of GeoTORAontrol pakets. We have only looked at the overhead at the IP-level, as in [8, 26℄. Our deisionis based on the observation that the hello pakets are also useful for uniast routing, and forany other protool that might need to detet link failures in the ad ho networks. Therefore, itis not neessarily fair to attribute hello paket overhead to GeoTORA.The e�et of varying the moving speed of nodes is shown in Figure 10 in terms of theauray and delivery overhead, respetively. Inreasing moving speed does not seem to havemuh impat on the delivery auray and overhead of geoast algorithms. In Figure 10(a),geoast ooding provides the highest auray, whereas our GeoTORA shows a slightly lowerauray than ooding due to reasons disussed previously. However, note that geoast ooding19
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(b) Overhead of Geoast Delivery (Pakets)Figure 10: Comparison of GeoTORA to geoast ooding and LBM protools with a variation ofspeed (For 30 nodes, and Pause Time 10 seonds) : (a) Delivery auray versus Moving Speed,(b) Average number of pakets reeived by a node per geoast versus Moving Speedand LBM shemes su�er from a signi�antly higher overhead (measured in average number ofmessages per geoast) than GeoTORA for all moving speed (See Figure 10(b)).
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Figure 11: Average number of Bytes versus Moving SpeedOverhead measured as bytes per geoast (as a funtion of speed) is also provided inFigure 11. We an see that GeoTORA performs muh better than others.Finally, in Figure 12 and Figure 13, we plot auray and overhead (number of messagesand bytes) of geoast paket delivery with varying geoast frequeny. In Figure 12(b), forGeoTORA, the overhead due to data pakets is almost onstant. However, as pointed out earlier,20
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Figure 13: Average number of Bytes versus Geoast FrequenyNow observe Figure 13 that the overhead of data and ontrol pakets measured in bytesdoes not exeed that of LBM for the geoast frequenies simulated. This is unlike Figure 12(b),where the number of data and ontrol paket does exeed that of LBM. The related overhead isdi�erent in the two ases beause the size of ontrol pakets is muh smaller than data pakets.21



7 ConlusionWe present a novel protool alled GeoTORA for geoasting in mobile ad ho networks. Thebasi idea behind GeoTORA is to ombine anyast and ooding. In GeoTORA, TORA (uniast)routing protool has been modi�ed to perform anyast and loal ooding has been utilized tolimit ood to a small region. As simulation results show, this integration of TORA and oodingan signi�antly redue the geoast message overhead as ompared to pure ooding and LBMsheme presented in [17℄, while ahieving high auray of geoast delivery. However, note thatif geoasts are performed very infrequently then the overhead of GeoTORA an exeed that ofLBM.Referenes[1℄ \NAVSTAR GPS operations." Web site at http://tyho.usno.navy.mil/gpsinfo.html.[2℄ M. Bergamo, R. R. Hain, K. Kasera, D. Li, R. Ramanathan, and M. Steenstrup, \Systemdesign spei�ation for mobile multimedia wireless networks (mmwn) (draft)," teh. rep.,BBN Systems and Tehnologies, Ot. 1996.[3℄ E. Bommaiah, A. MAuley, R. Talpade, and M. Liu, \AMRoute: Ad-ho Multiast Routingprotool (Internet-Draft)," Aug. 1998.[4℄ J. Broh, D. A. Maltz, D. B. Johnson, Y.-C. Hu, and J. Jetheva, \A performane ompar-ison of multi-hop wireless ad ho network routing protools," in Pro. of ACM/IEEE Intl.Conferene on Mobile Computing and Networking (MOBICOM), pp. 85{97, Ot. 1998.[5℄ C. Chiang, M. Gerla, and L. Zhang, \Adaptive shared tree multiast in mobile wirelessnetworks," in Pro. of IEEE Global Teleommuniations Conferene (GLOBECOM), 1998.[6℄ M. S. Corson and A. Ephremides, \A distributed routing algorithm for mobile wirelessnetworks," ACM Journal of Wireless Networks, vol. 1, no. 1, pp. 61{81, 1995.[7℄ S. Corson and J. Maker, \Mobile ad ho networking (MANET): Routing protool per-formane issues and evaluation onsiderations (Internet-Draft)," Mobile Ad-ho Network(MANET) Working Group, IETF, Ot. 1998.
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