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Abstract— Geometric routing using source-destination loca- a geometricunit disk graph(UDG), in which the Euclidean
tions has been widely suggested as a scalable alternative toco-ordinates of the mobile node represents a vertex in the
conventional routing approaches in mobile ad hoc networks. plane, and an edge exists between two vertices if the Eaclide

Recently, there has been considerable attention on face routing dist between the vertices is less than the node trasismis
in planar graphs constructed from overlay graphs in wireless IStance

networks. Given a plane tiled into an infinite mesh of polygons, an range R. In general, the UDG is not planar, but known
overlay graph is defined as one in which a graph edge is defined techniques such as [7] can be used to extract a sub-graph
between two adjacent polygons if a radio link exists between any from a connected UDG which is both planar and connected.

two nodes located in these polygons. We consider the problem of Face routing on the planar graph then guarantees the deliver
constructing a connected planar graph from the overlay graph, f Kets i tatic wirel twork

and geometric routing in such graphs. We prove a specific Of packets In a static wireless networ " o
property of such graphs known as theredundancy propertyand Recently, there has been some attention to routing in planar

propose a distributed routing algorithm called Grid Traversal —graphs constructed from aoverlay graphof the wireless
Algorithm (GTA) based on the redundancy property of overlay network [8]. The overlay graph (referred to geographic
graphs. The algorithm is both localized and energy efficient, but ¢ \stersin [8]) is defined as follows: the plane is partitioned

may not guarantee connectivity in pathological cases. Simulations b lar infinit h of pol h n h
show that such disconnections are rare in practise and that GTA DY & regular infinite mesh of polygons (e.g. hexagons), eac

performs very well in terms of percentage of data delivered, dat  forming a geographic cluster. Each node is assigned to lgxact
delay and overhead compared to GPSR, a geometric routing one cluster by its current location. Two clusters and C,

protocol that routes on a planar graph extracted from the unit are adjacent if there are two connected nodes, one lying in
disk graph. C4, and the other inCy. The diameter of each cluster is
the transmission range of a node, and the grépkefined
by adjacent clusters is termed the overlay graph. To ntake
Greedy geometric routing (also known as position/locatigulanar, a localized Gabriel Graph construction is inveséd,
based or geographic routing) has been widely suggestedaasl the result of the study is that a planar overlay graph can
an alternative to conventional routing approaches in neobibe constructed from one—hop neighbor information, but may
ad hoc networks in lieu of routing scalability. In geometriproduce a disconnected subgraph even if the unit disk graph
routing, it is assumed that mobile nodes are aware of th&rconnected.
own location via the use of a GPS receiver or other locabrati  In this paper, we introduce a distributed algorithm to con-
schemes. A localized periodic broadcast protocol enallles struct a planar overlay subgraph by using a specific property
nodes to have approximate knowledge of their neighbors’ lof overlay graphs known asedundancy propertyand by
cations, and a location management protocol [1] can be usedtldingvirtual edges to the original graph. While the subgraph
discover the position of the destination node. Severalgsals constructed by the distributed algorithm is always platrete
have been described in literature that make use of a nodafe pathological cases where the algorithm cannot guarante
neighborhood position knowledge and greedy forwarding tmnnectivity. We investigate a routing protocol that parfe
route packets to a known location of the destination node [2Jeometric routing on a planar overlay subgraph (known as
[3], [4]. GTA) and show by simulations that such disconnections occur
However, it is well known that greedy routing suffers fronmrarely in practise. Further, we show that routing on a planar
the local maxima problem, in which greedy forwarding fail®verlay subgraph is superior to GPSR, a geometric routing
due to a void in the path. In such cases, packets are droppeotocol that routes on a planar subgraph constructed from
at the intermediate node even if a perfectly valid path existhe UDG.
between the source node and the destination node. To recovérhe rest of this paper is organized as follows: Section
from the error caused by greedy forwarding, face routing dh describes an overlay graph and the connected overlay
a planar graph extracted from the static wireless network wplanar graph construction problem. We propose a distribute
considered in [5], [6]. The wireless network is modeled aalgorithm to construct such a subgraph in Section Il and

I. INTRODUCTION



introduce the GTA routing protocol in section IV. We present .
the results from simulations that show the effectivenessuof L
solution in Section V and conclude this work in Section VI. £ \\\<’

Il. CONNECTEDOVERLAY PLANAR GRAPH AN
CONSTRUCTIONPROBLEM

Given a set of mobile noded’ and their Euclidean co- \
ordinates, the network terrain is tiled into an uniform irén N |
grid such that the unit square regions within the grid are of '
diameterr, wherer is the radio range of a node. The center
point (Ii, yz) of each unit regionRi unique|y represents the Fig. 1. A vertex in the overlay graph i_s anacent to at most mp\‘/ertices.
unit region and forms a vertex in the overlay graph. A tOtéhort edges are shown by the bold solid lines while dashed limdicate long

. . . dges. While axis edges are parallel to the grid , non—axissedre inclined
ordering on the vertices are defined as follows: to the grid.

o (21, y1) < (a9, yo) if Ty < o Or zy = xo andy; < yo

o R <Rjif (wi,4:) < (25,9;)
A mobile nodeu € N can now be uniquely assigned to one of Lemma 1: The Gabriel graph construction proposed in [8],
the vertices by defining a total ordering on the node locatiowhen applied to the overlay graph, will always produce a pla-
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on the grid using the following three rules: nar subgraph, but the resulting subgraph may be discondecte
« A nodeu(z,,y.) is assigned taR; if (z.,y.) € R; even if the underlying unit disk graph is connected.
« A nodeu(z,,y,) is assigned to mitt;, R;) if (2., yu) Proof: The proof follows directly from [8]. As an
€ Ry, R; example, consider the node placements in figure 2. Nodes
« A node u(z,,y,) is assigned to mim;, R;, Ry, R;) if ~V1,v2,vs are assigned to verticeR;, R;, R;, respectively.
(#u,yu) € Ri, R;, Ry, Ry Sincewv; andvs are disconnected, there are two bidirectional

The last two rules assign nodes to a unique vertex if they f&fl9€Ser,—r, and eg,—.x, in the overlay graph, indicated
on the boundary of two unit regions or the corner of four unfty the d_ashed lines. In the Gabrle_l graph construction for a
regions. node pair ¢, v), there must be no witness node located in the
Once the vertices are defined, the adjacency matrix of tHiSK With diameteruu| other thanu andv. Thus, to preserve
overlay graphG(V, E),R; € V is defined as follows: two planarity in the overlay graph consisting of vertlcE$_, R;
vertices R; and R; are adjacent, and a bidirectional edg@nd . €dgecr, ., will be discarded, thereby leaving the
er,—r, € E exists between them if there is a node paiv subgraph disconnected. u
(u,v € N,u € R;, v € R;) that are directly connected to each

other in the UDG. Due to this construction, a vertBx can \./l_”__‘-_Rj
be adjacent to at mog0 other vertices as shown in figure 1. O‘ )

To facilitate the explanation of our distributed algorithm RN 2%
described later, we denote bigZ: the set of eight short D el V3
edges (shown in bold solid lines in Figure 1) connecting the Vz o :
eight immediate vertices arountl;, and byElR"' the twelve 1.Ri

remaining edges incident from; (shown in dashed lines in

Figure 1). An edge is also classified as eitheraais-edge

or a non-axisedge depending on whether it is parallel to

the X a Y (honzontallvert.lcal) axe; or not. Denot[e by; Fig. 2. The circles indicate the radio range of nodesindvs. Dots indicate

the neighborhood ofz;, which consists of th@0 vertices t0 noges, solid lines indicate edges in the unit disk graplid sojuares represent

which R; may be adjacent. With the overlay graph in placehe graph vertices and the dashed lines indicate edges iovéray graph.

the connected overlay planar graph construction problem is

defined as follows: construct a subgra@h (V, Ep), Ep C E  Fromlemma 1, we note that it may not be possible to construct

which is both planar and connected. a planar subgraph that only has a subset of the original edges
In [8], Frey et. al. studied a similar problem in which theof the overlay graph by the process of edge removal. As a

plane is tiled into a mesh of hexagons and each hexagors@ution, we slightly modify the definition of overlay graph

referred to as a geographic cluster. Nodes are aggregdted to includevirtual edgegto the set of overlay edges to preserve

geographic clusters based on their position in the plané, golanarity as well as connectivity. A virtual edge is simply a

an aggregate graph is constructed from the radio connigctivihort edge between adjacent vertices (not originally in the

between adjacent hexagons. A planar subgraph embeddedvierlay graph) which are realized vixhop radio paths in

the aggregate graph is extracted by a modified Gabriel gragble underlying unit disk graph. An algorithm that adds \attu

[9] construction using one-hop information advertised bgte edges to the overlay graph will be presented in section lll.

node in a beacon packet. Routing is then performed on tNext, we present a specific property of overlay graphs known

planar subgraph extracted from the aggregate graph. as theredundancy propertywhich can be used to eliminate




edge intersections to create a planar overlay subgraph.  Algorithm 1 To add potential edges tbp
Lemma 2:Redundancy Property. If two edgese; ande,  1: for all R; in adjacency tablelo
in the overlay graph intersect, then amongst the two mobile:  for all ex, .z, € Eli do
node pairs(u,v) and (z, y) that constituted the overlay graph 3: Add eg, g, 10 Ep
edges, there must be at least one node which is directly: end for
connected to the remaining three nodes in the unit disk grapls: end for
Proof: The proof is omitted due to space limitation, and 6: for all R; in adjacency tabtlo

can be found in [10]. m 7 forall ep_p, € B do
Due to lemma 2, if two edges in the overlay graph intersectg: if er,—r, is an axis-edgehen
then one of the intersecting edges is redundant since these m 9: Ry, « vertex incident oreg, g,
be two additional overlay graph edges that connect all tHé: if er,—r, && eg, g, then
four nodes under consideration. Thus, one of the intersgcti11: continue
edges can be removed without disconnecting the node pait2. else ifer, g, then
An algorithm that uses the redundancy property for removingg: Discarder, . r;
redundant edges to create a planar subgraph from the overlay Add virtual edgeer, g, t0 Ep
graph will be described in section lll. 15: else ifeg, g, then
16: Discarder, . r;
Ill. ADISTRIBUTED ALGORITHM FOR OVERLAY PLANAR 17: Add virtual edgecr, g, to Ep
GRAPH CONSTRUCTION 18: else
We now describe a distributed algorithm that constructe: Add eg, g, 10 Ep
a planar subgraph from the overlay graph by adding virtuab: end if
edges and by removing redundant edges using the redundaaty else
property. The algorithm consists of two phases: the firsspha22: Add er, .r; t0 Ep
creates a set of edges from an adjacency table that couakd end if

potentially be part of the final edge set of the subgraph, arzd:  end for
the second phase removes intersecting edges from this segdoend for
preserve planarity. To realizehop overlay edge connectivity

and to facilitate geometric routing, each node in regi®n

periodically broadcasts its location, and updates an ed@c of one of the edges would cause disconnection, the algorithm
table if it either hears a broadcast from a neighbor node dves the following: it discards the long edge, and adds aalirt

an adjacent regioif?;, or a broadcast from a neighbor nodedge between the vertices that did not previously have & shor
in R; which advertises an overlay edge to adjacent regi@age between them (lindg@ —17). The virtual edge represents
R;. Each node then includes its incident overlay graph ede_hop physical path in the underlying UDG. For example,
information in the subsequent periodic broadcasts. Naé thn figure 4, long axis edger, .r, is discarded and a virtual
this information can be efficiently coded in a bitmap corisgst edgeer, .r, is added to the edge sétp. Edgeer, .r, is

of 20 additional bits in the periodic broadcast, since there aggnstituted by the physical patly — v, — v1. Finally, If

at most20 vertices that any vertex can be adjacent to in th@ere are no intersections between axis edges, then the long

overlay graph. After gathering adjacent region connegtiviedge can be safely added iy (lines 18 — 19).
from such beacons, each node runs algorithm 1 (Phpaad

algorithm 2 (Phasd ) to compute the planar graph. v RJ v RJ
1) Algorithm Description:Lines 1 — 5 of algorithm 1 add 'm 'n

the short edges, and linés— 25 add the long edges between ‘K N

any two vertices in the overlay graph to the potential edge > R > Ry
set Ep. While non—axis long edges can be readily added ‘]} b ; V3
to the edge set (lineg1 — 22), long axis edges have to vj“. vm

be added cautiously. Particularly, node configurationshsugc R R

as the ones shown in Figures 3 and 4 can cause overlay
edge intersections along infinite points. For example, esinc
all nodes are physically connected, there will be three £dge
in the overlay graph in figure 3 - namely, two short edge®Sg. 3. Long edgeer, g, can be discarded since the edge vertiégs
€Ri—Rys ERu—R, and a Iong edg@RiHRj- Since the Iong and R; are reachable via the short edges, g, andeRkﬁRj.
edge intersects with the short edges at infinite points, it ca
be discarded without loss of connectivity due to the existen Once algorithm 1 completes, edgesfip can only intersect
of the pathR; R, R; (lines10 — 11). at a single point. Algorithm 2 then considers all edge pdues t

On the other hand, if the intersection due to axis edgesitgersect at a single point (other than the vertices therasgl
caused by a long edge and a short edge, and if the remaealmake the subgraph non—planar. Due to the redundancy




.Rj 7 Theorem 3: The subgraph constructed locally by the dis-
tributed algorithm is always planar, but does not guarantee
n

R(w |- connectivity.
; : ‘ v; . Proof: Since both algorithms remove one of the intersect-
o | | : i. e : ' ing edges in all intersecting edge pairs, the resulting sapig

is always planar. Lack of connectivity is demonstrated by
Ry - - | R - a conflict graph in which disconnection occurs. In figure 5,
nodesu,v,w,z andy can be placed in overlay verticdss,
R10,R11,R2 and R3 respectively to produce the overlay graph
as shown. For the intersection between edBges— R,; and
Ry — Rjg, edge Ry — Ry will be removed since all the

Fig. 4. A short virtual edgeszﬁRj is introduced to eliminate the long
edgeer, . r ;. The virtual edgeszHR]. represents the patly — vo — v

in the unit disk graph. four vertices in question can be reached by either vertices
Ryp or Ry, and the tie is resolved by removing the lower
Algorithm 2 To compute planar overlay subgraph labeled edge; i.e.R2 — Rio. For the intersection between

edgesR3 — Rig and Ry — Ry;, edgeRy; — Ri; will be

1: for all er,.g; in Ep do . .
removed since verteR,; cannot connect to verteiRs directly.

2. l(er,—r;) < maxi, j) X : ' ;
3- end for As a consequence, vertd¥ will be disconnected in the final
4: for all ep, g, € Ep do subgraph. u
5. for all R, € N; do

6: for all €R.—R, € Ep do

7 if er,—.r; andegr, g, intersectthen .

8: if er,—r, € Ep &% er,_g, € Ep then L,'S

9: if €R,—R; € Ep && €Ry—R; € Ep then ‘ z

10: remove edge with lower label B

11: else <

12 removeeg, g, from Ep : o

13: end if g AR ERER I SV

14: else ‘ S T D A

15: removeeg, g, from Ep ‘ : Rio Ru

16: end if

17: end if

18: end for Fig. 5. Proof of theorem 3

19: end for

20: end for

Although the distributed algorithm cannot guarantee conne
tivity by the redundancy property alone, this may not be
a severe problem since the cases in which specific node

Sgt)g;rgg t?n)gtr;gggf E‘::rgg dgﬂ;ﬁ trcmznn(?dee mgﬁgiﬂgfigj Iajgcements that lead to disconnection may occur rarely in
y P §? ctice. In section V, we will show that this is indeed the

the edge intersection. Hence one of the intersecting ed €3¢ in most practical scenarios
can be removed by this node to preserve planarity. In case '

of intersecting edge pairs and vertices that are completely IV. THE GTA ROUTING PROTOCOL
connected, the tie is broken by removing the edge having asing the distributed algorithm explained in section Ilie w
lower labeli(er, - r,) (lines 7-10). introduce a new routing protocol that we call the Grid Traver

Once each node computes its final edge set in the overlgy Algorithm (GTA). Routing in GTA is ordinarily greedy
graph, it includes this information in the periodic beacsmg  forwarding using the neighbor location table. However, the
an additiona0 bit flag. A node that receives such a broadcaﬁéuting switches to face routing mode when greedy forwaydin
packet from its neighbor updates its connectivity, and ®markgils due to the occurrence of local maxima, similar to face
the outgoing overlay graph edges to be preserved as a@brtigouting schemes such as GFG [5] and GPSR [6]. The key
in the broadcast beacon. Clearly, this scheme is purely dififference in GTA is that face routing is carried out on a
tributed, localized and energy efficient in nature. The bgad p|ana|’ graph constructed from the Over|ay graph rather than
required to construct an overlay planar subgraph is at #dstpy the one extracted from the unit disk graph. Face routing
bits more than that required to keep track of the location gliarantees that the exploration of the faces that lie betwee
radio neighbors to facilitate geometric routing. Howewiér, the occurrence of local maxima and the destination node will
is possible that the graph which is locally constructede#lb eventually lead to the delivery of the packet to the destinat
planar-, is disconnected, as shown by theorem 3. if the network is static and connected. On the other hand, if



the network is disconnected, the packet will loop back to théDG due to node mobility directly impacts the UDG planar
unit region R; where face routing mode was initiated. Sincgraph constructed.

this information is recorded in the packet, the first node iﬁigure? shows the average end—to—end packet delay for suc-
R; to receive the packet that loops backfip will drop the  cessfylly delivered packets using both GTA and GPSR. Node
packet. density has a direct impact on the planar graph constructed

V. NUMERICAL STUDY from the UDG for GPSR. As the nqmber of nodes increasgs,
longer edges are replaced by multiple shorter edges, lgadin
_ to longer paths and delays for GPSR. As for GTA, node
~ We compared the performance of GTA against GPSR Rnsity does not impact the planar graph constructed to the
implementing both protocols in GloMoSim [11]. GTA hassame extent, and path lengths remain more or less the same
an adjacency table to keep track of adjacent vertices thakspective of the number of nodes. In fact, increasingenod
are reachable, and a list of next best hops to reach eaghsity is helpful for GTA since it increases connectivity
adjacent vertex. A boolean variable is associated with ealg@tween adjacent unit regions_ C|ear%0 nodes moving
graph edge to indicate its membership in the planar gragflong the edges of the terrain represents high node density,
Both protocols also have a neighbor table that keeps tragkd this adversely affects GPSR path lengths.

of 1-hop neighbor nodes’ position information to facilitatei:. . .
i . . . inally, Figure 8 shows the number of data transmissions
geometric routing. GPSR implementation was borrowed from

the NS—2 implementation of the protocol at [12] and verifier quired to deliver the data packets for both the protocols.

against published results by running the protocol using %ﬁiﬁ clgma ;rlggIC\E'?th;I'IrJXre(?IZerorot::rer?ggf iZVI(EITJthsStr?e
ideal location management layer. The location of a destinat P : Y

. N . . longer paths in GPSR which causes additional transmissions
node is knowna priori using theideal location management

scheme. The RNG scheme [7] was used to create the plagilhaatrt lead to an overall increase in the number of transmissio

graph for perimeter routing in GPSR, since this scheme giel econdly, as node mobility increases, graph faces charge an

aless densely conected graph and leads tobetter peroemf |22 PE B IO, BBt T O ore ey o
of the routing protocol. P p grap y

Parameters for the simulation scenario are shown in Tat%opped at the node where face routing is initiated. In GPSR,

I. For the simulation scenaria000 Constant Bit Rate (CBR) such qups may be long and packets may float grgund for
) . . long periods before IP drops them due to the TTL limit. Such
connections were randomly generated, with each sessiah sen

ing one packet with a 512 byte data payload. A Sessig@otr)llemsrcarr\] be avmgetcri uf'r:jgb“mgi%g[?hph Eng's; mmpl;emar
terminates successfully if the data packet sent to therdestiOve"aY graphs as constructed by - 1hs, emerges

o . - as a clear winner in terms of packet delivery, average erd—to
tion’s location successfully reaches the destination rigefbe ) . . .

. . . . ..end delay and data overhead in comparison with GPSR. It is
simulation ends. Nodes move according to the Orbit mobilit

Lo . oteworthy that the disconnection problem does not adierse
model [13], and in this scenario, nodes move on a rectangu . : .
affect GTA in average cases such as the ones simulated in our
road that connects four rectangular hubs located at fouvecsr

of the simulation terrain. As soon as a node reaches a hubsftlédy'

random point in the next hub is selected and a random velocity
betweenV,,.in, Vinaz) IS Selected to move to the next hub. This
mobility model was intentionally chosen so that face rogtin
dominated over greedy forwarding for packet routing.

A. Simulation Scenario

110 T T T T T T T

105 + 1
B. Simulation Results

Each plot point presented in this section is an averag
of five simulation runs. Figuré shows the fraction of data we -, 1
packets delivered as a function of maximum node speedz J— N P
From the figure, it is clear that GTA is able to perform )
steadily, delivering nearlyl00% of all data packets while 95 [~ 1
GPSR is clearly not able to deliver all data packets. While
face routing guarantees packet delivery when the network is GPSR
static, this is no longer true when the graph faces change 90 ‘ ‘ ‘ : : : :

- L 0 5 10 15 20 25 30 35 40
due to node mobility. Face routing in planar overlay graphs ,
is clearly advantageous since the overlay graph faces nemai Maximum Speed(m/sec)
relatively stable with increasing node mobility than thase
a planar graph constructed from the UDG. As long as there
is connectivity between two unit regions, there is an edge in VI. CONCLUSION
the overlay graph, irrespective of ttectual nodes that are Geometric routing takes advantage of location information
involved in the connection. On the other hand, changes tim facilitate routing, and is widely believed to be scalatue

ughp@(%)

Fig. 6. Percentage of data delivered



TABLE |
SIMULATION PARAMETERS

Simulation Time

1000 sec

Mobility Model Orbit Mobility

Simulation Area

2000x 2000m

Maximum Speed 0-30 m/sec

Unit Region Size

250m

Minimum Speed 1 m/sec

Number of Nodes

250

Pause Time 0 sec

Transmission Range

350m

Traffic Type Random CBR

Transmission Speed

54 Mbps

Number of Connectiong 1000

MAC Protocol

IEEE 802.11g

Data Payload 512 bytes

Beacon Interval

1 sec

Buffer Size 1000 packets

0.05 T T T . . T

0.04

T

0.03

T

0.02

Delay(seconds)

0.01

15 20 25
Maximum Speed(m/sec)

Fig. 7. Average data delay

20000 T T T . . T

40

15000

10000

Data Transmissions

5000

0 1 1 1 1 1 1

!

10 15 20 25
Maximum Speed(m/sec)

Fig. 8. Total data transmissions

30

35 40

construct a planar subgraph from the overlay graph by using
the redundancy property of overlay graphs, and by adding
virtual edges. We have also presented a geometric routing
protocol that routes on the planar overlay subgraph, which
is robust in the face of node mobility. While the subgraph
constructed by the distributed algorithm is always plaitar,
cannot guarantee connectivity in pathological cases. dJsin
simulations, we have shown that such disconnections occur
rarely in practice and that the protocol performs much bette
in terms of data delivered, average end-to—end delay amld dat
overhead in comparison to GPSR, a geometric routing prbtoco
that routes on a planar subgraph constructed from the kit di
graph. Our protocol is localized, energy efficient, and high
effective for routing in mobile ad hoc networks.
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