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Abstract—Routing is the foremost issue in mobile ad hoc  Most position-based routing protocols use greedy forward-
networks (MANETS), In a wireless environment characterized jng as their basic operation. In greedy forwarding, a forward-

by small bandwidth and limited computation resources, position- 4 node makes a locally optimal greedy choice in choosing
based routing is attractive because it requires little communica-

tion and storage overhead. To guarantee delivery and improve .the ngxt hop for ‘T". message. Spemﬂcglly, if a hode knows
performance, most position-based routing protocols, e.g. GFG, its neighbors’ positions, the locally optimal choice of next

forward a message in greedy mode until the message is forwarded hop is the neighbor geographically closest to the destination
to a node that has no neighbor closer to the destination. They of the message. Greedy forwarding, however, fails in the

then switch to a less efficient mode. Face routing, where the \,o5ance of a void (also called a local minimum or a dead end)
message is forwarded along the perimeter of the void, is one

example. This paper tackles the void problem from a different where th? only route to the de'stin'ation requires a packet move
angle. We construct a virtual small world network by adding temporarily farther in geometric distance from the destination.
virtual long links to reduce the chance of a protocol encountering In order to recover from a local minimum, most existing
local minima in greedy mode, and thus decrease the chance toprotocols switch to a less efficient mode, such as the face
invokg inefficient methods. Experiments show that this methoq routing mode. Face routing [3] (also called perimeter routing
ﬁgﬁgﬂ\éeilz t'gﬂgvgfsat\?;a%?ﬁg;acnocfnf f the greedy-face combi- or planar graph trayersal) on a connected net\{vork theoretically
guarantees the delivery of packets. Face routing runs on a pla-
nar graph, in which the message is routed around the perimeter
of the void (face) surrounded by the edges using the right-
hand rule. Example of the existing greedy-face combinations
| INTRODUCTION are GFG [Z]i its \{ariant_ GPSR [8] gnd GOAFR [;1].
) ) ) By observing simulations, we notice the following problem

A mobile ad hoc network (MANET) is comprised solelyyith the greedy-face combination. While a message always
of wireless stations. The communication between source apfels toward the destination in the greedy mode, it loses
destination nodes may require traversal of multiple hopg girection in face mode. And in certain topologies, voids
because of limited radio range. Existing routing algorithms cg@, |ead to excessive retracing. This problem is mitigated by
be broadly classified into topology-based and position-basgéhaArR [11], which restricts the traversal of the messages in
routing protocols. Topology-based routing determines a rouige mode using a serial of eclipses increasing in size and
based on network topology as state information, which neegﬁectivew decreases the average route length.

to be collected globally on demapd as in rogting protocols ynlike GOAFR [11], this paper tackles the above problem
DSR [7] and AODV [17] or proactively maintained at nodegrom a different angle. The method is to construct a virtual

as in DSDV [16]. small world network. Specifically, each node in the network
The scope of this paper is focused on position-based routipg,s some remote contacts connectedviryual long links
also called geometric or geographic routing. Position-basgg | s). Each VLL consists of multiple consecutive physical
routing protocols are based on knowing the location of theks. To be scalable, the length (in hops) of the VLLs conform
destination in the source plus the location of neighbors {§ 5 2-exponent power-law distribution, which is analogous to

reasons: (1) they incur low route discovery overhead compargthima for a greedy routing and hence the chance of turning
to flooding-based approaches in on-demand topology-basgdace mode.

routing protocols, and hence save energy and bandwidth, ar_lq-he VLLs reduce the chance of a greedy protocol en-
(2) they are stateless in the sense that nodes need not Ma§imntering local minima from two aspects. First, VLLs give
tain per-destination information, and only neighbor locatiogqgitional long connections to the nodes in the network. The
information is needed, either from a GPS [4] or through oth@¥fectiveness of VLLs in reducing local minimum can be see
means, to route packets. in Figure 1(a). In the figure, the number of local minima is

_ _ averaged over the number of local minima for each node in the
This work was supported in part by NSF grants, ANI 0073736, CCR twork. Second. when routing a messaae. VLLs is helpful for
0329741, CNS 0422762, CNS 0434533, and EIA 0130806. Contact addrd¥§WOrK. » When routing age, IS helptu
jie@cse.fau.edu a greedy protocol to circumvent local minima ahead connected
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An extension to GFG/GPSRyreedy other adaptive face
routing (GOAFR) [11], avoids routing beyond some radius
by branching the graph within an ellipse of exponentially
growing size to achieve worst-case optimality and average-
case efficiency in term of average route length.

GVG [15] has its face forwarding section run over arbitrary
150 200 250 300 350 ~4o;)‘ “;50 0150 200 250 GR;EDY(Z\;;LS) ;10:)) 7450 non'planar graphs by addlng virtual nodes at the crosses of
Number of nodes Number of nodes the links. Representative examples, however, show that GVG

@) (b) has large average route length.
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Fig. 1. Effectiveness of the virtual long links in reducing the number of
local minimum. 2 VLLs means 2 virtual long links per node (a) & DeliveryB. The Small World Model
ratio in pure greedy routing protocol (b).
The small world model [14] corresponds to a phenomenon
in a social network where any two people have “six degrees
) . of separation”. More recently, it has been shown in [21] that
through regular links. Further experiments show that the VLLgjis phenomenon is pervasive in many natural and artificial
are able to increase delivery ratio in thg greedy protocebmmex networks, and is captured by two measurements:
and decrease the average route length in the greedy-fagey| average path length and high clustering coefficient
combinations. The rest of the paper is organized as folloWgiefined as the average fraction of pairs of neighbors of a
Section |l briefly summarizes the related works. Section Iyge that are also neighbors of each other).
presents our algorithm to construct the virtual small world Kleinberg [9] defined an infinite family of random network
network, which includes the construction and maintenance ghgels that seek a simple framework that encapsulates the
the VLLs. Section IV presents our greedy routing algorithfaradigm of Watts and Strogatz — rich in local connections,
in the virtual small world network. In Section V, we performy;ith 4 few long range connections. Rather than using a ring
extensive simulations of the greedy-face routing protocols § the basic structure. it uses a 2-dimensionak m grid
our virtual small world network to analyze the effect of VLLS;,q allows each node to have a directional long link to a
on reducing the average route length. Overhead and scalabilfyote contact with the distance in thexponent power-law
of our algorithm is analyzed in Section VI. Finally, Sectionyistribution. [21] also proved that there is a unique “navigable”

VI concludes the paper. model ¢ = 2) within the family for which decentralized
algorithms are bound by)(log? m). The extension to the
[I. RELATED WORKS navigable hierarchical network is discussed in [10].

Before turning to our technical content, we first put ou Terminode [1] is based on the small world model that dpes
work in context, Our algorithm is based ,on position-bas rrﬁ)t always for\./va.rd packets .dlrectly towar'ds '.[he destination.
routing and the'small world model. In this section, we Wi‘lel order to opt|m|z_e routl_ng in case of voids in the _network
briefly present the related works in .those fields ' opology, a node finds a I|st_ of re_mot_e contacts d|str|buteq all

' over the network, to which it maintains a good path. To find
a route to the destination, a node asks its remote contacts that
A. Position-based Routing in turn ask their remote contacts, and so on. The right remote
ontacts found are added as a loose source path to the header

. . . . . . .C
Localized algorithms are desirable in MANETS, in WhIChof the data packets. Though Terminode finds short paths, it

nodes make routing decisions based only on the mformaﬂages some sort of broadcast to discover routes and it does not

about its neighboring nodes and the position of the destination. .
arantee delivery.

. . . . QU
One such method, the greedy routing algorithm, in which In [13] [19], the authors study the throughput capacity of

each node forwards the message to its neighbor closest to ﬁhgrid MANETS, in which they investigate the use of limited

destination, is based on the location information supplied ?ﬁ%rastructure, in the form of wires, for improving the energy

GFI)nS [L:z]a.ed face greedyGFG) [2] and its varianigreed efficiency MANETSs. Our model differs from theirs in that we
Y y 9 g y use no infrastructure, and our model uses VLLs that consist

perimeter stateless routingPSR) [8], when a packet reache%f multi-hop physical links. Besides, this paper is focused on

a region where greedy forwarding is impossible, the algorithpauting
recovers by routing around the perimeter of the region. The '
right-hand rule is used to route around the face, which requireﬁII
a planar graph. A graph in which no two edges cross is known
as planar. Theelative neighborhood grapifRNG) [20] and )
Gabriel graph(GG) [6] are two planar graphs. A. Assumptions
In [5] Datta, Stojmenovic and Wu improved GFG based First we simplify our discussion with the following common

on the concept of dominating sets. They propose to run GEGsumptions: (1) We assume an ideal environment in which
routing on the internal nodes. The network of internal nodeadio ranges of all nodes are exact and symmetric and that
defines a connected dominating set (CDS), and each node ntlaste is no packet loss, so that two radios within transmission
be either internal or directly connected to an internal node.range can always communicate. (2) We assume that all nodes

CONSTRUCTION OF THEVIRTUAL SMALL WORLD
NETWORK



know their own positions, either from a GPS device [4], if ¢ @
outdoors, or through other means. This assumption becomes
more and more realistic with the advent of inexpensive a
miniaturized positioning systems. (3) We assume a location
registration and lookup service that maps node addresses to®
locations [12]. Queries to this system use the same geographic
routing system as data packets. (4) Finally, we assume that @) ()

all nodes are stationary or node movement is ignorable as in

other literature. Although node mobility is one of the mogtid- 2. The virtual long links of node N (a) & Pure greedy routing with
important considerations in MANETsS, we assume that tﬁ’gtual tong finks (b).
routing process is very fast relative to node movement.

_ Not only should a message choose a random direction to go,
B. Basic Ideas it should preferably go to an area that has not been explored by

In this section, we will present our method to construct @@rlier messages. Our method to accomplish this is to define
virtual small world network by adding a number of virtuaP list of points that give VFs. This list includes the initiator,
long links (VLLs) to each node in the network such that th#'e imaginary point that gives a direction, and the endpoints
distance (in hops) to a remote contact is under the power-I@the VLLs established previously.
distribution. Our method is that each node periodically sendsVVe define the VF between two points as:
out VLL discovery messages which go away and then come 1 —2d(a
back to report a VLL. The first problem here is how to decide force(a,b) = 1+ d(a,b) e @

the maximum hops and the direction of a message. 'I_'he secem% terms on the right side of the equation are not chosen
problem is how to select a subset of most valuable virtual lor?gndomly The left term makes sure that the value of VE is
links when the storage in each node is limited. not negligible from any distance and decreases smoothly as the
distance between the points increases. The right term (with a
C. Virtual Long Links big enough\) makes sure that the force is extraordinarily big

L . (which is equal to\) when the 2 points overlap. This is used
When a VLL message (message for shortin this SUbseCtI(‘gfﬁsprevent ?he VLLL from overIaSping in theirpendpoints.

is sent by a node (initiator), the message should go in 3e define the composition of VFs (CVF) in a pointrom
different direction from that of the previous messages so ﬂmistL of points as the sum of the forces betweeand each
the messages can explore different parts of the network. AIT5

. . . int L, in the list.
the maximum hops of a message should be appointed in suzjh

a way that the algorithm is scalable. force(n) = Z force(n, L;) 3
The maximum hops of a message is decided conforming to 0<i<|L|
the power-law distribution as follows: Assume that each node collectshops omni-directional
_ 1 link information, i.e. it maintains the omni-directional shortest
MaxHops = MinHops + 10g2(};) (1) paths tok-hops neighbor nodes. A message chooses its next

] . hop on one of these omni-directional shortest paths which has
Herep is a random value between 0 and 1, @ndnHops IS the minimum force given a list of points as the sources of

a constant, which equals 2 in our experiment. ~ the VFs. We define the force in a pafh as the minimum
The reason for choosing the 2-exponent power-law distrifsrce in the nodes on this path:

ution is two-fold. First, an analytical study in [9] shows that

there is an analogous small world model (invarx m grid) for force(P) = 0<HiliI\1P| force(P;, R) 4

which decentralized algorithms are bound(I)ylog2 m). The . .

second reason to use the 2-exponent power-law distribution i¢* Message will stop exploring the network and come back

for scalability: only when- < 2 will the average VLL length to the_lnltlator_ when its rea_ches the maximum hop count or

converge. Whe_n it goes into a_IocaI minimum under the CVF. The past
It is desirable that each message chooses a random direclaffic of @ message is then reported as a new VLL. Figure 2(a)

to go to explore different parts of the network. We use dfi a" example of the VLLs in node N. WhedinHops = 2

imaginary point that is about 1-hop's distance away from ttfhd the number of long links is 3 In this example, the VLLs of

initiator of the message and the direction of the imaginaln de N in the random network YLSTA (3’4} 1), NB (3,7,13)

point to the initiator is chosen randomly. Then the messag@d VC (3,6,8). We can see in the figure that the above

is let go and driven away by a virtual force (VF) from Igorithm can generate VLLs that lead to different areas of

the imaginary point. This VF is inversely proportional tdhe network.

the distance between the imaginary point and the message’s ) ]

position. The message always tries to jump to the next nole Evaluation of Virtual Long Links

where it has a smallest force (e.g., the node farthest from théMe set an expiration time for each VLL considering that

imaginary point). the continuously changing topology of the network may break



some of the VLLs. Despite this, as a node periodically sendgessage inn knows that node number 8 is closer than(3)

out VLL discovery messages, the required memory for the D. That is, the local minimumn is circumvented by the
available VLLs can be larger than the limited storage in théLL NC.

node. Suppose the expiration time for a VLLI$ and the The above protocol might cause a loop. Suppose there is a
time interval of sending consecutive VLL discovery messag®4 L (A, B,C) that is the best path for destinatidhwhen a

is T;, the maximum number of available VLLs is= T./T;. message is i, and there is also a VLB, A, E) that is the
Roughly, if the storage limit is”; VLLs and Cy; < k, a best path for destinatio® when a message is iB. When a
node should discardéd — C, less useful virtual long links. message travels td or B, a loop (4, B, A...) will begin.

Our replacement policy first lists all the possible combi- There is a simple solution to this problem, but with several
nations ofC,; amongk available VLLs and then calculatesbytes of additional transmission overhead: a message carries
their usefulness. Only the VLLs in the set with the largeshe path that it is currently being forwarded on and lets the
usefulness are retained. Our criterium of the usefulness ohaxt node on the path consider the path in its forwarding
set of VLLs is that the end points of the VLLs should be as fatecision. We show how this method works still using the last
from each other and from the initiator as possible. The reasexample. Suppos€' is closer thanZ to D. When a message
for this is that a node should have VLLs exploring differents forwarded fromA to B, it carries the pati{B,C). Thus
parts of the network in its vicinity (i.e., VLLs pointing to when B makes a forwarding decision for the message, the
different directions) to make a forwarding decision for @ath(B,C) will be chosen instead ofB, A, E), and thus the
message heading in any particular direction. loop is removed. In the following we will prove it formally.

We found that entropy is suitable to measure the usefulnest emma 1:I1f a messageM carries its current path, and
of a set of VLLs. Entropy is a measure of the internal travels from nodeA to node B through a serial of path
microscopic disorder present in a system. Lets say a setif P, ..., P,, and B is the end ofP,, then the distance
points are in disorder if they are not close in position, we cal{A, D) > d(B, D), whereD is the destination of\/.
use entropy to evaluate the level of position discrepancy of Proof: Supposesi,ss,...,S,, €1,62,...,¢e, are the
the points. Hence the larger the entropy, the larger the lewrting points and the end points of the paths P, ..., P,
of discrepancy in the points’ positions and the more useful isspectively. We havé(s,, D) > d(e;, D). And since in each

the set of points in our criterium. s; for all 2 < i < n the message choosesinstead of;_, we
Suppose is aGaussian window functionl is theEuclid- haved(e;, D) < d(e;_1, D). Therefored(A, D) = d(s1, D) >
ean distance functignthe Renyi's entropy [18] of a set ofd(e;, D) > d(es, D) > ... > d(en, D) = d(B, D). [ ]
points V' is defined as follows: Theorem 1:If a messageM carries its current path, the
1 d(a,t) greedy protocol with virtual long links is loop free (temporary
G(a,b) = e (5) loop is not counted).

Proof: To prove Theorem 1 we need to prove that
> 0<i<iv) 2uicj<v) GVis Vj) g @ messagell will not travel to any noded infinite times.
! VI(v]-1) > (6 SupposeP; is the path with minimum distance to destination
2 D when M is in A for thei-th time, ande; is the end point of

IV. ROUTING IN THE VIRTUAL SMALL WORLD NETWoORk 1% According to Lemma 1, we hawé(e, D) > d(e2, D) >

... > d(eyn, D). Since the number of nodes in the network is

Extending the greedy protocol using VLLS is strmghtfor-mite, the number o#; is finite. Therefore M will not travel

ward. The set of paths used in the new protocol contains toeA infinite imes =

shortest path to all neighbor nodes and all VLLs. In the new '

protocol, the distance between a path and the destination is

defined to be the minimum distance of the nodes on the path. V. SIMULATION

The greedy protocol with virtual long links is shown below In this section we compare the performance of greedy-face

as Algorithm 1. An example of this routing protocol is showgombinations routing in pure MANETs with that in virtual
small world MANETS. Since a virtual small world MANET

Entropy(V) = —Ir

Algorithm 1 Greedy protocol with virtual long links has VLLs that need additional overhead to construct, it is
1: List the paths which contain the shortest path to afiot fair to compare the performance in pure MANETs and
neighbor nodes and all virtual long links. in virtual small world MANETSs directly. The purpose of this

2: Calculate the distances of these paths to the destinatiofction is to investigate the benefit of constructing a virtual
3: Send the message to the next node on the path with ffgall world MANET if VLLs can be add to a MANET. We
smallest distance. use the average route length as the criterium to quantify the
4: Repeat the above steps until the message gets to Bggefit of introducing the VLLs.
destination, a local minimum, or the maximum hop count.
A. Simulation Environment and Settings

in Figure 2(b), where a message is sent from the sodrce We make the following assumptions in our simulation:
to the destinationD successfully. While a traditional greedy(1) the MAC layer is collision free and the transmission
algorithm will fail on the local minimumm, our algorithm delay is constant, (2) all the position information required is
succeeds, since there is a VIXC (3,6, 8) through which a available without additional communication overhead, and (3)




Algorithm Name G| F|[CDS|VLL | BE| SB Parameter Value
GREEDY v Field size 1000 x 1000
GREEDY(VLL) v Vv Transmission range 100
GFG NERY Vv Transmission delay 10(ms)
GFG(VLL) VIV v 4 Number of nodes 150 ~ 450"
GFG(CDS) ViVl vV Vv Network degree 4.71 ~ 14.13
GFG(VLL+CDS) Viv] Vv v 4 Max routing hops count | ()
GOAFR NARY NV Number of VLLs 0~5
GOAFR(VLL) VIV Vv vV Minimum length of a VLL | 2
GOAFR(CDS) vViv] Vv NV, Time run for VLLs 10000(ms)
GOAFR(VLL+CDS) | v/ | v/ | Vv N Time for running routing | (x)x10(ms)
TABLE | TABLE I

CLASSIFICATION OF THE SIMULATED ROUTING ALGORITHMS EXPERIMENT SETTINGS

B. Simulation results

Figure 1(a) shows that the number of local minima de-
the routing process is very fast compared to node movemegtigases as the number of VLLs per node increases. Figure
and node movement was not simulated. Simulations werg), show that the delivery ratio of the pure greedy routing
conducted on three protocol families: the Greedy family, th&otocol increases as the number of VLLs increase. Figure 3
GFG family and the GOAFR family. Table | shows them (imtand Figure 4 show that the average route length of the two
rows) and the algorithms used in each protocol (in columngyeedy-face combination decrease as the number of VLLs per
These algorithms include the Greedy algorithm (G), the Faggde increases. In all these figures, the effect of the number of
algorithm (F), the connected dominate set (CDS) used in fageLs is only significant before 3, thus we have the conjuncture
mode [5], the virtual long link (VLL) in Greedy mode, boundthat using 3 VLLs can approximate using more than 3.
eclipse in GOAFR [11] and the sooner back algorithm [5] To summarize the simulation, the VLLs are able to improve
(the face mode returns sooner back to the greedy mode if the performance of the greedy-face combinations by decreas-
current node has a neighbor closer to the destination than thg the average route length. If possible, more VLLs may be
last local minimum). kept in order to better improve the performance.

The metrics we use to evaluate the protocols are delivery
ratio and average hop count. Delivery ratio is the ratio of the ) _ - )
number of messages delivered successfully to the destinatiof this section, we measure the scalability of our algorithm
over the total amount of message sent. The average rofecalculating the computation overhead, storage overhead and
length is counted in terms of physical hops. There are nf@mmunication overhead. Since the average distance between
reasons for choosing the hop metric for our simulations. Firé,Pair of nodes increases as the network diameter increases,
the hop metric is a model for today’s radio network tech¥hich makes routing not scalable, we do not consider the
nology: fixed power. Second, [11] shows that the Euc”degpmmunication pverhead of routing in our analysis. From the
distance, the link distance, and the energy metrics of a pd@owing analysis, we show that our algorithm is scalable for

are equal up to a constant factor on the unit disk graph. its very little additional overhead. S _
First, we discuss the gathering of omni-directional link

We do the simulation on our custom simulator. In eacdhformation without relying on the underlying hardware. If a
experiment a connected graph witfi (ranging from 150 to node needs information @&-hops omni-directional links, they
450 in different experiments) nodes is randomly generatedneed to have theik + 1-hop directional links and dissemi-
a 1000<1000 square. After that, we let the simulator run fonate theirk-hops directional links. LetD be the maximum
a period of time which is sufficient for the nodes to grovdegree in the network. The number éthops (k + 1)-
the virtual long links. Then, for each node, messages dieps) directional links isO(D*) (O(D**1)). Therefore, the
added to be sent in the routing protocols listed in Table I. Tleanortized communication overhead per hello message interval
destination of these message is another node chosen randoisl2(D*) and the memory overhead i©®(D**!)). When 1-
We run each experiment 100 times to get the average valbhep omni-directional links are used as in our simulation, the
The network density in our experiment ranges between twommunication overhead ©(D) and the memory overhead
extremes. The sparse extreme is the only region where thgO(D?)).
shortest path is usually much longer than the direct connectiorSince the length of a virtual long link is in power-law
between the source and the destination. This region is critichtribution p(MaxHops) = 1/(MaxHops — MinHops)?,
for routing algorithms, where finding a good path at low coshe expectation of the length of the virtual long link is
becomes a nontrivial task and a real challenge for positionfinHops + 1. Therefore the amortized communication over-
based routing. In the dense region, all algorithms have similaead for establishing virtual long link overhead per VLL
performance since they all degrade to pure greedy. All tineessage interval i©(MinHops+1). There are two different
important parameters in our simulation are shown in Table kays of implementing long links: (1) quick establishment in

VI. OVERHEAD & SCALABILITY ANALYSIS
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of local minima, thus reducing the amount of time that must
be spent in sub-optimal void recovery protocols. We do this by
constructing a virtual small world network. Simulation results
show that this method effectively improved the performance of
the greedy-face combinations in terms of average hop count.
Our future work will focus on the simulation in a real dynamic
network where part of the long links might be broken due to
node motion.
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The paper has presented a research in position-based routing
in mobile ad hoc networks. This paper solves the problem
of the suboptimal that arises from void-recovery protocols.
Rather than attempting a more optimal face-routing protocol,
we improve routing from a different angle. We propose an
improvement on the greedy algorithms that reduces the number



