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Abstract

In thispaper, we present an algorithmfor routingin wireless ad hoc networks using i nformation about
geographica location of the nodes. We assume each node knows its geographical position and the posi-
tion of thenodeto whichit wantsto send apacket. Initially, the nodes only know their neighborsbut over
time they discover other nodesin the network. The routingtable at anode S isalist {(p;, S;)) where p;
isageographical position and S; isaneighbor of node S. When node S receives apacket for anode D
at positionpos(D), it findsthe p; in itsrouting tablewhich is closest to pos(D) and forwards the packet
to the neighbor .S;. We prove the correctness of the algorithm and show that our a gorithm naturally ag-
gregates the nodes so that the routing table sizes are of size O(L,, log(n)), where L,, is the mean route
discovery path length, and » isthenumber of nodes. We & so present methodsfor taking positional errors,
node failures and mobility into account. We justify the results through simulation.

1 Introduction

A wireless ad hoc network consists of a collection of mobile nodes sharing a wireless channel without any
centralized control or established communi cation backbone. Each node communi cateswith other nodeswithin
its transmission range. To send a packet to a destination, a node forwards the packet to its neighbor which
in turn forwards it to its neighbor and so on, until the packet reaches the destination. The topology of the ad
hoc network depends on the location of the mobile nodes and maybe changing with time.

Some of the typical applications of ad hoc networks are in scenarios where setting up a communica-
tion infrastructure is difficult (because of mobility) or very expensive (because of terrain). Wireless ad hoc
networks can be used in battlefield situations where a communication infrastructureis difficult to build and
maintain. Ad hoc networks are also of interest for traffic control in automated vehicle navigation systems
[15]. Other commercial applications include building a wireless access infrastructure such as the ones be-
ing built by Metricom and Rooftop. Researchers are also exploring the use of ad hoc networks in building
networks out of alarge number of tiny sensors spread over a geographic area.

In this paper, we will be interested in the routing problem in ad hoc networks. Basic routing algorithms
such aslink or distance-vector routing require every nodeto learn about every other nodein the network. We
refer to this as routing based on full information. Thisisin contrast to routing under partial information. In

*This work was supported by the ONR grant N0014-99-1-0695. It has been published as the technical Memorandum no.
UCB/ERL M99/69



thiskind of routing, a node routes based on information about a subset of the nodes in the network. Routing
in the Internet provides one example. Routing in the Internet relies on the address hierarchy that mimicsthe
network topology to work correctly. Thus, routing table sizes are manageable and changesin every link of
the network do not haveto be propagated throughout the network. Inflat distance-vector or link-staterouting,
these savings are not obtained.

Since ad-hoc networks change topology frequently, routing under partial information is of interest for
ad-hoc networks. The Zone Routing Protocol is one well known example of an algorithm based on partial
information. A nodeisexpected to know thetopology initsown zone accurately, and that in other zonesonly
approximately. It is hoped that thiswill reduce the inter-node communication required to track a changing
network topology. Of course, the reduction in the information used for routing may impose other costs. For
example, the routes may not be shortest paths.

This paper presents a new type of distributed, adaptive and asynchronous routing a gorithm for ad-hoc
networks. It routes based on partial information. It does not rely on any address hierarchy but instead relies
on information about node positions, and hence, is called the geographica routing algorithm (GRA). We
assume each node knows its own position, and can acquire the position of the packet destination by some
means.

Initially, each node only knowsabout itsneighbors. Theroutingtableat anode S isalist ((p;, s;)) where
p; isapositionand s; isaneighbor of S. When node .S receives a packet for destination D, it finds the p;
which is closest to pos(D), the position of D, and forwards the packet to neighbor s;. The neighbor then
repeats the same procedure. In thisway, the packet makes its way to destination 1. But sometimes when
routing apacket, node .S may discover that itiscloser to thedestinationthan any other positionp;. Inthiscase
we say the packet is“stuck” at S. This causes aroute discovery protocol to be started. The route discovery
protocol finds a path from S to D and updates the routing table of the node £; on the path by placing the
entry (pos(D), k;+1) in itsrouting table where &, is the node which follows &; on the path. In thisway
new routing entries get added to the routing tables. After the route discovery protocol is completed, the stuck
packet can be routed from S to D.

We show that the routing table sizes of our nodesremain fairly small - essentially logrithmicin the num-
ber of nodes in the network. Most network routing algorithms do not use position information. However,
the resultsin this paper show that the use of such information in ad-hoc network routing could yield large
reductionsin routing table size and protocol overhead. We show that the GRA has the same basic properties
as most other routing algorithmseven though it works with partia information. Given an unknown network,
nodes will exchange information and converge to a set of routing tables. We al so show that once the routing
tables have converged, like other routing algorithms, al routes are acyclic. On the negative side, it should
be noted that the GRA does not attempt at shortest path routing. It just uses some acyclic route.

We have confined our discussion to static networks so far. In a dynamic network, links will break and
form, nodeswill join and leave. The number of protocol packetstriggered by each such change should be of
the same order of magnitude as characterized in Section 6.4. Aswe develop mobility models for application
environments of interest to us we hope to find out whether these overheads are indeed small enough.

In Section 2, we discuss the GRA in relation to other routing algorithms in the literature. Section 3
presents the system model and problem statement. Section 4 describes the geographical routing algorithm.
Sections 5 and 6 discuss issues related to position information inaccuracy and inconsistency, and mobility.
Section 7 presents simulation results. Section 8 concludes the paper.

2 Literature Review

In the literature, a number of proposals have been made to solve the problem of routing in wireless ad hoc
networks[8, 9, 10, 12, 13, 6, 14]. Most of the approaches are based on the source routing and di stance-vector



routing approaches. The destination sequenced distance vector (DSDV) [11] routing protocol is based on
the classical distance vector algorithm which uses the Distributed Bellman-Ford algorithm (DBF) [7]. The
algorithm has modifications to avoid the looping problem present in the basic DBF. Formation of cycles are
avoided by tagging each routing table entry with a sequence number. Dynamic source routing (DSR) [5] on
the other hand is based on source routing, where the source specifies the complete path to the destination
in the packet header and each node forwards the packet to the node specified as the next hop in the packet
header. Each source maintainsa route cache, whereit looksfor apath to the destination. If such apath isnot
found then the sourceinitiatesaroute discovery protocol to discover theroute. Most of the approachesinthe
literature are variants of the two above approaches with some attempting to combine the best of both. For
example, in zonerouting protocol (ZRP) [4], each node has a*“ routing zone” which includesthe nodeswithin
some specified distance. Each node knows the topology within its routing zone by using DSDV protocol.
For out-of-zone destinations, DSR is used. Other existing proposals are based on finding a backbone for the
network (MCDS) [1] or attempt to minimize delay (STARA) [2].

3 System Model and Problem Statement

Supposethere are n hodesin aregion that want to communicate with each other. Each node using awireless
link can communicate with only asmall subset of the nodesthat are its neighbors. When anode .S wants to
transmit a packet to a destination D, it transmits to a neighbor, which in turn transmits to its neighbor, and
so on, until the packet reaches destination D.

In awireless network, each node has a trans-receiver that it uses to communicate. The set of nodes with
which anode can directly communicate is not fixed but depends on the power used by its radio transmitter.
When the power of the radio transmitter is increased, a node can directly communicate with alarger set of
nodes (i.e., it has alarger number of neighbors). In this paper, we will assume that the nodes have fixed the
optimal power for their trans-receivers and the neighbors with which a node communicates is hence fixed.
Then, we can think of thewirelessnetwork asagraph G = (N, ') wherethenodesare N = {1, ... ,n} and
thereisan edge (¢, j) € F if i isaneighbor of j inthewireless network. We assumethat : is aneighbor of j
if and only if 5 isaneighbor of i in thewireless network. Then, we can think of the linksas being symmetric
and the resulting graph as undirected. Furthermore, we assume that the power levels of the trans-receivers
are chosen so that the resulting graph is connected. We will also assume that there exists a medium access
schedul e such that each node can transmit at a certain bit rate without interference.

In this paper, we solve the problem of routing using positioninformation. When a node receives apacket
for destination D, it must make a routing decision: which neighbor should the packet be forwarded to?
We assume the nodes {1, ... ,n} haves names or IP addresses {5y, ..., 5,} and are located at positions
{pos(S1),...,pos(S,)}. Each node knows its neighbors and its own position. When a node 5; wants to
send a packet to node D, it finds out the position using some position look-up service and addresses the
packet to position pos( D). The geographical routing algorithm uses only the positioninformationin making
its routing decisions. How the lookup service works, and how a node finds its own position and the position
of the destination is not the subject of this paper though we discussit briefly bel ow.

To decideto which neighbor a packet should be forwarded to, anode consultsits routing table. A routing
table of node S isalist {(p;, S;)} (containingin general, fewer entries than the total number of nodesin the
network) where p; isageographica positionand .S; isaneighbor of 5. When node S receives a packet for
destination position D, it finds the position p; which is closest to D and forwards the packet to neighbor .S;.
We assumeinitially the nodes only know their neighborsand have no knowledgeof thetopology. The subject
of this paper is how the nodes construct their routing tablesin an online manner, why the routing algorithm
works correctly and what its performanceis.



3.1 Finding position information

We assume that each node can find its own position and the position of the destination node. Although how
thisis doneis not the subject of this paper, we sketch out some technol ogies which make it feasible. Using
the global positioning system (GPS), it is now possible for any node to find its geographical position with
asmall error. GPS receivers are cheaply available and more precise devices using differential GPS are also
available. In applicationswherethe | P addressis known but the geographica addressisnot, aseparate trans-
lation protocol must be used to find the geographical position from the IP address. This could for example
be done using a two way paging network where the |P address is broadcast to al nodes and the node with
that specific |P address replies back with its geographical position. Again the details of how thisisdone are
beyond the scope of this paper.

4 The Geographical Routing Algorithm

In this section, we describe the geographical routing algorithm which we refer to as the GRA in short. The
basic ideabehind the algorithmisto use the geographical position of the destinationin making routing deci-
sions. Each node only knows about asmall number of nodesin the network. 1t knows more about hodesthat
are nearer to it than it does about nodes which are further away. When a node has a packet for a destination,
it chooses from the nodes it knows about the one which is closest to the destination, and sends the packet
on itsway to that node. Along the path, a node may know of an even closer node to the destination. The
packet then gets redirected to that node. On itsway to that node, it may get redirected again, and so on until
it reaches the destination.

For example, suppose a packet is to be sent from from New York city to UC Berkeley, CA. Supposethe
New York city node “knows’ the route to a node in San Francisco, CA. It then routes the packet according
to that node. On the way suppose, thereisanodethat “knows’ a better route to Berkeley, CA. It then routes
the packet onto the better route. Now, suppose the packet reaches near Bay Area, and a node “knows’ an
even better route to UC Berkeley. It, then, routes the packet onto this route, and the packet thus reaches the
nodein UC Berkeley. Thus, the algorithm has an in-built capability of finding better and better routesto the
destination as the packet nears the destination, even though the source node “knows” the network topology
around the destination very “coarsely”.

We now describethe routing algorithmin detail, and prove its correctness by showing that routing tables
are cycle-free and that packets reach their destination. We also quantify the performance of the algorithmin
terms of the average routing table lengths.

4.1 TheAlgorithm

Suppose G = (N, L) isthe graph corresponding to our wireless network. The algorithm begins with each
nodeinitially knowing only about its neighbors. Therouting tableat anode S isalist {(p;, S;)} wherep; is
ageographical position of some nodeand .S; isaneighbor of .S. When destination ) is closest to position p;
in the routing table, node S forwards the packet to neighbor .5;. Each node thus forwards the packet in the
same way till the packet reaches the destination.

But sometimes when routing a packet, node S may discover that it is closer to the destination than any
other position p;. In this case we say the packet is“stuck” at .S. This causes the “route discovery protocol”
to be started. The route discovery protocol finds a path from S to D (say Path(S, D) = kok; ...k and
updates the routing table of the node %; on the path by placing the entry (pos(D), k;+1) initsrouting table.
So now each node on the path knows how to get to D. It isin thisway that new routing entries get added to



the routing tables. After the route discovery protocol is completed, the stuck packet can be routed from S to
D.

We next present our routing a gorithmin more detail. We introduce the notion of Voronoi views. Thisis
ageometric way of viewing therouting operation. Each entry (p;, .S;) in therouting tableis associated with
aregion in IR? so that if the destination of a packet fallsin the region, the packet gets routing according to
theentry (p;, S;).

41.1 Voronoi Cdls

Let C% = {51, 5, ..,.5k} bethe set of nodes whose geographic locations are known to node S at time ¢
(weassume S € C%L). We refer to these nodes as centers at node S. We use the positions of the centers to
partition 1?2 into cells so that all packets for positionswhich fall within a cell are routed similarly. A cell
around the center S; consistsof all pointsthat are closer to S; then any other S;. We call thisthe Voronoi cell
with center .S;. We then define the Voronoi view of node S as consisting of the Voronoi cells with centers
Ct. Formally,

Definition 1 (Voronoi cell) Let {Sy, .S, .., Sx} beany set of pointsin ?2. A \Voronoi cell with center S; is
defined as

Vs(Si) = {z € R* : |z — pos(5;)| = nin |2 = pos(S))], 9; € Cs}
W

Definition 2 (Voronoi view) The \Voronoi view at node S at timet is
Ve ={Vs(9i) : Si € Cs}

Example 1 (Voronoi view) Theexamplebelow explainsthe concept of the Voronoi view. Infigure 1, node S
hasnodes A, B, C', D initsroutingtableascentersbut not £. Thus, the oronoi view of .S isthetessel | ation of
the network region based on these nodes. Node F’ doesnot affect the Voronoi view of S. Butif F isdestination
for some packet at .S, then .S forwards the packet to the neighbor node 1, which happens to be the closest
center to F in S’s oronoi view.

Figure 1. Example of aVoronoi view

Thus, in making arouting decisionfor apacket going to destination 1), node S looksat itsrouting entries
{(pi, S;)} and finds the position p; whichis closest to D. It then routes the packet to the neighbor of node
S forming a Voronoi view based on the centerswhose positionsare {py, . .. , pr }. It thenfindsthecell inits
Voronoi view in which the destination D lies (say p;), and it then routes the packet to neighbor 5;, asif the
packet were meant for the node at position p;.



4.1.2 Routing Table Structure

Therouting table at anode S is structured as shown in figure 2. Thefirst column isthe names of nodes that
S knows about. We refer to the set of nodesin thefirst column as the centers at node S. The second column
isthe positions of the nodesin thefirst column. We denote thisby pos(.S). The third column isa column of
neighboring node names. Thusif S’ isanode in thefirst column (see 4-th row of figure 2) and N’ the node
in the neighbor column for S/, then packets directed to Vs (.5’) should be forwarded to N’. Sometimes, we
will usethe notation Nexts(S’) for N’, where Nexts(S’) isthe neighbor of S to which packets for a node
in Vs(S’) should beforwarded by .S. Thetime-stamp isthetime at which the destination node replied to the
route discovery message. If the network is mobile, the time-stamp could be used to decide when to obsolete
the routing table entry as well.

Some specia features of the routing tables are as follows: Since each node is assumed to know its own
position, each node has an entry for itself in itsown routing table. Thefirst row of figure 2 reflects this. The
corresponding neighbor istrivialy set toitself. Also, thefirst column of the routing table should contain all
the neighbors of .S. The corresponding entry in the neighbor column would be the neighbor itself.

node | node position | neighbor node | time stamp
S pos(9) S Ts
N pos(N) N In
S’ pos(S”) N’ Ts

Figure 2: Routing table structure

Each routing table entry at S is a 4-tuple (S;, pos(S;), Nexts(S;),Ts;). When some of the fields of
arouting entry are not of interest, we indicate them with a“-”, for example (—, pos(S;), Nexzts(S;), —).
Sometimes, when there is no confusion, we also writethisas (pos(.S;), Nexzts(S;)).

4.1.3 Packet Format

The packet header has the information shown in figure 3 to aid routing. The source and destination unique
names are specified in the packet. The destination positionis aso specified in the packet. The destination
name and position are used for packet forwarding and route discovery. The source time-stamp, source name
and source positionareincludedin figure 3 because these may be required in an implememtation of the GRA.

| destination-name | destination-position | source-time-stamp | source-name | source-position | DATA |

Figure 3: Packet format

4.2 Packet Forwarding

Figure 4 describes the packet forwarding algorithm at each node. Suppose a hode S receives a packet for
destination D. Let C'® denote the set of names of all the nodes that S knows about, i.e., C'° isthe set of
names in thefirst column of figure 2. We usedist (S, D) to denote the distance between the nodes S and D,
i.e, dist(9, D) = ||pos(S) — pos(D)||, and <4 to denote the complete order on node names.

The packet forwarding decision is quite simple: At any time, a node knows about only a small subset
of the nodes in the network. Initidly, this set consists of only the node itself and its immediate neighbors.



Node S receives packet for destination D at timet: Let pos(D) € VI(S;) for some S; € C

if (S==D)
I packet reached its destination
eseif (S; # 9)
next_node= Nextgs(S;);
else
//packet is stuck
Initiate route_discovery(S,D);
next_node= Nextg(D);

Figure 4. Packet forwarding algorithm

Later, the nodesthat are discovered through the route discovery process are added to its routing table. When
anode S receives a packet for destination position D, it finds the entry (.S;, pos(S;), Nexzts(S;)) such that
S; iscloser to D then any other S;. It then routes the packet to Nexzts(.S;).

It may turn out that node S isitself closestto D thenany other S; € C*°. Inthat case, we say that packet
isstuck and it cannot be forwarded to any of the neighborsaccording toits current routing table. If the packet
is stuck, then node S initiates a route discovery to the destination node . The route discovery procedure
route_discovery(S,D) finds an acyclic path Path(S, D) = (ko, k1, ..., ki) from S to D, and it updatesthe
routing table of node k; withanentry (D, pp, kit1).

Itishowever possiblethat apacket destination D isequally closetotwo nodes.S; and S (i.e., ||pos(D) —
pos(S;)|| = |lpos(D) — pos(S;)||), and the nodelieson the cell boundary. In that case, we assumethereisa
total order among names, and usethat to resolvethetie(i.e, if S; <;q .S;, thepacketisroutedto Nezts(.S;),
otherwiseit isrouted to Nexztg(5;)).

Example 2 illustratesthe GRA routing. Example 3 shows that the use of an order on node-namesisim-
portant for acyclic routing.

Figure 5: An example network

Example 2 Weillustrateour algorithmon an examplenetwork. Consider thenetwork of Figure5. It consists
of nodes { A, B, C', D, I/} which are located at positions (1.5, 1.5), (2,2), (3, 1), (2.5,0) and (4, 0) respec-
tively. The links between the nodes are symmetric and given by { (A, B), (B,C), (C, D), (C, E)}.

Initially, each node only “ knows” about itself and its neighbors. The initial routing tables at the nodes
are shown in Figure6.



Node Routing Table
Routingtableof A | {(A4, (1.5,1.5),

—),(B,(2,2),B)}
4, (1.5,1.5), 4), (€, (3, 1), C)}
B

Routingtableof B: | {(B, (2,2),—), ( 5

Routingtableof C: | {(C, (3,1),-), (B, (2,2), B), (D, (2.5,0), D), (E, (4,0), E)}
Routingtableof D: | {(D, (2.5,0),-),(C,(3,1),C)}

Routingtableof E: | {(F, (4,0),—),(C,(3,1),C)}

Figure 6: Initia Routing Tables

Suppose node A gets a packet for destination C' located at pos(C') = (3, 1). Node A then looksintoits
routing table and finds that pos(B) is closer to pos(C') then pos(A). So it forwards the packet to node B.
Smilarly, node B looks at its routing table and finds that pos(C') iscloser to pos(C') than either pos(A) or
pos(B). So it forwards the packet to node C' which is the destination.

Next, suppose A gets a packet for destination D located at pos(D) = (2.5,0). Node A looks into its
routing table and finds that pos(A) iscloser to pos(D) then pos(B). So the packet becomes stuck at node
A. Thistriggersaroutediscovery. The routediscovery processfindsthepath (A, B, C, D) tothe destination
D. In the process it also updates the routing tables of nodes A, B and C'. The hew updated routing tables
areshown in Figure7. A forwardsthe packet for D to B which forwardsit to C' and C' forwardsitto D.

Node Routing Table

Routing tableof A: | {(A, (1.5,1.5),—-),(B, (2,2), B), (D, (2.5,0), B)}

Routing tableof B: | {(B, (2,2),—-), (A4, (1.5,1.5), 4),(C,(3,1),C), (D, (2.5,0),C)}

Routing table of C: ,(3,1),—), B,( ) ),(D,(25 0),D),(F,(4,0), )}
}

(B
1(c
Routing table of D: | {(D,
Routing tableof E: | {(&

Figure 7: Updated Routing Tables

Next suppose A gets a packet for destination F' located at pos(E) = (4,0). A looking into its routing
tablefindsthat pos(D) iscloser to pos( L) theneither pos(A) or pos(B). Soit forwardsthe packet to node B
based ontheentry (D, (2.5,0), B, —) initsrouting table. Smilarly B findsthat pos(L) iscloser to pos(D)
then either pos(B), pos(A) or pos(C'). Soit forwardsthe packet to C' based on theentry (D, (2.5,0),C, —)
initsrouting table. Node C findsthat pos(£') iscloser to pos(E) than pos(D) or pos(C'), soit forwardsthe
packet to I based ontheentry (£, (4,0), E, —).

Thus, A wasabletoroutea packet to ' eventhoughit did not have F initsrouting table. Our simulations
indicatethat in large networks thisis frequently the case.

Example 3 Consider the network shown in figure 8. The routing tables at each node are as shown in the
figure. For convenience we have |eft out the node positions from the figure. Thus 72 : (b, 1)(«, a) isthe
routing table at noded. (b, 1) meansthat if the surrogate destination is b then the packet will be forwarded
to 1. Nevertheless, the understanding is that a node knows the position of each nodein its routing table.

Both nodes 1 and 2 have « and b in their routing tables. Node 1 sends packets to « through 2. Node 2
sends packets to node & through 1. Now suppose 1 originates a packet for d. Since it knows both ¢ and b
which are equidistant from d, supposeit randomly selects « and forwardsthe packet to 2. Likewise 2 isfaced
with the same choice. If 2 randomly chooses b then the packet cycles. To prevent such cycles we disallow
random choi ces between equidistant nodes. Instead we require that be resolved by the lexicographic order
on node names. Thusif a <;4 b both 1 and 2 would choose a.



T2: (b1) (ad)

@ Ta (2,2)(d.d)
Td: (aa)(b,b)
@/Tbig%(d,d)
T1: (a,2) (bb)

Figure 8: Forwarding without the Name Order

4.3 Route Discovery

Suppose hode S gets apacket for destination 1. The packet getsstuck at node S if the destination liescloser
to.S than any other cell center at S. Thistriggerstheroutediscovery mechanism. whichfindsan acyclic path
Path(S, D) from S to D.

The only requirement for the route discovery mechanism is that it return an acyclic path to the destina-
tion, and that it update the routing tables on that path in an appropriate manner. Suppose the acyclic path
foundis Path(S, D) = (ko, k1, ..., k). We then require that an entry (D, pos(D), k;+1) be added to the
routing table of node &;. Thisisthe only requirement to ensure the correctness of therouting algorithm. The
mechanism by which this path is found has no consequence on the correctness of the routing algorithm. We
next state this required property more formally.

Property 1 (Route Discovery Protocol) If a packet isstuck at node S, then S startsa route discovery pro-
tocol. The route discovery protocol finds an acyclic path Path(S, D) = (kok; . ..k;) and adds an entry
(D, pos(D), k;y1) to Table(k;) for 0 < @ < [. We also require that the route discovery protocol update
Table(k;4+1) beforeTable(k;).

Severa different agorithms can be used to find a path to the destination. Examples of such algorithms
are breadth-first search (e.g. flooding) or a depth-first search, the A* algorithm or even the Bellman-Ford
algorithm. We next briefly describe the distributed implementation of the breadth-first-search and depth-
first-search agorithmsthat satisfy Property 1.

4.3.1 Path-Finding Phase

We next describe the distributed implementation of the breadth first and depth first algorithms that find an
acyclic path to the destination D.

Breadth first search

In the breadth-first-search algorithm, node .S’ starts the route discovery protocol broadcasting a route dis-
covery packet (RD packet). Each node that receives the RD packet also broadcasts the packet if it has not
forwarded the packet before. This ensures that the paths being found by the route-discovery are cycle-free.
Each nodethat broadcaststhe packet, putsits name and addressin the packet so that the path being traversed
by aroute discovery packet isretained. If apacket comesback to anode, itisdiscarded. Eventualy, the route
discovery process completes. Each packet that reaches D contains an acyclic path from S to D. Multiple
such packets may reach D, and hence, D would know of multiple acyclic pathsfrom S to D.



Depth first search

The depth-first-search agorithm on the other hand yields only a single acyclic path from node S to destina-
tion node D. Each node putsits name and address on the RD packet. It then forwards it to a neighbor who
has not seen it before. The neighbor to which a node forwards the packet is one which minimizes a chosen
distance metric. One possible choice for the distance metric is the Euclidean distance (as an estimate of the
path length). In that case, node X forwards the packet to neighbor node Y for destination node D if

Y =arg min d(X,y)+d(y, D)
yENX

where Ny istheset of neighborsof node X to which it can forward the packet, and d(.X, 7) isthe Euclidean

distance between node X and node ~.

In case a node has no neighbors | eft to forward the packet to, it removes its name and address from the
packet and returns the packet to the node from which it originally received it. Each node also for some time
keepstrack of RD packetsit has seen before. If aRD packet isforwarded to anode which it has seen before,
it refusesit.

| source S | destination D | positionof D, pp | visitednodes v(55, D) | current path P(S, D) | timeT; |

Figure 9: Route discovery packet structure

Notethat theinitial Voronoi view of anode includesthe nodeitself and itsneighborsonly. Itistheroute
discovery mechanism that puts more cell centersin the routing table and makes the Voronoi view more de-
tailed. With sufficient detail, the route discovery process may not be initiated any more at a node. We call
such aVoronoi view, a complete Voronoi view.

4.3.2 Updating Routing Tables

When the RD packet reaches destination D, it contains an acyclic path Path(S, D) = (ko, ki,... k)
from S to ). Node D then initiates a route update process by sending an ACK packet back along the path
Path(D,S) = (ki, ki1, ..., ko). Ontheway back, an entry (D, pos(D), k;41) is added to T'able(k;).
Notice that the routing tables are updated in the order required by Property 1.

4.4 Proof of Correctness

In this section, we will prove the correctness of our algorithm. More specifically, we will show that the rout-
ing tables do not contain any cycles (i.e, it isnot possible for a packet to get into a loop by following the
routing agorithm).

Definition 3 (A cyclein routing tables) We say the routing tables {7'able(s;) } contain a cycle provided
there is a destination position D and initial node .Sy such that starting from Sy, the packet follows the path
(So, S1, - .., Sk) without getting stuck and S;, = Sp.

Definition 4 (Centers property) Supposefor everyentry (S, pos(S), B)inTable(A),thereisalsoanentry
(S,pos(S),—)inTable(B). Wethen say that T'able( A) satisfiesthe centers property.

When the routing tables at all nodes satisfy the centers property, we say the network satisfies the centers
property. Intuitively, the centers property is saying that each entry (.S, pos(S), B) in T'able( A) corresponds
to apath. The path goesthrough nodes A, B, . .. onitsway to node S. We next show that the routing tables
in GRA always satisfy the centers property.
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Lemma 1 (Centers property) Consider awireless network G = (N, L) in which the route discovery pro-
cess satisfies Property 1. Then the centers property is satisfied by the routing tables.

Proof Initialy each node hasitself and its neighborsin itsrouting table. So for each neighbor » of node A,
thereisan entry (n, pos(n), n) inTable(A). Because thereis aso an entry (n, pos(n), —) inT'able(n), the
centers property is satisfied.

Now assumethat the centers property holdsat timet, and anentry (D, pos(D), B) isaddedto T'able(A).
New routing entries can only be added by theroute discovery process. So assumethat the route discovery was
initiated by node S for destination D, and apath Path(S, D) = (po, p1, - - - , px) Was found where p; = A
and p;+1 = B. Then because of Property 1, thereisan entry (D, pos(D), —) in T'able(B). Therefore the
centers property is satisfied even after anew entry isadded to T'able(A). [

Theorem 1 (Cycle-free property) Consider a static wireless network G = (N, L) in which the route dis-
covery process satisfies Property 1. Then there are no cycles in the routing tables.

Proof Because the route discovery process satisfies Property 1, the centers property holdsin the routing ta-
bles. Now suppose a packet for node D at position d is placed at node .Sy. And suppose the packet follows
the path (Sg, S1, S2, . . .) whereat node S;, it isrouted according to theentry (D;, pos(D;), Sit+1). Fromthe
centers property, (D;, —, —) isin T'able(S;41).

Now either Di-l—l =D, or Di-l—l 75 D;. If Di-l—l 75 D;, then either HpOS(DH_l) — dH < HpOS(DZ') — dH,
or ||[pos(D;y1) — d|| = ||pos(D;) — d|| and D;41 <;q D;. Now supposethereisacycle (S;, Sit1, ... Sitk)
where S; = S;4x. It cannot bethat D; = D;y; = ... = D;4; because that would imply that the route
discovery processfound acyclic path violating Property 1. Therefore, either ||pos(D; 1) —d|| < ||pos(D;)—
d||,or||pos(Ditx)—d|| = ||pes(D;)—d|| and D, <iq D;. Butthen S, # S;, acontradiction. Therefore
a packet cannot get into a cycle by following the routing tables. [

From the aboveresult it followsthat a packet never getsinto aloop. Therefore, either the packet reaches
its destination or it gets stuck at a node. If the packet gets stuck, then through the route discovery process,
aroute isfound to the destination, and the packet then gets routed to its destination. Hence, the algorithm
ensures that the packet reaches the destination.

4.5 Performance of the Algorithm
451 Convergence of Routing Tables

One of the advantages of our geographical routing algorithm is that a node does not need to have a routing
entry for every other nodeinthe network. In fact, aswewill show, after sometime, no new route discoveries
are initiated, and routing is done with each node having only a small number of entriesin its routing table.
When the routing tables contain enough detail so that packets can not become stuck, we say that the routing
tables have converged or the Voronoi views have become compl ete.

Example4 Consider the network of Example 2 The reader should check that the updated routing table in
Figure 7 iscomplete. Note that nodesdo not containrouting entriesfor every other node. For example, node
F’ doesn’t know about nodes D, A, or B but can till route packetsto them.

It isbest to see thisidea geometrically. Corresponding to the routing table at a node isits Voronoi view.
Consider the Voronoi view of anode.S. Suppose that Voronoi cell Vs(5) containsonly node S. Thenitis
not possible for a packet to get stuck at .S because a packet for any other node D fallsin a cell other than
Vs(S). When thisis the case for the Voronoi view at every node, packets can not get stuck in the network.
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Definition 5 (Complete Voronoi View) We say the Voronoi view of node S is complete if Vs(.S) contains
only node S

Now suppose Vs (.S) containsanodeother than S, say node D. Thenwhen apacket arrivesfor destination
D at node S, it will get stuck. This starts a route discovery and node D is added as a center at node S. The
new Voronoi cell with center .S is smaller and does not contain . It is by this process that the Voronoi cell
with center .S becomes smaller and smaller until it eventually containsonly node.S. At that point the Voronoi
view for node S becomes compl ete.

Vg (2€)
T e e S T o e S
e D o D
(&) Voronoi view with centersSand T (b) Voronoi view with centers S,Dand T

Figure 10: Changein Voronoi view on addition of an entry in routing table

Example5 Figure 10 (a) shows the Voronoi view at node .S with centers {.5, 7'}, and Figure 10 (b) shows
the Voronoi view at S after D isadded asa cell center.

The next lemma states that eventually the Voronoi views at al nodes will become complete.

Lemma 2 (Completion property) Consider a wireless network G = (N, L) withV? = {V{ : S € N}
being the set of Voronoi viewsat all nodes of G. Let therebea positive probability of a packet being generated
at any source node S for any destinationnode D inatimeinterval 7. Then, givenany 0 < ¢ < 1, thereexists
aT suchthat for V¢ > T, Vi iscompletefor all S € N with probability 1 — e.

Proof For any 0 < ¢ < 1, thereisaT such that node .S will generate packets for every other node with
probability 1 — & by timeT'. If apacket for adestination I getsstuck, itisadded asacell center at node S. It
followsthat by timeT’, node S will haveacompl ete Voronoi view. Because traffic isgenerated independently
at different nodes, with probability (1 — §)”, all the Voronoi views at all the nodeswill be complete by time
T. Now choosed st. (1 —8)" =1 — . Thenforany 0 < € < 1, thereexistsa T suchthat fort > T, Vi is
completefor al S € N with probability 1 — e. [

45.2 Size of routing tables of random networks in arbitrarily shaped regions

Claim 1 (Routing table size) Theaveragerouting tablesizein a n-node network G when all thenodeshave
complete Voronoi viewsis O (L log(n)) where L isthe mean route discovery path length.

Let us provide an intuitive justification for this result. Say at node .S, the Voronoi cell with center 5,
contains other nodes, for example, anode D. When a packet arrives for node D, the packet gets stuck, and
route discovery processisinitiated which causes 1) to be added as a center at \S. This causestheold Voronoi
cell V5(.9) to be split (as shown in Figures 10(8) and 10(b)). The new Voronoi cell with center S, V4(S), is
of smaller sizethan V5(S). We are interested in how much smaller is V4 (5) compared to Vs (.5).
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Suppose S and D are randomly placed in Vs(S). Then on the average, haf of the pointsin Vs(S)
will be closer to S than to D. These points will form V/(.S). Therefore, on the average Area(V4(S)) ~
aArea(Vs(S)) wherea = 1.

So every timeapacket for destination D getsstuck at node.S, thenode D whichwasin Vs(.S) getsadded
to S asacdll center, and the area of Vs(5) getsreduced by afactor of «. But thiscan only be done acertain
number of times before S isthe only nodeleft in Vs(5), and the Voronoi view of .S becomes complete. We
are interested in finding the number of times a new cell center can be added at .S’ before the Voronoi view at
S becomes complete.

Supposethe nodes are distributed in aregion with aunit area. If we form the Voronoi partition based on
the nodes in the region, the average area of each cell is 1. Soif the number of times Vs (S) gets splitis,
then on the average we expect & to satisfy o* = % before Vs(.5) containsonly node S and the Voronoi view
at S becomes complete. Thisimpliesthat

_ logn

k

~ logé'

lo

So on the average, packets get stuck B 5 T timesat anode S before the Voronoi view at S becomes complete.

Now each time a packet for desti nation D gets stuck at node S, aroute discovery processisstarted. The
route discovery returns apath Path(S, D). Let us say the average length of thispathis L (notethat L isin
fact afunction of 7, and hence should be more appropriately written as L,,). From Property 1, D gets added
as acenter at every node along the path. So each time a packet gets stuck, L. new routing entries get added.
At each node, packets get stuck - jzfz) times, and each of thesetimes, I, new routing entries are added to the
routing tables. Therefore the average route table sizeis O(Llogn).

We have provided an intuitivejustification for thisresult. A more formal argument will be provided in
the full paper. We provide asymptotic results for random networksin convex regionsin the appendix.

5 Related Issues

5.1 Positional Inaccuracy

Consider anode ¢ which thinksit islocated at position p; but which is actually located at p!. Thiscould for
example happen if node ¢ gets its position from GPS and there is an error in the position measurement that
it receives from the GPS. Node i then advertisesits position as p; and al packetsto node i are addressed to
position p; even thoughit is actualy located at p!. We refer to p; as the network position of the node since
thisis what the routing algorithm uses, and to p! as the actual position of node . Each packet for node ¢
addressed to position p; either getsto node i or gets stuck. If it gets stuck, then route discovery finds a path
to node:. Althoughthe agorithmworks correctly, it can lead to somewhat non-sensical routing tablesasthe
following example shows.

©C O O O O

Figure 11: Network Position

Example6 Consider the network consisting of nodes A, B, C, D and F. Figure 11 shows their network
position, and Figure 12 showstheir actual position. The network positionsof A, B and C' match their actual
position. But nodes D and F are actually located at positions D’ and £’. The links between the nodes are
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Figure 12: Actual Position

obtained from Figure 12 and are{ (£, B), (B, A), (4,C), (C, D) }. Now suppose A receives a packet for
D. So A forwardsthe packet to B. But D isactually located at D’ and B doesnot havealinkto D. Sothe
packet gets stuck at B and a route discovery isinitiated. The route discovery finds the path (B, A, C', D) to
the actual position D’. A completerouting tablefor A is{ (F, B), (B, B), (A, A), (C,C), (D,C) }.

Suppose the error between actual position and network positionisé (i.e., ||p; — p}|| < §). Thenif node
¢ isat network position p; and node j is at network position p;, then the actual distance between i and j is
l|lpi =P}l < |lpi —p;ll+25. Whenanode j receives apacket for positionp;, it can usethebound on || p; — p’ |
to decide onitscourse of action. If the packet getsstuck at j, then j may initiatearoute discovery, or it may
increase its transmitter power to reach node :.

5.2 Full vs. Partial Route Discovery

When a packet gets stuck at anode X, it initiates a route discovery. Now, the route can be discovered right
upto destination node D, or it can be discovered upto anode Y which hasnode D asacell center. Thefirst
method is called the full route discovery and the second method is called the partial route discovery. The
full route discovery finds a highly reliable and recently updated routeto node D). The partia route discovery
findsa path to node Y which has D asacell center. The path from Y to D may have been discovered some
time ago and hence may not be asreliable.

5.3 Multiple Route Discoveries

It is possiblethat at any given time, there are multiple route discoveries going on for the same destination
node D, initiated by different nodes. This can result in cycles as the following example shows.

Slx} s2

X1 X2

Y1 Y2

D

Figure 13: Aynchronous Route Discovery

Example 7 Consider the network of Figure13. Supposethat a routediscovery for destinationnode D, R,
isstarted by node S, attimet;. Also, supposethat a route discovery for destinationnode D, RD- isstarted
by node S, at timets. Suppose R D, reaches node X, which forwardsit to node X5,. which then fowardsiit
to node D. Smilarly, RD, reaches node X, which directsit to node X, which then directsit to node D.
Now;, supposethat the AC' K, for R D, reaches node X5, and the routing tables are updated including DD as
a cell center, and corresponding forwarding neighbor Y,. Smilarly, AC' K, reaches hode X, and routing
tablesare updated at X; including D asthe cell center, with corresponding neighbor Y;. Now, supposethat
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Figure 14: Routing Tableswith Cycles in case of inconsistent information

while AC' K4 istravelling from X5 to Xy, AC K istravellingfrom X to X5. Thetwo AC K sthen overwrite
theentiriesfor D. At node X, wethenhave Ny, (D) = X, andatnode X ;, wehave Ny, (D) = X;. Thus,
thereisacycle.

Thisproblem can be overcome however, if the destination nodetime-stamps each route discovery request
that it gets. Then, each nodethat is participating in multipleroute discoveriesfor another node, then updates
its routing tables using the RD ACK (update) packet with the most recent time-stamp. This does not result
in cycles. The proof of thisfollows exactly the same linesas for Theorem 1.

6 Dynamicity and Mobility in Ad Hoc Networks

In the previous sections, we have assumed that our network is static, and that linksand nodes do not fail. We
first show with an example that when these assumptions do not hold, the routing tables can becomeinconsis-
tent and cycles can arise. We then present a simple extension to our algorithm that tries to keep the routing
tables consistent in presence of node and link failures.

6.1 Importanceof Consistency of Positional Information

So far we have assumed that the nodesin the network do not move. A consequence of thishasbeenthat every
nodethat knows about a specific node hasthe same consistent view of it. Thatis, if node A and B know about
node S, then they both believe that .S islocated at the same network position ps. Asthe following example
shows, thisis an important property.

Example8 Consider the example in Figure 14. Nodes A and B are reachable directly from each other.
Node C' can be reached by A or B, but only vianode H. Attime0, B islocated at position (4,0) and A’s
routing table hasan entry (B, (4,0)). Node B then moves so that at time 1 it isat position (6, 0). Node A
does not know that B has moved so it still has the old position for B initsrouting table.

Now a packet arrivesat node A for node C'. Node A forwardsthis packet to node B becauseit thinks B
iscloser to C'. B of courseislocated at position (6, 0) so it forwards the packet back to A becauseit thinks
Aliscloser to C. Hencethe packet getsinto a cycle.

6.2 Tear Down Protocol

We present a simple extension to our protocol which triesto maintain the centers property and keep the rout-
ing tables at nodes consistent. As part of our protocol, nodes need to exchange “ hello” messages to discover
their neighboring topology. We require that each node also transmit its routing table as part of the “hello”
message.

Each node then usesits neighbors' routing tablesto check the validity of its own routing table. A node
S updatesits routing table in one of the following ways:
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1. If S receivesa“hello” message from node n;, it putsan entry (n;, pos(n;), n;) initsrouting tableif it
was not already there.

2. If S does not hear from a neighbor »; for some amount of time, it removes all entries of the form
(di, pi, n;) fromitsrouting table.

3. If T'able(S) containstheentry (d;, p;, n;) and S receivesT'able(n;) whichcontainstheentry (d;, p;, —),
then S updatesitsentry to (d;, p;, n;, —).

4. If Table(S) containsthe entry (d;, p;, n;) and S receives T'able(n;) which does not contain an entry
(di, —, —), then S removes the entry (d;, p;, n;) fromitstable.

5. After any changeto itsrouting table, .S broadcasts the new T'able(.5).

We refer to the above protocol as the tear down protocol. The reason for thisis as follows: suppose
thereis an entry (s;, p;, n;) intherouting table of .5, but node »; has gone down. Then S deletes the entry
(s:, pi, —) fromitsrouting table and broadcastsits new routing table to its neighbors. The neighborsin turn
do the same. The protocol removes al entries (s;, p;, —) in al nodes following which would have taken the
packet throughthefailed noden;. Alternatively, sincetherouting entries correspond to paths, all pathswhich
were passing through node »; get torn down.

6.3 Correctness of the Tear Down Protocol

When nodes or links are going down, it may very well be the case that the “centers’ property is violated.
Nodes may also have inconsistent views of the network if they are mobile. But once the topology of the
network becomes fixed again, the tear down protocol ensuresthat the “centers’ property holds and there are
no cyclesin the routing tables.

Lemma 3 Suppose G isa network in which route discoveriesare done using full route discovery, and whose
topol ogy was changing but has now become fixed. Then after the above protocol runsto completion:

1. “Centers’ property will hold.
2. Therewill be no inconsistent views in the network.

3. Therewill be no cyclesin the routing tables.

Proof: It can not bethe case that there are asequence of nodesny, . .. , n, wheren, = ny and (s, p, nit1) €
Table(n;) for: = 1,...,k — 1 because this would violate Property 1. So when the tear down protocol
runs, all entries (s, p, n;) which do not correspond to a path leading to node s get deleted. Similarly, the
correct position of each node gets propagated through the network so that there are no inconsistent viewsin
the network. Because the“ centers’ property holds after the tear down protocol runsto completion and there
are no inconsistent views and no cyclesin the routing tables. [

Hence, tear down protocol tries to maintain the “centers’ property and keep the positional information
at nodes consistent.

6.4 Overhead dueto mability

Inthissection, wetry to quantify theamount of overhead dueto mobility. When anode A hasalink tonode B
and node B moves, thelink between A and B may be broken. When thishappens, the protocol of Section 6.2
communicates thisto all nodes which were using thislink. This causes all routing entries which were using
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thelink from A to B to get deleted. Therefore, the amount of overhead is proportional to the number of links
that are being broken per unit time. The number of links going down per unit timeis directly related to the
speed of the nodes. We next try to obtain a formulawhich quantifiesthe amount of overhead in terms of the
various parameters of the wireless network.

We assume the network has n» hodesin a unit area and each node has atransmission radius r.

6.4.1 Overhead from a singlelink going down

On the average, each node has n7r? neighborsand cLlog(n) entriesin itsrouting table. So on the average

cLlos(n) entriesin the routi ng tableof A areusingalink from node A to aneighbor B. So when thelink

nmr?
between A and B goes down, « entriesin A and « entriesin B become obsolete. This cause (%‘ﬂm)%

messages to be broadcast to delete all entriesin al nodes which were using thelink between A to B.
Since %ﬁ;”) paths get deleted by each link going down. In steady state, the same number of route
discoveriesmust also be made for each link going down. Each route discovery generates (for example, using
breadth first search) n packets. So atotal of ZCLlog 2eLlog(n) nackets get generated from route discoveriesfor each
link going down.

So each link going down causes

o =

cL?log(n)  2cLlog(n)
nrr? mr?

overhead packets to be generated. That is O( Llog y(n )) packets get generated for each link going down.

6.4.2 Number of links going down due to maobility

‘{A‘

Figure 15: Computing overhead due to mobility

L et us now computethe number of linksthat go down per unit time. We assumethat each nodeismoving
inarandom direction at speed v. We will look at a shell of width vA at radius» from anode N. We will be
interested in how many of the nodesin the shell move out of node NV’srangein time A. Thisisthe number
of linksthat will be broken between node NV and its neighbor in time A.

Figure 15 shows the shell. There are 27rvAn nodesin the shell. We are interested in computing the
probability that a node in the shell moves out of the circle. This probability isgiven by

/“A 2co08~ i d
UA v

I 1
= —/ cos™ ! (y)dy = =
7T Jo T

So for anode NV, 27 pron links get broken per unit time. Or O(rvn) links get broken per unit time from
asinglenode. Since there are n nodes, atotal of O (rvn?) links get broken per unit timein the network.
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6.4.3 Total Overhead

S nceO(LlL(”)) packets get generated for each link going down, and O (rvn?) linksget broken per unittime

r2

in the network. A total of O(M) overhead packets get generated in the network per unit time.

7 Smulation Results

In this Section, we describe the simulation framework and results on the performance of the GRA routing
algorithm. The performance of a routing algorithm can be measured in terms of the memory requirement
at the nodes, and the bandwidth used due to the communication overhead. We quantify the performance of
the algorithm be simulating the GRA running over random graphs of varying size. In each case, we sample
enough random graphs to put our resultsin a 95% confidence interval.

Our performance measures are the mean routing table size, and the average number of GRA protocol
packets generated per node before the routing tables complete. We assume that each protocol packet gener-
ated is delivered. Thus the number does not account for retransmissions due to channel variations, medium
access control, etc. Note that both measures are independent of underlying link layer or physical layer char-
acteristics. Thefirst measureisrelated to the memory requirement of the nodes and the second the network
bandwidth consumed by the protocol overhead. We have focussed on them to emphasize that the GRA isnot
tied to a particular link layer protocol or channel type. Its benefits could potentially be redized over many
kinds of underlying networks.

7.1 Simulator Description

We generate the random network in two steps. First, the simulator has agraphical user interface that accepts
the number of nodes » and the shape of atwo dimensional region asinput. It then locates » pointsrandomly,
with auniform distribution, in the region. Thusthe first step provides a set of node locations. The second
step determines the neighbors of each node. We assume that all nodes have the same transmission range and
that if the distance between two nodesis less than the transmission range then the two nodes are neigbors,
i.e., connected by an edgein the network graph. We find the minimum transmission range such that the nodes
form a connected graph. This minimum isfound by successive approximation. This process of generating
the network graph resultsin an increase in the average number of neighborsof a node as the node density is
increased. Thisisshownin figure 16.

95% confidence interval

Number of neighbors

Number of Nodes

Figure 16: Average number of Neighbors

At each node, thereisarouting tableto route packets generated or relayed, and abuffer to queue packets.
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The gueueleaksat some constant rate C' packets per timeunit. The buffer size B at the nodesislarge enough
so that packets are not dropped.
Packets are generated uniformly randomly U[A(n)/2, 3A(n)/2], where

A(n) = knC

is the mean rate at which packets are generated, k is a constant (0.01 in our simulation to prevent buffer
overflow). The source-destinationpair are chosen randomly. On being generated, apacket gets queued at the
node. In each timeinstant, C' (whichis 20 in our simulation) packets are forwarded according to the routing
table. If apacket is“stuck”, it initiatesa depth-first-search route discovery, which updates the routing tables
upto the destination so that the stuck packet can be routed. The route discovery process is assumed to be
instantaneous. We do thisto simplify the implementation but nevertheless account for the exact number of
path finding and update packets. We assumethat all the packets are of same size, and there existsa schedule
such that each node can exactly transmit C' packets per unit time. Note, however, the performance measures
we present are independent of these assumptions, aslong as each nodeis equally likely to originiateits next
packet for any other node in the network. Nodes may represent agent teams that are located close to each
other. For such applications, we think the performance of GRA would be better than under the assumption
we make here.

7.2 Results
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Figure 17: Mean routing table size

Figure 17 shows that the mean routing table size is small. In fact, for a 1024 node network, the mean
routing tablelengthisonly 12.1. The plotsshow the 95% confidenceinterval for the mean with 50 simulation
experiments. Asexpected, it growswith the size of the network. Some of thisgrowthissimply thegrowthin
the number of neighbors. Figure 17 plotsthe two together. We see that most of the growth is accounted for
by theincrease in neighbors. Theincrease in the number of non-neighbor remote nodes in the routing table
isquite small. Thisisalso as expected because as the number of neighbors of a node increase, it becomes
less likely that packets will get stuck at the node. The logarithmic growth in routing table sizeis in sharp
contrast to the linear growth of most ad-hoc network routing algorithms. Figure 17 (b) compares the mean
routing table length of the GRA routing algorithm with the destination sequenced distance vector (DSDV)
routing algorithm. Other algorithms based on distance vector, link-stateand source routing also have similar
routing table lengths.
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Figure 18: Communication overhead and convergence time are also performance measures

Figure 18 (a) showsthat the small routing table sizes are, in fact, achieved at very little communication
overhead. The overhead in communication is because of the bandwidth used dueto the route discovery pack-
ets and the updates. However, the update packets are very small in size as compared to the route discovery
packets and can a so be piggy-backed on other packets, and hence are ignored in our results. We count the
number of packets aroute discovery transmitted as the communication overhead due to a singleroute dis-
covery. Figure 18 (a) showsthat geographical routing algorithmin anon-mobilenetwork, achieves complete
routing tables with communication overhead of less than two route discovery packets per node. The aver-
age number of protocol packets per node is approximately constant. Therefore the growth in the number of
protocol packetsislinear in the size of the network.

Moreover, as Figure 18 (b) shows, with the traffic load as specified above and traffic spread uniformly,
the routing tables converge in less than 1000 seconds. This means that it takes less than 10C" packets per
node on average for the routing tables of a node to converge. In our simulation €' was 20. So, for a 1024
node network, each node generated only 80 packets on average, before it’s routing table became compl ete.

8 Conclusions

In thispaper, we have proposed anovel agorithm for routing in wirelessad-hoc networksusing geographical
information of the nodes. The algorithm is asynchronous, real-time, distributed and scalable. It does not
require an architecture or hierarchy to be imposed on the network but provides each node with a distance-
dependent aggregated view of the network topology. The basicintuition behind the a gorithmisthat to route
apacket far away from the destination, only a*“coarse” knowledge of the network topology isrequired. As
the packet reaches near the destination, nodes in that area are expected to know the topology around the
destination in greater detail and will be able to route the packet to the destination.

We showed that if the route discovery process updatesrouting tablesin a particular way, then the routing
tables are cycle-free. We also showed that even in mobile networkswhere the topol ogy changes, the packets
may get “stuck” but do not get caught in loops. Further, we quantified the performance of the algorithm in
terms of the size of the routing table and communication overhead due to the route discovery process. We
presented proposed protocols for handling discovering new nodes, and coping with node failures. These
protocol s enable the algorithm to handle mobility and dynamicity in network topology.

We showed theoretically and verified through simulation that the algorithm obtaines very small routing
table sizes and very low communication overhead. Thus, one of the major features of the algorithmis that
it is scalable without imposition of any hierarchy (hence ad hoc in true sense). Thus, the algorithm has im-
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plicationsfor Internet routing as well. One of the weaknesses of the agorithmisthat it assumes an overlaid
paging network to provide information about geographical location of the nodes. But with proliferation of
GPS receivers, this may not remain an impractical assumption.

We have presented protocol sto handle node mobility. Detailed analysisof the algorithm under high mo-
bility and itsload balancing properties are subjects of current research. Weintend to present those resultsin
future work.
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A Appendix

In this section we present two results of relevance to the agorithm of the paper. First, we show that when
the number of nodesisvery large and the transmission rangeis chosen appropriately, then it suffices to know
the neighborsto do the routing. In the second result, we show that the expected number of route discoveries
initiated by anodeis O(logn).

A.1 Asymptoticresultsfor routing table size of random networksin convex regions

In this section we show that under reasonabl e assumptions, the expected value of the number of hopsto any
node approaches 1, as the number of nodes in the network increases to infinity. We also prove that this fact
impliesthat the expected number of nodesin a GRA routing table converges to the number of neighbors as
the total number of network nodes increases.

We assume that the network deployment area does not change with the number of network nodes but do
permit the transmission range to be reduced as the number of network nodesisincreased. Thisreductionis
permitted to maximize the capacity of the wireless network in the sense of [3].

Let S beacountably infinite set of nodeswhose locationsare uniformly distributed in adisc of unit area
contained in the plane. Let S,, bethe first » nodes. Let r(n) be the transmission range for every random
network consisting of nodesin the set S,,. We assume that

r(n) = /6(1 —|—7:7110gn‘

Asper [3] thisistheorder of the transmissionrange when it is chosen to maximize the capacity of an n-node
network located in afixed finite area. If the range is chosen to be less than this, the network is likely to be
disconnected. If two nodes lie within transmission range of each other we assume they are neighbors. Let
N, bethe set of neighborsof s.

Let G be arandom n-node network and D" a data demand pattern. Then, we know that the routing
tableswill complete. Let {77 : s € S,,} be the set of complete routing tables for &7, D,,. Pick anode S at
random from G™ and another node S’ at random from the routing table 7’7 . We define L,, to be the number
of hops from S to S’. Notethat I, is arandom variable representing the number of hops from a node to
another nodein its routing table when the network liesin the set of »-node networks.

GRA routing tables contain heighbor nodes and remote nodes. For a remote node to be in the routing
table, it isnecessary that there be no neighbor in the direction of the remote node. In other words, the shaded
circle sector in figure 19 must be devoid of any nodes. We use the following geometrical fact: The area of

the hatched sector isno less than 7r2/3.
(P !D
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Figure 19: Conditionfor aremote node to be in the routing table
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The argument is as follows.

E[L,|S=s5=5,8e€T!] = FE[L,s € Ns...]P(s € Ny|...)+ E[L,|s' ¢ Ny...]P(s' ¢ Ng|...)

< 1+n(1—L26("))n
_ 1_I_n(l_(1—|—e)logn)n

It may be argued that the lim,, o n(1 — (HE)%)” = 0 for the following reasons. Let

fn) = n(1 - L1087,
n
Then
log f(n) = logn + nlog(1 — %)
But for large n,
log(1 — (1+210gn) N —(1+210gn7

which implies that log(f(n)) ~ —¢logn. Thusasn increases log f(n) goesto —co, which implies that
lim,_ . f(n) = 0. Thisthen impliesthat

lim F[L,]S=s,5=5,§eTl=1,
n— 0o

that is, as the network becomes denser, each node needs to know only about its neighborsto route.
We now show that for large networks the number of nodesin the routing table converges in mean to the
number of nodesin the routing table. We start with

E[L,|S =58 =8 €T = E[L,|s € N,...]P(s € Ny|...)+ E[Lo|s' ¢ N,...]P(s' ¢ N,|...)
1P(s' € Ny(n)|...) +2P(s' ¢ Ny(n)]...)

v

[Ns()| | INs(n)] — [T5(n)]
1 + 2
|Ts(n)] |Ts(n)]
[Ns(n)] _
| Ts(n)|
Thus, V(o)
Ny(n
E[L,|S =58 =5, €Tl >3E[=> -2
- V23 )
Thisimplies that
lim F[L,]S=s,5=5§€T!]>3 lim E[|N5(n)|] -2,
n—00 n—y00 | 5(n)|

which together with the fact | Vs (n)| < |Ts(n)| impliesthat

A T ()

]=1.
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A.2 Average Number of Route DiscoveriesInitiated by a Node

We assumethat all network nodesarelocated in apolygon (V) in 2. Theresultisessentially obtained from
certain geometrical properties of polygons. The concept of a Voronoi cell and tessellation as introduced in
Section 4 isused.

Theorem 2 The expected number of route discoveriesinitiated by a node is bounded above by a constant
timeslogn

Proof We assume that the location of anode s is arandom variable taking uniformly distributed values
inVg,i.e, forV C Vg, vl
v
P(pos(s) € V) Vol
where |V'| denotesthe area of V.

Consider anode s. Initially the node s knows only about itself. Thusits Voronoi cell (Vp) isthe entire
network deployment region. Thus Ay is the area of the initial Voronoi cell of s. We assume that the next
node (s;) that s learns of can be any other nodein V4. Let V; be the area of the new Voronoi cell of s. In
thismanner welet sq, . . ., s, be asequence of pointsand V7, . . . Vi the corresponding sequence of Voronoi
cells of s, such that the node s; is chosen to lie in the Voronoi cell V;_;. We choose the next nodeto liein
the previous Voronoi cell because s would only initiate route discoveriesto another nodein its own Voronoi
cell. Let A betheareaof V},. Since thelocations of nodes are random, V;, and A, are random variables.

Let N bethenumber of nodesincell Vi (s, {s1,...,sk}) = Vi. Afterinitiating £ route discoveries, the
expected number of nodes left in a node’s Voronoi cell is given by

E(Nk|A0 = ao) = E(Akn/A0|A0 = ao) (1)
= (n/ao)E(Ax|Ao = ao) 2
< oFn ©)

The last step followsfrom lemma 4, proved below.
The expected number of nodes per cell when the Voronoi views become completeis unity. Thus,

a"n=1
which implies that the mean number of route discoveriesinitiated by a node, k is given by
k= clogn 4

where c isaconstant equal to 1/ log(1/«).
]
We next prove lemma 4. Some notation is as follows. R, isaclosed polygonin R%, =z € Ry, Y isa
random variable taking uniformly distributed valuesin Ry, i.e., for V C Ry,

V]

Let Ry = V(2,Y) denote the Voronoi cell of = when R, is tessellated with the points z, Y. Then R; isa
random variable.

Lemma4 3¢ € (0,1) suchthat for all z € Ry

E[|Ri]|X = 2] < (1 = )| Rol.
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Figure 20: Geometrical construction for the proof

Proof
Figure 20 shows the geometrical construction used in the proof. Let D = max, yer, ||z — y||. D isthe
diameter of the polygon R,. Let = beany pointin Ry. Let z ; bethefarthest point from = in Ry. Thenz; is
avertex and ||z — z¢|| > D/2. Thequadrilateral (z;, £, z, F') contains Ry. Ry contains the quadrilateral
(zf, A, C, B). Theareas of the two quadrilaterals are as follows.
Areaof quadrilateral (24, A,C, B) = %%%(sin « + sin [3)
Areaof quadrilateral (x4, E, 2/, F) = %QD.QD(sin « + sin [3)
Thusthe area of quadrilateral (=, A, C, B) isgreater than 53| Ro|. Choosec = 7.
For any u, v in (2, A, C, B) the distance between u and v is less than % The distance from z to any
such u is greater than %. Thusif Y € (x4, A, C, B), the Voronoi cell of Y will contain at |east the region
(x5, A,C, B). Moreover |(z¢, A, C, B)| > ¢|Ry|.Let R denote the quadrilateral (2, A, C, B).

E[|Ri||X =2] = E[R||X =2,Y € R]JP(Y € R)+ E[|Ry||X = 2,Y ¢ R|P(Y ¢ R)
< (|Ro| = ¢|Rol)8 + |Rol(1 - B)
= (1 -¢B)|Rol,
= (1-cY)|Ro|

where 5 = P(Y € R.) Thelast step follows from the fact that 5 > c.
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