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Abstract

Geographic routing exploits localized information con-
cerning explicit node locations to make forwarding deci-
sions. This approach adapts well to the dynamic nature
of ad hoc networks. However, it is subject to increased
overhead during the local minimum recovery process. In
this paper we specify GCRP, a routing protocol based on
the novel geocircuit paradigm, that exploits already dis-
covered paths to avoid repeated recoveries from the same
local minimums. The proposed protocol is established to
exhibit loop-freedom, while robustly eliminating mobility-
induced loops. Performance analysis demonstrates signifi-
cant advantage of GCRP relative to conventional geogram
routing, over a wide range of network environment condi-
tions. Gains increase as limiting network parameters are
increased, namely node mobility, traffic load, network size
and density. Effective repair of broken geocircuits preserves
scalability in highly mobile environments.

1. Introduction

Ad hoc networks have been the object of increased re-
search interest during recent years. Their dynamic nature
enables rapid deployment as well as increased flexibility
and cost effectiveness. However, it imposes challenges in
the provision of important network services, including that
of routing. Geographic routing is a localized approach ex-
ploiting geographic information. Nodes make forwarding
decisions based upon local topology information, concern-
ing explicit node locations. Although it does not guarantee
path optimality due to its localized nature, geographic rout-
ing achieves to find routes with little overhead. Since ob-
taining optimal routes, at least deterministically, is an open
problem in ad hoc networks, finding correct routes quickly
and at low cost makes geographic routing a very promising
approach.

However, due to the distributed nature of geographic

routing, local optimums may be reached, wherein a node
is ’optimal’ with respect to its local view of the network.
They are known aslocal minimums. Techniques adopted to
recover from these impose an overhead in the overall rout-
ing algorithm, jeopardizing the initial benefit of utilizing lo-
calized information.

Geocircuits[7, 8] cache routing information to avoid re-
peated recovery from the same local minimums. The term
depicts the integration of virtual circuits in geographic rout-
ing, which is novel in this paradigm. Maintaining state in-
formation is however susceptible to routing packets end-
lessly in loops. Hence specific effort needs to be directed
towards timely eliminating loops from routing tables. Fur-
thermore, we expect geocircuits to break, especially in
highly mobile networks. The aim of this paper is to spec-
ify a loop-free routing protocol employing geocircuits, es-
tablish its correctness, and validate its performance through
analysis based on thorough simulations. It is also our ob-
jective to propose a low cost geocircuit repair technique.
Advances are introduced in the local minimum recovery
scheme and mobility model. GCRP is compared to con-
ventional geographic routing, where packets are routed in-
dependently, asgeograms.

In GCRP, geocircuits are established during data packet
forwarding. Geographic forwarding decisions are based on
a distance minimization criterion. Depth first search is uti-
lized to recover from local minimums, wherein no neighbor
is known to be closer to the destination. Upon recovery,
geographic forwarding is resumed to further minimize cost.
Routing information is cached and utilized by succeeding
packets. Broken geocircuits are repaired timely, at low cost.
Protocol loop-freedom and correctness are established.

The rest of this paper is organized as follows. Section
2 presents the two routing strategies in more detail. The
proposed routing protocol and proof of its correctness are
presented in Section 3. In Section 4, we describe our sim-
ulation environment, model, and experimental design. The
simulation model is designed in order to allow for a fair val-
idation of GCRP in comparison to conventional geographic



routing. Simulation results are presented and analyzed in
Section 5. We conclude this paper in Section 6.

2 Geograms versus Geocircuits

Geographic routing belongs in the class of location-
based routing schemes [14]. These schemes employ loca-
tion information to reduce the overhead of routing.

2.1 Geograms

Geographic routing exploits localized geographical in-
formation to forward packets directly, without any prior
route search, to exactly one neighbor. This is namedge-
ogram routing, to stress that packets are forwarded inde-
pendently like datagrams. The restricted information main-
tained at each station concerns explicit location of stations
in the vicinity. Typically, each station maintains the geo-
graphical positions of its one-hop neighbors.

Geographic Forwarding: Upon originating a packet,
a source may obtain location information of the destina-
tion, utilizing an underlying mobility management scheme,
in a manner described in the sequel. This information is
recorded on the packet header. Each intermediate node (in-
cluding the source node) selects the next hop based solely
on the destination node’s location and the local view of the
network it maintains. A metric is employed to evaluate
available forwarding choices and optimize the decision ac-
cording to the available information. The most commonly
employed criteria are direction minimization [13], distance
minimization, and forward progress maximization.

Local Minimum Recovery: Since individual forward-
ing decisions are based on local information, they may only
be locally optimized. Geographic routing schemes may
not guarantee globally optimal paths. The best (possibly
also the only) route to a destination may require temporary
movement against the utilized forwarding criterion.Local
minimumsmay be encountered, where the current node is
better than all potential next hop choices, according to the
employed criterion. Assume that a packet that was origi-
nated at node� and destined to node� encounters a local
minimum at node� , known as concave node. Then the in-
tersection of the transmission range of� with the area of
better (according to the utilized criterion) potential neighbor
locations, known as void, is empty of nodes. Figure 1 illus-
trates a void when the forwarding criterion is minimization
of Euclidean distance to the destination. It is the intersec-
tion of the transmission range of� with the circle of center
� and radius equal to their distance�� .

A mechanism to recover from local minimums may be
employed. This may be flooding, depth-first search [17, 10],
breadth-first search, or the right hand rule [13, 4, 11] for

void

D

NS

Figure 1. Local Minimum

traversing faces of a planar sub-graph of the graph repre-
senting the network. A termination condition is typically
employed to adopt a tradeoff between the overhead of re-
covering from the local minimum and the probability of
finding an existing route. In [4, 11], geographic forward-
ing is resumed when a node better (in this case closer to the
destination) than the concave node is reached.

Mobility Management: Mobility management involves
the mechanisms responsible for maintaining node locations
and supporting queries and updates. An underlying loca-
tion sensing scheme, like GPS, is typically assumed in geo-
graphic routing.

2.2 Geocircuits

As geocircuitwe denote a virtual circuit in geographic
routing. To each geocircuit correspondGC-numbers, one
for each link along the path. Each node maintains a table
that holds an entry for each established geocircuit travers-
ing it, named theGC-number translation table(GC-table).
Each entry in the table maps an inbound interface number
to an outbound interface number, for a specific geocircuit.

The first packet issued for some destination employs ge-
ogram routing and establishes a geocircuit as it is routed.
Consecutive packets are routed according to GC-number
mappings. The GC-number corresponding to the link along
which a packet is forwarded is recorded on the packet’s
header, on theGC-number field.

2.3 Comparison

Geocircuit routing is proposed to detour re-
implementation of the expensive local minimum recovery
procedure. However, geogram routing is expected to
achieve locally optimal forwarding decisions for each
individual packet, exploiting the localized information
available at each intermediate node. Note that locally
optimal forwarding decisions do not guarantee a globally
optimal path.



In highly mobile ad hoc environments, we anticipate that
geocircuits may break. Furthermore, GC-tables require ad-
ditional storage resources, that need to be evaluated. Fi-
nally, if these contain a loop, packets will be circulating
endlessly, consuming valuable bandwidth and fail to be de-
livered. This will persist for the lifetime of the geocircuit,
in contrast to the geogram approach, wherein forwarding
decisions independently exploit up-to-date information.

3 GeoCircuit Routing Protocol

Upon originating a packet for a new destination, a node
employs the underlying mobility management scheme to
obtain the destination’s location. A total of three queries
are employed with increasing waiting time intervals if no
reply is received from the location database. If the desti-
nation location is resolved, the session begins originating
packets. Each source node caches the coordinates of its last
destination, in order to avoid querying for each packet dur-
ing a session.

3.1 Geographic Forwarding

Nodes maintainneighbor tables, recording the positions
of their one-hop neighbors. Each node communicates this
information by broadcasting a hello message bearing its
identifier and position according to a Poisson process of rate��

. This information is also piggybacked whenever a data
packet is forwarded. A neighbor table entry also includes
a time stamp, recording the time when the information was
obtained. A predefined parameter�� determines the life-
time of the entries. If a node does not hear from a neighbor
for this time interval, it assumes that the corresponding link
is broken and deletes the entry. The forwarding decision
criterion is Euclidean distance minimization. Packets es-
tablish and are forwarded along geocircuits, as described in
the previous section.

3.2 Local Minimum Recovery

We propose a combination of depth-first search and ge-
ographic forwarding resumption for local minimum recov-
ery. A bounded depth-first search is employed, forwarding
data packets directly. The neighboring nodes are ordered
in ascending distance from the destination, and are visited
in this order. No node is visited more than once. A node
may know if it has previously seen a packet by recording
the packet’s identifier. In order to reduce the overhead of
the local minimum recovery and avoid searching for a non-
existent path, a predefined parameter�� �� determines the
maximum depth of the search. In addition to this, we switch
back to geographic forwarding when a node that lies closer
to the destination than the concave node is reached. For this
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Figure 2. Local Minimum Recovery

reason, the concave node records its geographical position
(or distance to destination) on the data packet. Such a local
minimum recovery is depicted in Figure 2, where a max-
imum depth�� �� � � hops is assumed. The numbers
in brackets illustrate the order in which nodes are visited
during the depth-first search. The local minimum is recov-
ered at the ninth node, which is closer to the destination�
than the concave node� . The packet is switched back to
geographic forwarding mode.

When the local minimum is resolved, a control packet
is issued addressed as theGC-setup packet. It follows the
inverse of the sub-path that is derived during the local min-
imum recovery, setting up the virtual circuit. It conveys the
nodes it has to traverse. For this reason, we introduce an
addition in depth-first search: a data packet always main-
tains the current path to the root of the search tree. When it
searches in depth it appends nodes, whereas when it back
traces it deletes them. Note that the length of this path
is bounded by the maximal depth�� �� , and hence the
memory requirement is	 
��.

3.3 Geocircuit Repair

To account for the dynamic nature of ad hoc networks,
GC-table entries that are no longer in use are removed. A
predefined lifetime�
� determines whether a recorded en-
try may be considered reliable or stale. Entries that haven’t
been utilized for as long as�
� are erased, to preserve mem-
ory space. Assume a geocircuit connecting nodes� and�
(Figure 3(a)), traversing the link�� . The GC-table entries
at nodes� and� are shown in Figure 4. GC-number� cor-
responds to the link�� . The GC-number of the upstream
link is mapped to� in the GC-table of node� . GC-number
� is then mapped to the number of the next link towards� ,
in the GC-table of� . The time stamps associated with each
geocircuit entry,� � and�� respectively, are reset whenever
the entries are utilized.

Due to the dynamic topology of ad hoc networks, the
lifetime of a geocircuit is bounded and unpredictable. An
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Figure 3. Geocircuit Repair

GC Table (B)

GC−number j GC−number k Tj

GC Table (A)

GC−number i GC−number j Ti

... ...

... ...

...

...

...

...

Figure 4. GC-Number Translation Table En-
tries

approach to rebuild a broken geocircuit is proposed to antic-
ipate for such an event. The packet that realizes that its sub-
sequent node in the circuit is no longer a neighbor employs
geogram routing and at the same time rebuilds the broken
part of the geocircuit. In Figure 3(b), node� encounters a
disconnection with node� and repairs the downstream part
of the geocircuit towards the destination� . The geocircuit
is rebuilt at no larger cost than initial geocircuit establish-
ment. Entries in the disconnected part of the old circuit are
soon deleted, since they are no longer utilized.

3.4 Proof of Correctness

Loop-freedom will be established first. Loops may form
during convergence time, when stale information is still
available. In GCRP, loops may also form if distinct sub-
paths of specific forwarding mode along the same geocircuit
intersect. Finally, they may result from node mobility.

A technique is devised in order to prevent loop-formation
in the GC-tables distributed in the network. An identi-
fier uniquely determining a geocircuit, theGC-identifier, is
appended to each GC-table entry. This identifier may be
formed by the concatenation of the identifier of the source
node and a sequence number. Before recording a new map-
ping, a node searches its GC-table for a potential existing
entry corresponding to the same geocicruit. If one is found,
its outgoing GC-number is replaced by the GC-number de-
rived by the new forwarding decision. We will establish that
the above is sufficient to assure loop-freedom. We know
that the distinct sub-paths obtained during geographic for-

warding or local minimum recovery addressed individually
are loop free [16]. We denote the i-th forwarding mode in-
terval as� � and the sub-path that is derived during� � as� �.
Lemma 1 Consider a static wireless network. Nodes in
subsequent sub-paths obtained during geographic forward-
ing mode are better (with respect to the distance minimiza-
tion criterion) than those in preceding sub-paths obtained
in the same mode.

Proof: Assume two random sub-paths� � and� ����
obtained during geographic forwarding modes, where� ��
. Note that since geographic and local minimum recov-

ery forwarding modes are alternating, the index distance
of these sub-paths is even (�� ). Sub-paths� � and � ����
are separated by� sub-paths that resulted from a successful
local minimum recovery and� � � sub-paths that resulted
during geographic forwarding mode. Since the local mini-
mums were surmounted, the last node on each intervening
local minimum recovery sub-path is better (ie. closer to the
destination) than the first one (from GCRP specification).
This also holds for intervening sub-paths obtained during
geographic forwarding, since forwarding decisions always
lead to better nodes. Hence, the first node on each geo-
graphic forwarding sub-path� ���� is better than the last
node on any preceding sub-path� � obtained in the same
manner. Since the nodes of any such sub-path are of strictly
decreasing distance to the final destination, it follows that
the nodes on� ���� are closer to the destination than the
nodes on� �. We have therefore established the Lemma.

Lemma 2 Consider a static wireless network. Geographic
forwarding mode in GCRP will not intersect with any up-
stream node in the path.

Proof: Let � � be a random sub-path obtained during
geographic forwarding mode. It suffices to establish that
no node of the upstream path can be as close to the desti-
nation as the nodes in� �. This follows from Lemma 1 for
upstream nodes obtained during geographic forwarding. If
an upstream node obtained from a local minimum recov-
ery was as close as a node in� �, the protocol would have
switched to geographic forwarding. We have therefore es-
tablished that� � cannot intersect with the upstream part of
the path.

Theorem 1 Consider a static wireless network. GC-
number translation tables of GCRP are loop-free.

Proof: It follows from Lemma 2 that loops may only
form during local minimum recovery. It therefore suffices
to prove that all loops formed in this manner are eliminated
at their creation. Assume that the sub-path� � derived dur-
ing local minimum interval� � intersects the upstream part



of the path at least once. Note here that it cannot intersect
itself, as nodes involved in depth-first search do not forward
the same packet more than once. Assume� is the last node
of intersection. This is the first one reached by the GC-setup
packet traversing the inverse of� � to set up the geogircuit.
The old entry concerning the geocicruit will be overwritten
so that the path in between the two traversals of node� is
omitted. This will detour all possible intervening intersec-
tions, eliminating all loops. Hence any loop traversed by the
packet setting up the geocircuit will be excluded from the
routing tables. We have therefore established that GCRP is
loop-free in a static environment.

Theorem 2 GC-number translation tables of GCRP pre-
serve loop-freedom property in a mobile wireless network.

Proof: Loops that are formed during the same lo-
cal minimum recovery interval are eliminated as the GC-
setup packet traverses the inverse of the sub-path. This is
established similarly to the proof of Theorem 1. It is also
straightforward to observe that loops resulting during geo-
graphic forwarding are eliminated as they are formed. As a
result, the GC-tables are always loop-free.

Theorem 3 Consider a static wireless network. GCRP ter-
minates in finite steps, while packets are either delivered or
dropped.

Proof: We infer from Lemma 2 and Theorem 1 that
packets may only traverse a loop during local minimum re-
covery, while in geocircuit establishment or repair. A loop
may not persist (it will only be traversed once), since no
node is visited more than once, while the packet is dropped
in case of failure to recover from the local minimum. Fur-
thermore, the total number of nodes visited during a local
minimum recovery process is finite, since a packet may only
reach�� �� hops away from the concave node. The total
hops in geographic forwarding is also finite, since distance
to destination is descending. The same holds for the number
of alternations between the two forwarding modes. We ob-
serve that if routing along a geocircuit fails, geogram rout-
ing is resumed, while if geographic forwarding fails, local
minimum recovery is activated. If the depth first search fails
to find a location closer to the destination than the concave
node, the packet is dropped. As a result, GCRP terminates
in finite hops, while packets are either delivered to their des-
tination or dropped.

In a mobile network, a packet may reach the advertised
location of the destination node, which may have moved
away. In such a case, the packet is broadcasted once before
it is dropped. Furthermore, packets may get in mobility-
induced loops, even though these are not recorded on the
GC-tables (Theorem 2). To assure correctness in such an
event, a predefined parameter�� limits the maximum hops
a packet may traverse.

4 Simulation Model

The main objective of the simulation model developed
is to enable an unbiased, systematic analysis of the perfor-
mance of GCRP. We chose the CSIM simulation engine [1],
to maximize flexibility in our model.

4.1 Mobility Model

We introduce correlation between the movement of a
node in successive time intervals, as well as between the
mean and variance of node velocity, in the entity mobility
model in [15]. A Poisson stochastic process of rate

��
partitions time in epochs. During each epoch, a velocity
vector characterizes the movement of a node. The velocity
value of consecutive epochs is an independent identically
distributed random process, following a normal distribution
of mean�� � �� �� �

� and standard deviation� ���� . Values
falling out of the �� 	 �� �� 
 range are bounced back until
they fall within the range. Velocity directions of consec-
utive epochs are dependent, following a Markov stochas-
tic process. Specifically, the direction of movement is nor-
mally distributed with mean its value in the previous epoch
and standard deviation� �� �
 . The direction of each initial
epoch is selected uniformly within�� 	 �� 
. Nodes hitting
area boundaries bounce back in. The correlation among the
velocity absolute value and standard deviation is presented
in the experimental design section.

4.2 Traffic Model

Traffic sessions originate according to a Poisson process
of rate

��
, while the duration of each session is an exponen-

tial random variable of mean��
. The source and destina-

tion nodes of each session are uniformly selected. Packets
have a uniform length� and arrive with a constant bit rate�� within each session.

4.3 Mobility Management

We assume that each node may obtain its current ge-
ographical position by an underlying localization scheme,
like GPS or some equivalent. Analysis of location manage-
ment is beyond the scope of this paper. However, we imple-
ment a simplified scheme, in order to account for it within
the scope of geographic routing. The network deployment
area is partitioned in equally sized regions of edge� . Each
region has a fixed component in its center that serves as a
location server for a number of network nodes (home re-
gion). The network nodes are evenly distributed among the
regions, according to a deterministic many-to-one mapping.
Each location server is equipped with a transceiver of the
same power with the ones borne by mobile network nodes.



Table 1. System Parameters.� �� � ��������
� � �� � � ���	
��
 � ���
� ��� �����
�

��� �
� ��� �
�� �� ����� �� � �� ��� � ����� �� ��������
� �� �
 � �� ��	
�� � ����� � ����� �����
�� �� � ��� �
�� �� ����� ���
�
� �� ����� ���

Location updates, queries and replies employ geogram rout-
ing. A node initiates an update in a static manner, whenever
it enters a different region.

4.4 Experimental Design

A graphical technique is employed to determine the tran-
sient period of our system. Statistical independence of 10
observations is ensured by the method of batch means. 95%
confidence intervals are utilized to indicate statistical signif-
icance of output mean estimations.

System parameters (Table 1) were selected so as to pro-
vide a realistic, unbiased model. We denote the transmis-
sion rate as

�
, the processing delay as

	
��

and the prop-

agation speed as
�
. We select the hello rate

��
and the

neighbor and GC-table lifetime�� and�
� by experimen-
tally estimating the rate of change in the one-hop neighbor-
hood of nodes, and the packet rate

�� to model compressed
voice.

We choose the network deployment area� to be a de-
pendent parameter, in order to preserve a constant network
density

	
while varying the number� of nodes and a con-

stant number� of nodes while varying network density
	
.

We define density as the mean number of nodes within a
�� � area. The total number of nodes� in the network are
therefore

	� � � 
�� � �. Solving for� , we obtain Equation
1. We select the velocity standard deviation� ���� as a lin-
ear function of the maximum velocity�� �� (Equation 2),
so that the velocity is with probability��� within the range
��� � �� �� �� 	 ��  �� �� ��
.
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Figure 5. End-to-End Delay vs. Network Mo-
bility and Density.
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Figure 6. Number of dead ends in successful
path vs. Network Mobility and Density.

5 Simulation Results and Analysis

In order to analyze the performance of GCRP, we vary
the maximum velocity�� �� , total number of nodes� ,
the network density

	
, and traffic session rate

��
. When

not varied, these parameters are set to�� �� � ��
m/sec,

� � ��� nodes,
	 � � ��, and

�� � � �� ��� sessions/sec,
representing an average network environment. Performance
is compared to geogram routing, employing design choices
equivalent to geogram routing in geocircuit setup in GCRP.

5.1 GCRP Protocol Performance

We observe that GCRP exhibits a lower delay, and this
advantage increases as node mobility increases (Figure 5).
This contradicts our intuition that the performance of GCRP
would degrade in highly mobile environments, due to geo-
circuit breakages. It is however evident that geocircuits are
robust enough even at maximal velocities of�� �� � ��
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m/sec. The probability of encountering a void during a rout-
ing path increases as mobility increases (Figure 6). More-
over, the advantage gained by detouring local minimum re-
covery increases. This is visualized as the difference be-
tween the average total number of hops traversed versus the
average depth of the depth-first search (Figure 7). It is also
illustrated in Figure 8, wherein a session issued from node
� to � encounters a dead end at node� . In geogram rout-
ing, all packets traverse all the illustrated links to recover
from the dead end. In GCRP, after the geocircuit is estab-
lished, packets only traverse the links in bold arrows. The
scalable performance of GCRP as mobility increases stems
from the combined effect of the increased susceptibility to
local minimums and the increased overhead of local mini-
mum recovery.

The probability that paths encounter local minimums
and the advantage of local minimum recovery also affect
the routing protocol performance as a function of density
(Figure 5). We observe that GCRP exhibits lower delay
than conventional geogram routing, while the advantage be-
comes more evident as density increases. This contradicts
our intuition that increased density would render the neg-
ative effect of local minimums on geographic routing neg-
ligible, hence permitting no advantage margin for GCRP.
We observe that the probability that paths encounter dead
ends does not vary much with density (Figure 6). As den-
sity increases, the susceptibility of individual hops to local
minimums decreases. However, density is inversely pro-
portional to the network area (Equation 1). Network area is
proportional to the average path length in geographic rout-
ing. Indeed, the network diameter�� may be approxi-
mated as the network area diagonal divided by the trans-
mission range (Equation 3). As a result, the susceptibility
of total routes to dead ends is comparable as density varies.
The total number of hops for local minimum recovery in-
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Figure 9. Average End-to-End Delay vs. Net-
work Size.

creases a lot as density increases, while the average depth
decreases (Figure 7). The number of nodes within maximal
depth of�� �� is larger in denser networks, hence there
are more nodes to be examined by depth first search. More-
over, the maximal depth�� �� may often be exhausted in
a location closer to the concave node, and hence less proba-
ble to resolve the local minimum. As a result of the above,
the aggregate advantage offered by detouring repeated local
minimum recoveries in GCRP is larger in denser networks.
This is the dominant factor causing the increasing advantage
of GCRP with respect to network density, which disagreed
with initial intuition.

�� � � ! � �
��

(3)

GCRP performance also exhibits an increasing advan-
tage as a function of network size (Figure 9). It is evident in
medium and large networks, where the corresponding 95%
confidence intervals are totally disjoint. In such networks,
the average path length is larger, hence more local mini-
mums are encountered (Figure 10). The overhead of the
recovery process converges as the network size increases
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Figure 10. Number of dead ends in successful
path vs. Network Size.
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Figure 11. Local Minimum Recovery Over-
head vs. Network Size.

(Figure 11), as it depends on network density and not net-
work size. The overhead of successful local minimum re-
covery in small networks is lower because it is highly likely
that a void falls partially outside of the network area bound-
aries.

As load increases, the aggregate performance of GCRP
scales much better with respect to that of conventional ge-
ogram routing (Figures 12 and 13).

The decrease in the average end-to-end delay achieved
by GCRP is coupled by an increase of the probability that
packets are delivered to their final destinations (Figure 14).

The performance of GCRP showed an advantage with
respect to that of conventional geogram routing. The gain
increases as limiting network parameters are increased.
GCRP exhibits scalable performance, while susceptibility
to local minimums and local minimum recovery overhead
increase, significantly degrading the performance of con-
ventional geographic routing.
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Figure 12. Geogram End-to-end delay vs.
Traffic Load and Mobility.
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Figure 13. Geocircuit End-to-end delay vs.
Traffic Load and Mobility.

0 10 20 30 40 50 60
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

maximum velocity (m/sec)

th
ro

ug
hp

ut

geograms, d=15      
geograms, d=11.25   
geograms, d=7.5     
geograms, d=3.75    
geocircuits, d=15   
geocircuits, d=11.25
geocircuits, d=7.5  
geocircuits, d=3.75 

Figure 14. End-to-End Throughput vs. Net-
work Mobility and Density.
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Figure 15. Probability of Geocircuit Breakage
vs. Network Mobility. and Density
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Figure 16. Probability of Geocircuit Breakage
vs. Network Size.

5.2 Geocircuit Survivability

The performance of GCRP also depends on the effective-
ness of geocircuit repair. The repair of broken geocircuits
is immediate, requiring no additional delay before the data
packet that encountered the breaking point can be routed
further. However, repaired geocircuits may only be optimal
in parts, where optimality is considered with respect to the
forwarding criterion. For instance, in Figure 3(b) the novel
sub-path from node� to the destination� may not be part
of a globally optimal path from� to � , with respect to the
distance minimization criterion.

The probability that a geocircuit breaks increases as a
function of mobility (Figure 15), however this negative ef-
fect is out powered and does not invert the protocol per-
formance. Note that geocircuit optimality (with respect to
the forwarding criterion) is lost over time in mobile net-
works even if there is no breaks in circuits, as circuits are
locally optimal only at the time that they are established.
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Figure 17. GC-Number Translation Table Size
vs. Network Mobility. and Density

The susceptibility to geocircuit breaks decreases as den-
sity increases (Figure 15), hence contributing to the scalable
performance of GCRP. As network size increases, the prob-
ability that a geocircuit breaks increases (Figure 16), dueto
the longer average path length.

The scalable performance of GCRP with respect to net-
work size and mobility verifies the effectiveness of the geo-
circuit repair.

5.3 GC-Number Translation Table Size

A form of overhead inherent in geocircuit routing that
needs to be considered is the size of GC-tables. We ob-
serve that the average geocircuit size in number of entries
(Figure 17) is small in sparse networks. In these environ-
ments the probability of network partitions is high. Loss
of network connectivity leads to fewer and shorter available
paths, as verified by the corresponding throughput and end-
to-end delay observations (Figures 14 and 5). Hence fewer
geocircuit mappings need to be maintained. When network
density is higher, so that the probability of network discon-
nections is low, the path lengths are similar, as revealed by
the corresponding delays. Hence the total geocircuit map-
ping information that needs to be maintained is comparable.
As mobility increases, we expected the negative effect of
stale information maintenance to be evident, due to higher
susceptibility to geocircuit breakages (Figure 15). The in-
crease in GC-table size is however very small, demonstrat-
ing that stale information is effectively discarded. As net-
work size increases, the mean GC-table size decreases (Fig-
ure 18). As the network becomes larger while connectivity
remains constant, the same traffic load is distributed in a
larger number of nodes, hence fewer entries are maintained
at each node. However, in large networks the paths are
longer and hence the GC-table entries corresponding to a
single session are more. This is why the decrease in the
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Figure 18. GC-Number Translation Table Size
vs. Network Size.

GC-table size becomes milder as networks become larger.
The GC-table size does not increase with a higher rate

than network parameters reaching their limiting values.
Hence, GCRP exhibits scalability in terms of the memory
requirement.

6 Conclusions and Future Work

Geocircuits have beed introduced to mitigate negative ef-
fects of the local minimum recovery process in geographic
routing algorithms. They pursue this by caching the rout-
ing information acquired through the recovery process, to
route subsequent packets. In this paper we specify GCRP,
a geographic routing protocol that employs geocircuits to
detour repeated local minimum recoveries. We propose a
timely, low-cost geocircuit repair technique and introduce
advances in our local minimum recovery scheme and mo-
bility model. GCRP is established to be loop-free, while its
routing tables maintain this property even in a mobile en-
vironment. It is compared to conventional geographic rout-
ing, wherein packets are routed independently as geograms.
Results demonstrate that GCRP performs better in a wide
range of network conditions, while the gains increase as
limiting network parameters are increased. It may reduce
the end-to-end delay up to 50% in highly mobile and dense
environments. GC-number translation table size does not
increase with higher rates than network parameters. Robust
geocircuit repair allows for scalable performance when sus-
ceptibility to breaks is high.

Future research directions include investigation of dif-
ferent protocol design choices, as well as verification of re-
sults under different mobility patterns. Sensitivity to differ-
ent location management schemes may be investigated by
introducing further imprecision in the obtained destination
location information.
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