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Abstract

Geographic routing protocols allow stateless routing by taking advantage of the location information of mobile nodes
and thus are highly scalable. A central challenge in geographic routing protocols is the design of scalable distributed loca-
tion services that track mobile node locations. A number of location services have been proposed, but little is known about
the relative performance of these location services. In this paper, we perform a detailed performance comparison of three
rendezvous-based location services that cover a range of design choices: a quorum-based protocol (XYLS) which dissem-
inates each node’s location to Oð

ffiffiffiffi
N
p
Þ nodes, a hierarchical protocol (GLS) which disseminates each node’s location to

O(logN) nodes, and a geographic hashing-based protocol (GHLS) which disseminates each node’s location to O(1) nodes.
We present a quantitative model of protocol overheads for predicting the performance tradeoffs of the protocols for

static networks. We then analyze the performance impact of mobility on these location services. Finally, we compare
the performance of routing protocols equipped with the three location services with two topology-based routing protocols,
AODV and DSR, for a wide range of network sizes. Our study demonstrates that when practical mobile ad hoc network
(MANET) sizes are considered, the constants matter more than the asymptotic costs of location service protocols. In par-
ticular, while GLS scales better asymptotically, GHLS transmits fewer control packets and delivers more data packets than
GLS in MANETs of sizes considered practical today and in the near future. Additionally, in contrast to the complex GLS
design, the simplicity of GHLS provides significant resilience to performance degradation from mobility. Finally, although
XYLS has a comparable packet delivery ratio to GHLS, it achieves this ratio with a higher overhead.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A mobile ad hoc network (MANET) consists of a
collection of wireless mobile nodes dynamically
forming a temporary network without the use of
any existing network infrastructure or centralized
.
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administration. In such a network, each node oper-
ates not only as a host, but also as a router, for-
warding packets for other mobile nodes.

A fundamental challenge in MANETs is the
design of scalable and robust routing protocols.
Existing routing protocols fall into two categories:
(1) Topology-based routing protocols which assume
no knowledge of the mobile nodes’ positions. Exam-
ples include proactive protocols such as DSDV [24],
reactive protocols such as DSR [12], AODV [25],
and hybrid protocols such as ZRP [8]. These proto-
cols rely on discovering and maintaining global
states in order to route packets. As a result, they
have limited scalability. (2) Geographic routing pro-
tocols that utilize the location information of nodes
available from positioning systems such as GPS to
forward packets. Since local information (neigh-
bor’s locations) is used for global routing, geo-
graphic routing protocols have the potential to
scale to a larger number of nodes than topology-
based protocols.

However, before routing a packet using a geo-
graphic routing protocol, the source node needs to
retrieve the location of the destination node. As
such, a central challenge in geographic routing pro-
tocols is the design of efficient location services that
can track the locations of mobile nodes and reply to
location queries for them. Such a service has to be
scalable to preserve the scalability of geographic
routing, and it itself should ideally operate using
geographic routing. More specifically, a protocol
that implements an effective location service has to
exhibit the following essential properties:

• Efficiency: The protocol should transmit few
packets in performing location update and query
operations.

• Robustness: The service should not be disrupted
by node mobility, for example, when nodes cross
the boundary of any artificially imposed hierar-
chy of grids, or node (location server) failures
or disconnection from the network.

• Load balance: The protocol should place bal-
anced update and query load on the nodes in
the network so that no single node becomes the
bottleneck.

• Scalability: The protocol should maintain all of
the above properties when the network scales to
a large number of nodes.

• Locality-awareness: The distance of the location
server from the querying source should not be
much larger than the distance between the source
and destination node. In other words, location
queries for nodes nearby should not travel far
away in the network. However, the benefit of this
feature relies on the presence of local data traffic
patterns.

Numerous protocols for location services [17,1,
20,7,32,6,31,35,21,36,9,5] have been proposed to
solve the location tracking and retrieval problem in
geographic routing for MANETs. Although each
protocol is proposed along with some theoretical
and/or simulation analysis, little is known about
the relative performance of these protocols, espe-
cially in a realistic setting, i.e., a mobile environment.

This paper is the first to provide a realistic, quan-
titative analysis comparing the performance of a
variety of scalable location service protocols. We
focus on rendezvous-based location services as they
are inherently more scalable than flooding-based
ones. We perform an in-depth performance compar-
ison of three representative rendezvous-based loca-
tion services which cover a wide range of design
choices: a quorum-based protocol (XYLS) which
disseminates each node’s location to Oð

ffiffiffiffi
N
p
Þ nodes,

a hierarchical hashing-based protocol (GLS) which
disseminates each node’s location to O(logN) nodes,
and a geographic hashing-based protocol (GHLS)
which disseminates each node’s location to O(1)
nodes. The major contributions of this paper are:

• We present the first detailed comparison of three
scalable location services that focuses on design
tradeoffs rather than protocol nuances.

• We present a quantitative model for measuring
location service overhead and verify its accuracy
in predicting the performance tradeoffs of differ-
ent design approaches for static networks.

• Since the quantitative model cannot predict the
impact of node mobility and MAC layer interfer-
ence, we perform a simulation study of all three
location services in a detailed simulator and ana-
lyze the performance impact of mobility on all
three location services.

• We compare the performance of geographic for-
warding when equipped with the three location
services with two topology-based routing proto-
cols, AODV [25] and DSR [12], for a wide range
of network sizes to characterize the applicability
of geographic routing protocols.

The key insights from our study are: (1) when
practical MANET sizes are considered, i.e., up to
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a few thousand nodes, the constants matter more
than the asymptotic costs of location service proto-
cols, and (2) simplicity of design provides resilience
to performance degradation from mobility by
reducing the opportunities for routing state incon-
sistency.

The major findings of our performance study are:

• For static networks, although GLS makes a large
number of short distance updates and a small
number of large distance updates, our model
shows that it has lower update overhead than
GHLS only in large networks of more than
25,000 nodes. In a 600-node static network,
GLS incurs 3 times higher update overhead than
GHLS. GLS has higher query overhead disre-
garding the network size, from always forward-
ing queries to the destination nodes.

• Simulations of a 600-node network with and
without node mobility show that node mobility
has a much higher impact on the protocol over-
head of GLS than on those of GHLS and XYLS.
The higher overhead increase comes from han-
dling inconsistencies caused by maintaining con-
sistent hashing in the grid hierarchy.

• In simulations of mobile networks of up to 2000
nodes, GHLS provides a more robust and effi-
cient location service than GLS or XYLS.

• For small to medium sized networks (up to 400
nodes), reactive non-geographic routing proto-
cols like AODV can outperform geographic rout-
ing protocols based on location services like GLS
which incurs higher overhead in sending proac-
tive beaconing packets and location lookups.
Local repair and hop-by-hop routing state in
AODV contributes to it usability in such net-
works, whereas DSR suffers due to a lack of
intermediate repair. However, GHLS enables a
geographic routing protocol that is comparable
to reactive protocols in not only packet delivery
but also routing overhead in small to medium
sized networks.

The rest of the paper is organized as follows. Sec-
tion 2 presents a taxonomy of location services. Sec-
tion 3 describes the three location services considered
in our study. Section 4 presents an analysis of the
overhead of the three protocols. Section 5 describes
the simulation methodology. Section 6 presents
the performance comparison of the three location
services, and Section 7 presents the scalability of
geographic routing using these location services.
Section 8 discusses related work and Section 9 sum-
marizes the paper’s contributions.
2. A taxonomy of location services

Fig. 1 depicts a taxonomy of the location services
proposed so far. At the top level, location services
can be divided into flooding-based and rendezvous-

based approaches. Flooding-based protocols can
be further divided into proactive and reactive
approaches. In the proactive flooding-based approach,
each (destination) node periodically floods its location
to other nodes in the network each of which maintains
a location table recording the most recent locations of
other nodes. The interval and range of such flooding
can be optimized according to the node’s mobility
and the ‘‘distance effect’’. For example, flooding
should be more frequent for nodes with higher mobil-
ity, and flooding to faraway nodes can be less frequent
than to nearby nodes. DREAM [1] serves as a good
example of proactive flooding-based location services.
In reactive flooding-based approaches [17], if a node
cannot find a recent location of a destination to which
it is trying to send data packets, it floods a scoped
query in the network in search of the destination.
The previous location of the destination node can be
used to narrow the scope of the flooding.

In rendezvous-based protocols, all nodes (poten-
tial senders or receivers) in the network agree upon
a mapping that maps each node’s unique identifier
to one or more other nodes in the network. The
mapped-to nodes are the location servers for that
node. They will be the rendezvous nodes where peri-
odical location updates will be stored and location
queries will be looked up. Two different approaches
of performing the mapping, quorum-based and hash-

ing-based, have been proposed. In the quorum-based

approach [7], each location update of a node is sent
to a subset (update quorum) of available nodes, and
a location query for that node is sent to a potentially
different subset (query quorum). The two subsets
are designed such that their intersection is non-
empty, and thus the query will be satisfied by some
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node in the update quorum. Several methods on
how to generate quorum systems have been dis-
cussed in [7]. In this paper, we choose a design that
is conceptually simple and efficient in terms of
update and query complexities. In the so-called col-
umn–row quorum-based protocol [32], the location
of each node is propagated in the north–south direc-
tion, while any location queries are propagated in
the east–west direction. Effectively, each node’s
location is disseminated to Oð

ffiffiffiffi
N
p
Þ location servers.

In hashing-based protocols, location servers are
chosen via a hashing function, either in the node
identifier space or in the location space. Hashing-
based protocols can be further divided into hierar-
chical or flat, depending on whether a hierarchy of
recursively defined subareas are used. In hierarchical

hashing-based protocols (for example, [21,36]), the
area in which nodes reside is recursively divided into
a hierarchy of smaller and smaller grids. For each
node, one or more nodes in each grid at each level
of the hierarchy are chosen as its location servers.
Location updates and queries traverse up and down
the hierarchy. A major benefit of maintaining a hier-
archy is that when the source and destination nodes
are nearby, the query traversal is limited to the
lower levels of the hierarchy. Since the height of
the hierarchy is O(logN), effectively each node’s
location is disseminated to O(logN) location serv-
ers. The best example of hierarchical rendezvous-
based location service is GLS [21], which is chosen
in the comparative study in this paper.

In flat hashing-based protocols (for example,
[6,31,35]), a well-known hash function is used to
map each node’s identifier to a home region consist-
ing of one or more nodes within a fixed location in
the network area. All nodes in the home region
maintain the location information for the node
and can reply to queries for that node; they serve
as its location servers. Typically, the number of
location servers in the home region is independent
of the total number of nodes in the network, and
thus effectively each node’s location is disseminated
to O(1) location servers. In this paper, we propose a
flat hashing-based protocol called Geographic
Hashing Location Service (GHLS) that pushes the
concept of geographic hashing to the extreme: the
home region consists of only one node – the node
whose location is closest to the hashed location.
We use it as the representative of the flat hashing-
based protocols.

Since flooding-based protocols scale poorly with
the network size, we primarily focus on rendez-
vous-based protocols in the rest of the paper. How-
ever, we have included comparisons with some
sample flooding based approaches in Section 6.5
to provide a frame of reference for understanding
the performance of the studied protocols.
3. Location service protocol descriptions

In this section, we describe geographic forward-
ing and the three representative rendezvous-based
location services under study, along with implemen-
tation decisions made in our comparison study. For
each protocol, we describe how it (1) chooses the
location servers, (2) performs a location update,
and (3) performs a location query.
3.1. Geographic forwarding

All of the location services in our study are
implemented by leveraging geographic forwarding.

(a) Basic operations: Each node determines its
own geographic location – latitude and longitude
– with the assistance of some global positioning sys-
tems such as GPS [34]. Each node periodically
announces its IP address and location to its one-
hop (within the radio transmission range) neighbors
by broadcasting ‘‘beacon’’ packets. Each beacon
contains a node’s IP address and current location.
Each node maintains the IP and location informa-
tion of its neighbors. Subsequently, a packet can
be routed to a destination node using this local state
at each node. Each packet contains the destination
address in the IP header and the destination’s loca-
tion (x- and y-coordinates) in an IP option header.
To forward a packet, a node consults its neighbor
table and forwards the packet to its neighbor closest
in geographic distance to the destination’s location.

Under the above greedy geographic forwarding,
forwarded packets may potentially reach a node
that does not know any other node closer to the des-
tination than itself. This indicates a hole in the geo-
graphical distribution of nodes. Recovering from
holes is possible using face routing [2,15,19].

All the location services are evaluated using the
same greedy geographic forwarding protocol
described above. This enables a fair comparison
based only upon the features of the location
services.

(b) Optimizations: The following optimizations
are incorporated into our basic geographic forward-
ing implementation.
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• Packet salvaging: Whenever the MAC layer is
unable to deliver a packet, it performs a callback
to the network layer. The entry in the neighbor
table corresponding to the unreachable one-hop
neighbor is subsequently removed and the packet
and all other such packet in the interface queue
are salvaged by forwarding them to one of the
remaining nodes in the neighbor table that is
closest to the destination of the packets.

• Two-hop beaconing: To reduce the probability of
encountering a routing hole, i.e., when node can-
not find a node closer than itself to the destina-
tion and the destination is not its one hop
neighbor, two-hop beaconing is used. In addition
to its own location, every node when beaconing
sends a list of its one-hop neighbors and their
locations as well. When forwarding a packet, a
list of potential next hops are constructed from
the table of neighbors both one and two hops
away. If the node closest to the destination is a
two-hop neighbor, the one-hop neighbor closest
to that node is sent the packet. If the node closest
to the destination is a one-hop neighbor, the
node is directly sent the packet. This two-hop
beaconing is a integral part of GLS [21].

We now describe the three major location ser-
vices studied in this paper.

3.2. Column–row location service (XYLS)

XYLS is a proactive location service that dissem-
inates locations in a direction such that a query can
intersect it subsequently. It is similar to the column–
row quorum-based location service originally pro-
posed in [32].

1. Selecting location servers: At any given point of
time, for each destination node, the nodes that are
located along the north–south direction in the geo-
graphic area form the update quorum (location serv-
ers). Similarly, for each source node, the nodes that
are located along the east–west direction form the
query quorum for the node. Thus each query is
expected to intersect one of the location servers.

2. Performing updates: When a node decides a
location update is needed, it propagates the location
update along the north–south direction, i.e., with
the goal of reaching all the nodes in the same col-
umn in the geographic area. The thickness of the
column controls the tradeoff between the update
overhead and the robustness of the location service:
the thicker the column, the higher the update over-
head, but also the more likely a query will be satis-
fied. Our implementation constructs sufficiently
thick columns using a low overhead approach: Each
node selected as a location server in the north or
south direction broadcasts the update to its one
hop neighbors in addition to unicasting it to the
next location server in the update direction. This
increases the thickness of the column. An update
is sent after every movement of distance d (update
threshold) or when the timeout window expires first
due to the change of speed. To facilitate caching of
the location by location servers and forwarding
nodes, each update packet has a timeout window
which specifies the validity of the update. The time-
out window is predicted as the time taken to travel
the distance d based on the current mobility of the
node. An update is cached for the timeout period
by all forwarding nodes and stored for the timeout
period by the location server.

3. Performing queries: When a source node initi-
ates a location request for a destination node, the
query is propagated along the east–west direction,
i.e., along its row of nodes in the geographic area.
The query contains the time of the most recent loca-
tion of the destination known to the source. If a
node along the row has a cached location for the
destination node that is more recent than the time
in the query, it sends a reply packet via geographic
forwarding back to the source.

4. Routing structures: XYLS maintains three
tables to provide its distributed location service. A
neighbor table is used to maintain the current neigh-
bors of a node along with their locations. A location

table holds the node’s portion of the distributed
location database. Each entry consists of a node’s
ID, its geographic location and the timeout associ-
ated with the reported location. A location cache

similar in structure to the location table is used to
store the location information learned by a node
while forwarding update packets.

3.3. Grid location service (GLS)

GLS [21] is a hierarchical hashing-based location
service. It is motivated by consistent hashing [14]
and performs hashing in the node identifier space,
as opposed to the geographic location space. The
geographic area in which the nodes reside is recur-
sively divided into a hierarchy of smaller and
smaller squares, and the smallest square is referred
to as an order-1 square. In GLS, the side length of
the smallest square is chosen to be the transmission
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range of 802.11, i.e., 250 m. The four order-(n � 1)
squares sharing the same order-n square as the par-
ent square are sibling squares. For each node, one
node from each sibling square of the node’s square
at each hierarchy level is selected as its location ser-
ver. The geographic forwarding for GLS uses the
two-hop beaconing protocol as described in Section
3.1. This ensures that each node knows the location
of all nodes in its order-2 square. Fig. 2 (from [21])
shows an example of a hierarchy. GLS assigns a
unique, random ID to each node, by applying a
strong hash function to the node’s unique name.
The unique name could be a host name, IP address,
or MAC address. In the circular identifier (ID)
space, the node closest to a node X is defined as
the node with the least ID greater than X. For each
node B, GLS selects a location server in each sibling
square at each hierarchy level as the node whose ID
is closest to node B in that square. In Fig. 2, the
location servers at B’s order-1 sibling squares are
nodes 2, 23, 63, respectively. In B’s order-2 sibling
squares, the location servers are 26, 31, and 43,
respectively.

1. Performing queries: We first describe how a
location query is routed, assuming all nodes have
updated their location servers of their identifiers
and locations. At each step, a query makes its way
to the closest node at successively higher hierarchi-
cal levels. If node A (76) requests for the location
of node B (17), it looks up the same order-1 square
for the best node, in this case, itself. It then looks for
the best node in each of its order-1 sibling squares,
in this case, node 21 which it knows about from
two-hop beaconing. In the next step, node 21 finds
node 20 which is the best node in node A’s order-
2 sibling squares, and node 20 has the location of
43
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Fig. 2. Location update and query in GLS.
node B since it is one of node B’s location servers
in B’s order-3 sibling squares. Recall 21 is the best
node in its own order-2 square. This ensures that
no nodes in that square have IDs between 17 and
21. Now consider a node X in 21’s sibling order-2
squares. If X’s ID is between 17 and 21 then X must
have chosen node 21 as a location server since there
are no other nodes closer to X than 21 in 21’s order-
2 square. Thus node 21 knows all nodes in its order-
2 sibling squares that lie between 17 and itself,
including the minimum such node, which is 20 in
this case. Similarly, at the next step, node 20 knows
all nodes in its order-3 sibling squares between 17
and itself. In other words, node 20 is a location ser-
ver for such nodes, including node 17.

Once the query reaches node 20, it forwards the
query to the destination node 17 so that the destina-
tion node can reply to the source using geographic
forwarding with its current location. This detour
to the destination node is necessary in GLS due to
the distance effect in location updates as explained
below. Note that a query or a query reply stays
inside the smallest square containing the source
and the destination.

2. Performing updates: Similarly as how queries
are routed, a node X inserts location updates to
all of its location servers, i.e., the node whose ID
is closest to X in each sibling square at each level,
without knowing who the location servers are. Since
there are 3 sibling squares and thus 3 location serv-
ers at each level of the hierarchy, and the hierarchy
height is O(log4 N), the total number of locations
server per node is O(3log4 N). Each update packet
from a node carries its ID, its current location,
and a timeout window explained below. Similarly
as in XYLS, updates are cached at forwarding
nodes.

3. Location update interval: The location update
packets for a node are sent out at a rate propor-
tional to the node’s speed, and the range of the
updates takes into account the distance effect [1].
A node updates its location servers in order-i sibling
squares after each movement of 2i�1 Æ d, where d is
the update threshold. Similarly as in XYLS, a time-
out is advertised except that the timeout calculated
is based on the order of the location server to be
updated (e.g., for location servers in order-2 sibling
squares, the timeout is based on the time taken to
travel 2 Æ d distance). Since a node updates its
high-order servers much less often, those servers
can have fairly inaccurate location information,
and thus they need to forward a query to the desti-
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nation node which will then reply to the querying
node with its current location.

4. Routing structures: GLS maintains three tables
to provide its distributed location service. A neigh-
bor table is used to maintain the node’s current
neighbors and their neighbors along with their loca-
tions. A location table holds the node’s portion of
the distributed location database. Each entry con-
sists of a node’s ID, its geographic location and
the timeout associated with the reported location.
A location cache similar in structure to the location
table is used to store the location information
learned by a node while forwarding update packets.

5. Impact of grid boundaries: The existence of a
grid cell based structure has implications to GLS
updates and queries. When a node B moves into a
new grid cell, it has to update a subset of its location
servers since B’s position in the hierarchy has chan-
ged. Additionally, since B may be acting as a location
server for other nodes, there may now be no location
server for those nodes in the grid cell B just left.

To find a node that has just crossed a grid bound-
ary, GLS uses a ‘‘forwarding pointer’’ technique
which requires node B to broadcast a forwarding
pointer message (containing its new location) on
entry to a new grid cell. Nodes in the previous
level-0 cell propagate this forwarding entry to their
neighbors during the regular beaconing process.

6. Implementation changes: The ns-2 implementa-
tion of GLS provided by its authors [21] was faithfully
ported to Glomosim [38]. To confirm the correctness
of the porting, we ran simulations with the same
parameters using the original ns-2 code and using
our Glomosim implementation, and the results from
the two implementations matched closely.

3.4. Geographic hashing location service (GHLS)

Compared to hierarchical hashing-based proto-
cols, flat hashing-based protocols avoid the com-
plexity of maintaining a hierarchy of grids and the
consequent maintenance due to nodes moving
across grid boundaries. Previous flat hashing-based
protocols, however, still introduce a geographic
region (either a rectangle or a circle surrounding
the hashed location) as the home region for the
location servers for each node. In this paper, we
propose a flat hashing-based protocol called GHLS
that pushes the concept of geographic hashing to
the extreme: the home region consists of only one
node – the node whose location is closest to the
hashed location.
1. Selecting location servers: In GHLS, each node
is assigned a single location server, by hashing the
node’s unique name into a location in the geographic
area, and designating the node whose location is
currently closest to the hashed location as the node’s
location server. The unique name could be a host
name, IP address, or MAC address. Thus, each
node stores its location on only one location server,
although a node may be a location server for zero or
more nodes.

2. Performing updates: Similarly as in GLS, the
updates of the nodes are reactive to their movement
patterns and cached at forwarding nodes. A key dif-
ference between the update protocols for GLS and
GHLS is that GHLS does not have multiple timeout
windows and update frequencies for multiple loca-
tion servers since there is only one location server
per node.

3. Performing queries: To look up the location for
a destination node, a sending node hashes the
node’s unique name using the same hashing func-
tion to generate the location, and sends a query
packet which will be routed towards the server loca-
tion via geographic forwarding. Upon reaching the
location server, the stored location information is
sent in a query reply packet from the location server
back to the source of the query packet, again via
geographic forwarding.

4. Decoupling server and destination movement:
Due to node mobility, location information stored
on a server may need to be migrated to other nodes
that become closer to the location. One way to
achieve this is to rely on a new update packet
to arrive from the destination node periodically to
refresh this state. This is difficult as it requires each
node to adapt its update frequency to the movement
of its location server. GHLS solves this problem by
decoupling the movement of location servers from
the movement of the originators of the updates via
a lightweight handoff procedure. Every node that
acts as a location server executes the following pro-
cedure when it receives a beacon packet from
another node: it checks whether the source of bea-
con packet is closer to the hashed location of each
of the sources for whom it is acting as the location
server. If the source of the beacon packet is a better
match for a subset of locations it stores, the node
hands off these location information to the source
of the beacon packet.

5. Incorporating locality: A potential drawback of
flat geographic hashing protocols is that a location
server can potentially be far away from both the
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source and destination nodes, causing update and
query operations to incur high overhead. To allevi-
ate this problem, GHLS uses a hashing function
that generates locations within a small region near
the center of the whole region. We define the ratio
of the side length of the scaled location server region
and that of the whole area as the scaling factor a,
and denote the scaled location server region as the
a region. Fig. 3 shows an example of a scaled loca-
tion server region.

Using a scaled location server region can poten-
tially create service load imbalance among the nodes
in the whole network, i.e., higher load in the scaled
region. We evaluate and compare the load balance
in all three location services in our simulation study
in Section 6.

6. Handling node failure: Consider a node X that
is currently a location server in GHLS. If X fails,
queries that arrive between the time that X fails
and the next updates from nodes whose locations
are stored at X could potentially fail. However,
caching of updates allow other nodes to answer que-
ries despite failure of the location server. Addition-
ally, the locations stored by X can also be piggy-
backed in the beacon packets and stored at all the
neighbors of X for added reliability.

7. Routing structures: GHLS maintains three
tables to provide its distributed location service. A
neighbor table is used to maintain the current neigh-
bors of a node along with their locations. A location

table holds the node’s portion of the distributed
location database. Each entry consists of a node’s
ID, its geographic location and the timeout associ-
ated with the reported location. A location cache
Query
source

location server

dest

side length* α

Update

Fig. 3. Location update and query in GHLS. The location
servers are inside the scaled location server region, surrounded by
the dashed-line box.
similar in structure to the location table is used to
store the location information learned by a node
while forwarding update packets.
4. Analysis

In this section, we analyze the performance of the
three location services under study. The main results
are summarized in Table 1.
4.1. Analysis for static networks

We first compare the amount of location service
protocol packets initiated and transmitted in the
three location services. The total number of location
service protocol packets transmitted is referred to as
the LS protocol overhead. To make the analysis trac-
table, we assume the network is static, the nodes are
uniformly distributed in the geographic area, and
location updates are not cached at forwarding
nodes. To aid our analysis, we define the following
parameters: Let the update frequency be f updates
per second, the side length of order-1 square in
GLS be l, and the height of the hierarchy be h,
i.e., the whole area is an order-h square. Thus the
side length of order-i square will be 2i�1 Æ l, and
the side length of the whole area is 2h�1 Æ l. In
GLS, l is chosen to be the transmission range of
802.11, i.e., 250 m. In the following, we use this
assumption as well as the notion of order-1 squares
to simplify our analysis of all three protocols, even
though the notion of order-1 squares does not exist
in XYLS and GHLS.

In XYLS, one update is sent at each update inter-
val. The update is propagated along the column,
which covers 2h�1 order-1 squares. Thus in theory,
an update costs 2h�1 transmissions. However, since
our implementation of XYLS update (or query)
Table 1
Comparison of the three location services

Metrics XYLS GLS GHLS

Type Quorum Hierarchical
hashing

Flat
hashing

Updates per interval 1 3 � ð2� 1
2

h�2Þ 1

Average update
path length

2h+1 3
2 � ð2þ

ffiffiffi
2
p
Þ � ðh� 1Þ 1

3 2h�1
ffiffiffi
2
p

Average query path
length

2
3 � 2

h 2
3 2h�1

ffiffiffi
2
p

1
3 2h�1

ffiffiffi
2
p

Average query
rep.path length

1
3 � 2

h�1 1
3 2h�1

ffiffiffi
2
p

1
3 2h�1

ffiffiffi
2
p

Robustness High Medium High
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chooses the node closest to the starting node’s x-
coordinate (or y-coordinate), the average stride each
hop makes is about half (the theoretically exact
number is 4

3p) of the transmission range, or half the
side length of an order-1 square. Thus an update
travels about 2h hops in the north–south direction.
Since a unicast and a broadcast are performed at
each hop, the total number of transmissions is
2h+1. For each query, two packets are sent along
the two directions, only unicast is performed at each
hop, and one of the two packets will not be for-
warded further when it reaches a location server.
The expected number of transmissions per query is
2
3
� 2h (via simple integration). A query reply travels

about 1
3
� 2h�1 hops on average since it goes along

one direction towards the source.
In GLS, at each update interval, 3 updates are

sent to the 3 location servers in order-1 sibling
squares. At every two update intervals, 3 updates
are sent to the 3 location servers in order-2 sibling
squares, and so on. At every 2h�2 update intervals,
3 updates are sent to the 3 location servers in
order-(h � 1) sibling squares. Thus the average
number of update packets per interval is

Lavg update pkts ¼ 3 � 1þ 1

2
� 3þ 1

4
� 3þ � � � þ 1

2h�2
� 3

¼ 3 � 2� 1

2

h�2� �
: ð1Þ

The number of hops traveled by the update packets
to the three order-1 sibling squares are 1, 1, and

ffiffiffi
2
p

,
approximately, and the number of hops traveled be-
tween larger squares grows proportionally to the
side lengths of the squares. Thus, the total number
of hops traveled by an update packet sent to 3 or-
der-k sibling squares is

Lupdate hopsðkÞ ¼ 2þ
ffiffiffi
2
p� �

� 2k�1 � 3
2
: ð2Þ

The factor of 3
2

for each term is explained as follows.
Let the lowest-order sibling squares containing the
destination (whose location is being inserted) and
the location server be order-k squares X and Y,
respectively. The update packet is first forwarded
in a straight line towards Y while inside X. Once
crossing the boundary between X and Y, it is for-
warded in a sequence of steps in traversing up the
hierarchy starting from an order-1 square and
reaching the order-(k � 1) square containing the
location server. Since the sequence of steps are
directionless and the expected distances they travel
are recursively doubled, they incur an approximate
factor of 2 overhead compared to the direct distance
between the starting point and finishing point inside
square Y. The factor of 2 overhead while traversing
inside Y and the straight line path inside X together
contribute to the factor of 3

2
for each term in the

above hop count formula for update packets.
Note that from Eq. (2), the average path length

of an update to an order-k sibling square is
1
3
Lupdate hopsðkÞ.

From Eqs. (1) and (2), the average of number of
hops traveled by all update packets is

Ltotal update hops ¼ Lupdate hopsð1Þ þ
1

2
� Lupdate hopsð2Þ

þ 1

4
� Lupdate hopsð3Þ þ � � �

þ 1

2h�2
� Lupdate hopsðh� 1Þ

¼ 2þ
ffiffiffi
2
p� �

� 3
2
þ 1

2
� 2þ

ffiffiffi
2
p� �

� 2 � 3
2

þ 1

4
� 2þ

ffiffiffi
2
p� �

� 22 � 3
2
þ � � �

þ 1

2h�2
� 2þ

ffiffiffi
2
p� �

� 2h�2 � 3
2

¼ 3

2
� 2þ

ffiffiffi
2
p� �

� ðh� 1Þ: ð3Þ

In GLS, the average number of hops queries travel
can be approximated as twice the average distance
between two random points in a square of area
2h�1 · 2h�1, which is about 2

3
2h�1

ffiffiffi
2
p

. The factor of
two comes from the fact that the location server
has to forward the query to the destination node.
Similarly, query reply takes an average 1

3
2h�1

ffiffiffi
2
p

hops as it travels from destination to the source of
the query.

In GHLS, one update is sent at each update
interval. Assume the location server region is not
scaled down, i.e., a = 1. Again, the average number
of hops it travels is the same as the average distance
between two random points in a square of area
2h�1 · 2h�1, which is about 1

3
2h�1

ffiffiffi
2
p

. Similarly, the
average number of hops a random query or query
reply travels is 1

3
2h�1

ffiffiffi
2
p

.
The following conclusions can be drawn from the

above analysis (summarized in Table 1): (1) GLS
loses to GHLS by a factor of 2 and outperforms
XYLS by a factor of

ffiffiffi
2
p

in average query path
length. (2) GLS and GHLS have comparable query
reply path lengths which are a factor of

ffiffiffi
2
p

times
that of XYLS. (3) The average update path length
for GHLS and XYLS grows as O(2h) while that of
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GLS is O(h). Thus, theoretically, GLS should out-
perform XYLS and GHLS in average update path
length as the network is scaled. To estimate the net-
work size beyond which GLS outperforms GHLS
and XYLS, in Fig. 4, we plot the formulas for the
average update path length for all three protocols
as a function of the grid hierarchy height h and
the network size N assuming an adequate density
of 100 nodes/km2. The plots show that while GLS
outperforms XYLS for all network sizes, it has a
longer average path length than GHLS until the
height of the hierarchy reaches beyond 7, i.e., when
the network size reaches 25,600. It is not clear
whether ad hoc networks of such sizes can be real-
ized or have applicability in most practical
scenarios.

1. Example analysis: The formulas derived above
can be used to estimate the overall protocol over-
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Fig. 4. Average update path length as a function of the hierarchy
height.

Table 2
Overhead breakdown of location services for a static network of 600 n

XYLS GLS

Updates
Events E ¼ S � f � N þ N

¼ 300 � 1
4 � 600þ 600 ¼ 4700

E ¼ S � f
¼ 300 �

Sent 4 Æ E = 18,800 E � 3 � ð2�
Txed E Æ2h+1 = 300800 E � 3

2 � ð2þ

Queries
Sent Q = 7184 Q = 8055
Txed Q � 2

3 � 2
h ¼ 153258 Q � 2

3 2h�1

Replies
Sent Q = 7184 Q = 8055
Txed Q � 1

3 � 2
h�1 ¼ 38314 Q � 1

3 2h�1
head of each of the three location services given a
specific network scenario. We consider a network
of 600 nodes and predict the number of update,
query and query reply packets for each of the three
protocols for a static network as shown in Table 2.
The parameters used for the calculations are based
on the simulation scenario used in the evaluation
of GLS [21]. A network size of 600 nodes is the larg-
est network size chosen in [21]. Although the 600
nodes are distributed in an area of 2500 m ·
2500 m, GLS pads the area to 4000 m · 4000 m in
order to generate a perfect grid with the height of
hierarchy h being 5. The simulation duration (S) is
chosen as 300 s. Since the network is static, the fre-
quency of updates (f) is chosen to be once every 40 s.
The number of queries (Q) initiated depends upon
the traffic pattern used in the simulation and also
the extent of local caching at the source node under
each location service. We have borrowed values for
Q from a simulation of the three location services
with the same setup as above. Details of this simu-
lation are outlined in Section 6. Q is different in
the three protocols because they have different
amount of local caching effects. For GHLS, we have
chosen an a value of 1. This version is referred to as
GHLS-1 in Table 2.

Table 2 compares the relative performance of the
three location services. Each update interval is
counted as one update event, and the number of
actual update packets sent out is analyzed according
to Table 1. The additional N update events for every
location service protocol correspond to the one
update sent by each node at startup time. ‘‘Txed’’
stands for the number of transmissions; one packet
traversing one hop is counted as one transmission.

The following conclusions can be drawn from the
comparison. In a static network of 600 nodes, GLS
odes

GHLS-1

� N þ N
1
4 � 600þ 600 ¼ 4700

E ¼ S � f � N þ N
¼ 300 � 1

4 � 600þ 600 ¼ 4700
1
2

h�2Þ ¼ 26437 E = 4700ffiffiffi
2
p
Þ � ðh� 1Þ ¼ 96; 162 E � 1

3 2h�1
ffiffiffi
2
p
¼ 35; 344

Q = 8578ffiffiffi
2
p
¼ 121; 147 Q � 1

3 2h�1
ffiffiffi
2
p
¼ 64; 506

Q = 8578ffiffiffi
2
p
¼ 60; 573 Q � 1

3 2h�1
ffiffiffi
2
p
¼ 64; 506
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outperforms XYLS in terms of overhead. However,
the number of updates transmitted for GLS is 2.7
times more than the number of transmitted updates
in GHLS. Also, the number of queries transmitted
for GLS is larger than for GHLS as predicted by
the analysis (twice as large). Thus, GLS loses to
GHLS in terms of protocol overhead at a network
size of 600 nodes. To verify the model, we also com-
pare the predicted values with numbers obtained
from a real simulation in Section 6.

4.2. Effect of mobility

We qualitatively compare the impact of mobility
on the performance of the three location service
protocols. In all three approaches, each node in its
role as a destination node needs to send a new
update whenever it moves the threshold distance,
or when the timeout window expires first due to
the change of speed. These events result in the cor-
responding increase or decrease in the amount of
protocol packets and transmissions.

In XYLS, mobility has no additional effect on the
communication complexity. In GHLS, a node in its
role as a location server needs to hand off its local
location database to neighboring nodes. In GLS,
because the hashing is in the node ID space, there
is no need for handoff. However, since the hashing
is performed individually for each sibling square at
each level of the hierarchy, every time a node crosses
a grid boundary, it has to update some of its loca-
tion servers accordingly. In the worst case, when a
node crosses a boundary between two highest level
grids, it has to select and update all of its O(logN)
location servers. Furthermore, to deal with tempo-
rarily stale location information in high-order loca-
tion servers, a node (as a location server) has to
leave ‘‘forwarding pointers’’ via broadcasts to nodes
in its previous order-1 square [21]. Such forwarding
pointers are continuously propagated, via piggy-
backing on beacon packets, to newcomers to that
order-1 square. As a result, the size of the beacon
packets tends to grow.

4.3. Robustness

We compare the effects of mobility on the suc-
cessful resolution of queries in the three location
services. In XYLS, the successful resolution of a
query relies on the intersection between the update
column and the query row. If both the column
and the row are thin, it is likely the servers near
the intersection have moved away and a query
passes through the column without reaching any
servers. In our implementation, each update is prop-
agated at each hop with both a unicast and a broad-
cast, and thus the update column is expected to beffiffiffiffi

C
p

wide, i.e., containing about
ffiffiffiffi
C
p

nodes along
the east–west direction, where C is the number of
nodes within the range of a single transmission. This
significantly improves the robustness of XYLS in
the presence of node mobility. The cost is the dou-
bled update transmissions.

In GLS, successful resolution of a query relies on
up-to-date location information of the location
servers a query needs to reach successively. Because
of the exponentially decaying update frequency for
location servers high up in the hierarchy, the
order-1 grid location information for high-order
location servers are likely to be stale. GLS addresses
this problem by inserting forwarding pointers in
order-1 squares. For high mobility and/or high-
order location servers, the location information
can be so stale that a query may need to follow for-
warding pointer multiple times. This can potentially
affect whether a query can be successfully resolved.

In GHLS, the handling of location server
movement is decoupled from destination node
movement. A location server always stores the up-
to-date locations of destination nodes, hands off
its share of location information whenever it
discovers, based on received beacon packets, neigh-
boring nodes that are closer to the hashed locations.
Since the handoffs from X to Y happens as soon as
the beacon from node Y is heard by its surrounding
neighbors, the window of inconsistency, in which
node Z thinks Y is closer than X but X has not
handed off to Y, is at most one beacon duration.
Thus GHLS is highly robust to node mobility.

5. Experimental methodology

We implemented all the protocols studied as well
as geographic forwarding in the Glomosim [38] sim-
ulator. Our implementation and simulation param-
eters of geographic forwarding are based on [15].
Glomosim is a widely used wireless network simula-
tor with a comprehensive radio model. We use a
802.11 radio model with a nominal bit-rate of
11 Mbps and a transmission range of 250 m. For
all three location service protocols, we chose a bea-
con period of 2 s. The mobility scenarios use the
modified random way point mobility model [37].
For mobile networks, all simulations use a pause
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time of 0 s with nodes moving at speeds randomly
chosen between 1 and 9 m/s. The simulation dura-
tion is 300 s.

The following metrics are evaluated for the loca-
tion service protocols: (1) LS protocol overhead –
The number of location service (LS) protocol pack-
ets transmitted, with each hop-wise transmission of
the protocol packet counted as one transmission.
Note the LS protocol overhead excludes the over-
head due to beaconing. (2) Packet delivery ratio

(PDR) – The ratio of the data packets delivered to
the destinations to those generated by the CBR
sources. (3) Query success ratio (QSR) – The ratio
of the number of query replies received at the
sources to the number of location queries initiated
by the sources.

6. Location service performance

In this section, we first evaluate the three location
service protocols in a 600-node static and a 600-
node mobile network to compare their relative per-
formance and analyze the impact of mobility on the
LS protocol overhead. We then study their scalabil-
ity by evaluating their performance in networks
ranging from 100 to 2000 nodes.

The query pattern in this section is chosen to
study the efficiency of the query and update mecha-
nisms of all the protocols. Every node in the net-
work initiates 15 queries to look up the location
of randomly chosen (unless noted otherwise) desti-
nations at times randomly distributed between 30
and 300 s. Thus the number of queries originated
Table 3
LS protocol overhead breakdown for a 600 node network

Static network

XYLS GLS GHLS-1 GH

Beacon overhead 89,400 89,400 89,400 89,
LS protocol overhead 311,181 254,504 134,643 112,

Updates
Sent 19,200 24,466 4800 4
Txed 184,319 83,099 32,611 26,

Queries
Sent 14,368 8055 8578 8
Txed 97,232 120,218 51,639 43,

Replies
Sent 6893 7073 8386 8
Txed 29,630 51,187 50,392 41,

Handoffs – – 1
FP Updates – 0 – –
are N Æ 15. Also, if a query is not successful, no retry
is initiated. To measure the accuracy of the query
reply, when the query reply is received, each source
sends a single data packet of size 128 bytes to that
destination using the replied location. The PDR
obtained in this scenario is an indication of the
accuracy of the destination location since for all
location services, the same greedy geographic for-
warding is used to route the data packets. For all
protocols, the value of d (update threshold) was
fixed at 200 m. For GHLS, we also vary a as 0.5
and 1. The node density in all the scenarios is kept
constant at 100 nodes/km2.

6.1. Static networks

We first compare the performance of the three
protocols in a static network to verify our analysis
and separate the effects of mobility on the perfor-
mance of the three protocols. Table 3 shows the var-
ious components of the LS protocol overhead for a
static network and a mobile network of 600 nodes.
The terrain is a square of 2500 m · 2500 m. To con-
struct a perfect grid, GLS pads the area to a virtual
area of 4000 m · 4000 m, and constructs a grid hier-
archy of height 5. To decouple the LS protocol
overhead due to the update frequency from that
due to mobility, for the static network, we assume
a constant update interval of 40 s for all three pro-
tocols. This interval is based on the average time
taken to cross d = 200 m (update threshold) in the
corresponding mobile network where nodes travel
with random velocities between 1 m/s and 9 m/s.
Mobile network

LS-0.5 XYLS GLS GHLS-1 GHLS-0.5

400 89,400 89,400 89,400 89,400
317 302,771 526,327 134,962 115,046

800 17,708 44,502 4427 4427
752 166,798 351,940 30,651 24,396

613 13,498 7445 8459 8464
829 110,452 124,534 48,139 38,092

308 7191 6793 8190 8361
736 25,521 45,980 45,815 37,235

0 – – 10,357 15,323
– 3873 – –
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For GLS, this interval corresponds to the update
interval of the order-1 sibling location servers. The
higher order servers are updated at exponentially
lower rates (with intervals being power-of-two mul-
tiples of 40 s).

We first verify the predictions of the quantitative
model with the simulation results. In XYLS, the
number of updates sent (19,200) closely matches
the prediction in Table 2 (18,800). Since the dimen-
sion used in the simulation (2500 m) is 62.5% of the
dimension assumed in the analysis (4000 m), the
number of updates transmitted (184,319) is approx-
imately 60% of the predicted value of 308,800 in
Table 2. Similarly, the number of queries transmit-
ted (97,232) is close to 60% of the value (153,258)
predicted by the analysis. Lastly, the number of
query replies is 29,630, which is again close to the
predicted value of 38,314 after scaling down by
the dimensions (0.625 Æ 38,314 = 23,754).

In GLS, the number of update events is the same
as in XYLS, i.e., 4700. The number of updates sent
shown in Table 3 is close to the value analytically
computed. The results in the simulation (Table 3)
show that the actual number of updates transmitted
is 83,099. The analytically calculated value for the
same shown in Table 2 comes out to be 96,162. This
discrepancy exists due to the difference between the
actual simulation area and the virtual grid that GLS
uses. GLS operates using a virtual grid of
4000 · 4000 m even if the actual simulation area is
2500 · 2500 m. As a consequence, the path length
for the highest level hierarchy (h = 5) is overesti-
mated by the analytical model which assumes the
virtual grid and physical area to be of the same size.
Thus, the path length for updating location servers
in the highest order square is smaller than predicted
by the analysis. In fact, we measured the average
hop lengths for updates to the different levels of
the hierarchy. These are shown in Table 4 along
with a comparison to their analytical estimates
ð1

3
Lupdate hopsðkÞÞ from Section 4.1. As expected, the

measured average path lengths match well with
those predicted except for the highest level hierarchy
(h = 5). If we plug in the measured path lengths
from Table 4 and Eq. (3), instead of the analytically
computed path lengths from Eq. (2), we obtain the
Table 4
Effect of h on GLS average update path length

Hierarchy height h = 2 h = 3 h = 4 h = 5

Path length (analysis) 1.71 3.42 6.84 13.68
Path length (measured) 1.92 3.5 7.28 8.94
average number of transmissions per update event
as 19.76, and the total number of updates transmit-
ted as 4700 Æ 19.76 = 92,872. This matches well with
the measured simulation results. Note that the mea-
sured update path length at h = 5 is close to 60% of
the predicted path length at h = 5 because of dimen-
sion scaling.

The number of queries initiated for GLS is 8055
and the analysis closely predicts the query transmis-
sions of 120,218 packets. Additionally, if we assume
that all queries are answered, the analysis predicts
the number of query replies transmitted to be
60,573. However, some queries are lost and conse-
quently the overhead for query replies is 51,187.

Finally, in GHLS with a = 1, the number of
updates sent is close to the predicted value. The
numbers of update transmissions, query transmis-
sions, and query reply transmissions, are about
60% of those predicted in Table 2. This is again
explained by the fact that the actual dimension used
in the simulation (2500 m) is 62.5% of the dimension
assumed in the analysis (4000 m).

In summary, the numbers predicted by the anal-
ysis for the three categories of protocol operations
closely match the values from the simulation.

We now compare the location services based on
the simulation results. Table 3 shows that in a static
network, XYLS has the highest overhead among all
three protocols. This is primarily due to the larger
number of updates that are propagated up and
down the column. GLS has a lower number of
updates than XYLS. However, as predicted by the
analysis, it has almost 5 times more updates than
GHLS because it has to update multiple location
servers at multiple levels. As a result, it has 2.55
and 3.11 times more update transmissions than
GHLS-1 and GHLS-0.5. The number of query
transmissions by GLS is the highest among all three
protocols since the query has to reach the actual
node and takes detours along the way.

In summary, for static networks, GHLS has the
lowest overhead due to its lightweight update mech-
anism. Although as expected GHLS-1 has slightly
higher query and query reply overhead than
GHLS-0.5, both protocols have lower query over-
head than GLS and XYLS. However, the effect of
mobility on these protocols is yet to be characterized.

6.2. Mobile networks

To measure the impact of node mobility on the
three location service protocols, we introduced
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mobility into the same 600-node scenario. Nodes
now move according to a random waypoint model
with velocities chosen randomly between 1 m/s
and 9 m/s and with a pause time of 0 s. Table 3
shows a detailed breakdown of the LS protocol
overhead for all three protocols.

1. Comparison with static networks: We first com-
pare the overhead for each location service protocol
in the mobile network relative to in the static net-
work. The following observations can be made by
comparing the columns in Table 3.

First, the number of updates sent for GLS
increases by about 81.89% while the numbers for
XYLS and GHLS both decrease by about 7.77%.
The reason for the slight decrease in updates sent
for XYLS and GHLS is as follows. In the mobile
network, the nodes have different velocities ran-
domly distributed between 1 m/s and 9 m/s. Thus
for the same update distance (200 m), different
nodes send different numbers of updates. In con-
trast, in a static network, every node sends an
update every 40 s.

We investigated the reason for the 80% increase in
the number of updates in GLS by separating the
causes for different updates initiated. Table 5 shows
the breakdown of GLS updates by their causes. A
‘‘Distance’’ update is caused when a node travels
for distance d (the update threshold distance). A
‘‘Prediction’’ update is caused when the timeout
advertised by a node in its previous update expires
before the node has moved d. This can happen if
the node slows down from the time it sent its last
update. A ‘‘Distance + Prediction’’ update occurs
when a node travels distance d and the last timeout
window advertised also expires, i.e., the predicted
timeout was correct. Finally, a ‘‘Grid’’ update is trig-
gered when a node crosses a grid boundary.

Table 5 shows that grid crossings account for
approximately 50% (21,000) of the total updates
sent. Thus, the 80% increase in the number of
GLS updates in the mobile scenario is attributed
to frequent grid boundary crossing by the mobile
nodes. In GLS, whenever a node crosses grid
boundaries, it needs to update its old (high-order)
location servers as well as select new (low-order)
servers since its position in the hierarchy has chan-
Table 5
Breakdown of GLS updates by their cause

Distance Prediction Distance + Prediction Grid

GLS 15,724 801 6975 21,002
ged. This causes an increased number of updates
to be initiated in a mobile network for GLS. These
updates do not occur in a static network and occur
less frequently when mobility is lower.

Second, in moving from the static network to the
mobile network, the average number of transmis-
sions per update in GLS grows from 3.39 to 7.91,
whereas the same metric stays roughly the same in
XYLS and GHLS. The reason for this is that in
GLS, node mobility leads to temporal node state
inconsistencies which result in detours in routing
update packets towards the location servers.

Third, the number of queries sent for all three
protocols are reduced by on average 2–6% in the
mobile network. This is because mobility helps to
improve the connectivity and the effectiveness of
caching over time, resulting in more location queries
being resolved using the cache at the source. How-
ever, the average number of transmissions per query
for GLS increases by 12%. This shows the suscepti-
bility of the GLS query process to node mobility. In
particular, when location servers in GLS move, for-
warding pointers may have to be followed to resolve
a query thereby increasing the average number of
transmissions per query. Similarly, in XYLS, the
average number of transmissions per query
increases by 21%. While searching for a next hop
that preserves the east–west direction of propaga-
tion, stale neighbor location information due to
mobility hampers the accurate choice of the next
hop. (The effect is less severe in location update as
the neighbor location information is less stale due
to the broadcast used in location update in XYLS.)
Thus, at every hop, there is a possibility of choosing
a less optimum next hop, causing packets to take
extra hops to reach the column. In contrast, the
average number of transmissions per query is
slightly reduced for both version of GHLS in the
mobile scenario as compared to the static scenario.

Last, since all protocols use geographic forward-
ing for query replies, the reply overhead remains lar-
gely unchanged in the mobile scenario. In addition,
mobility introduces the overhead of handoff packets
in GHLS. Similarly, in GLS, when a node crosses
grid boundaries, it broadcasts a one-hop forwarding
pointer information packet (FP Update) to the
nodes in its previous grid.

In summary, the significant increase in the aver-
age number of updates and in the average number
of transmissions per update, and slight increase in
the average number of transmissions per query in
GLS in the mobile network compared to in the
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static network suggests that GLS is the most suscep-
tible to node mobility.

2. Comparison among the three protocols: Table 3
shows that while the protocol overhead of GLS is
1.89 times that of GHLS-1.0 and 0.81 times that
of XYLS in the static network, these ratios increase
to 3.89 and 1.74 in the mobile network. In particu-
lar, while the number of update transmissions of
GLS is 2.54 times that of GHLS-1 and 0.45 times
that of XYLS in the static network, these ratios
increase to 11.48 and 2.11 in the mobile network.
Thus GLS is significantly more adversely affected
by mobility than XYLS and GHLS. This suggests
that if for static networks, the network size has to
be 25,000 nodes for GLS to tie GHLS in terms of
update transmissions, then for mobile networks,
the network size has to be much larger for GLS to
catch up with GHLS in terms of update transmis-
sions. In moving from the static network to the
mobile network, the protocol overhead of XYLS
stays roughly the same while that of GLS is more
than doubled. As a result, XYLS has lower protocol
overhead than GLS in the mobile scenario although
it has higher protocol overhead than GLS in the sta-
tic network.

We further compare the query performance of
GHLS, GLS and XYLS by measuring the average
hop lengths of resolved queries and of their replies
(depicted in Table 6). Note that for XYLS, the
query length refers to the number of hops traveled
by the one query (out of the two sent to opposite
directions) that reaches a location server. Since in
GLS, queries have to travel from the location server
to the destination, whereas for the other two proto-
cols, they just need to travel to the location servers,
the average query length in GLS is twice that in
XYLS or GHLS. In GLS, the query reply travels
back from the destination node to the source node,
and thus the query reply length is about half of the
query length. In GHLS, a query travels the same
number of hops as the query reply and as expected,
both the query length and query reply length for
GHLS-0.5 are smaller compared to GHLS-1. In
XYLS, a query reply travels using geographic rout-
ing, making maximum progress to its destination at
Table 6
Average query and query reply hop lengths

Protocol XYLS GLS GHLS-1 GHLS-0.5

Query length 4.53 10.42 5.05 4.03
Query reply length 3.34 5.91 5.05 4.04
each hop, and thus is shorter than the correspond-
ing query in XYLS which is forwarded along the
east–west direction, not necessarily making maxi-
mum progress towards its destination at each hop.
For the same reason, the query length in XYLS is
also larger than that in GHLS-0.5.

Finally, Fig. 5 shows the CDF of the query reso-
lution length, which is the sum of the query length
and the query reply length. Again, for XYLS we
only consider one of the two queries sent in opposite
directions that reaches a location server. The figure
shows that most of the queries in GHLS and XYLS
are resolved within 15 hops whereas those in GLS
take larger numbers of hops to reach back to the
sources.

An interesting observation is that GLS has the
highest Query Reply Length despite the fact that
GLS query replies travel back just from the destina-
tion to the source and are thus significantly lower
overhead than the GLS query. This occurs because:
(1) Query replies in GHLS-0.5 and XYLS are
expected to travel a shorter distance since they are
restricted in scope (to a nearby column or to a smal-
ler hashed area) compared to GLS in which case the
source and destination are essentially random
points. (2) GHLS-1, GHLS-0.5 and XYLS cache
location updates with a timeout, thus the query
replies in some cases may come back before reach-
ing the destination, thus reducing the query reply
hop length compared to GLS which requires query
replies to only come from the destination.

Finally, note that the evaluation chooses a pause
time of 0 s in order to stress the protocols. We did
run simulations for a wide range of pause times
and observed the trends to hold true across all pause
times. As expected, as the network became less
 0
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Fig. 5. CDF of query resolution length (query length + query
reply length).
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mobile the protocol performance became closer to
the static scenario.

6.3. Load balance

When GHLS is used with a < 1, nodes in the a
region potentially bear more update and query traf-
fic than a node outside. To measure this effect, we
repeated the same 600-node experiment in the previ-
ous section (with mobility), e.g., keeping the same
query rate, except the simulation is extended to
1500 s so that the results better reflect long term
mobility. For all protocols, we logged the LS proto-
col packet transmissions inside and outside the a
region where a is chosen to be 0.5. The measured
results are shown in Table 7.

In XYLS, the overhead ratio, i.e., the ratio of the
overhead outside to the overhead inside the a region,
is the same as the ratio of their areas, 3:1. XYLS
exhibits near perfect load balance because indepen-
dent of where the nodes are, their updates and que-
ries are sent across the network along the x- and y-
dimensions. For GLS, the overhead ratio is 1.7:1,
suggesting an imbalance and higher load in the a
region. This occurs because in GLS, some updates
are sent to faraway location servers in diagonal grids
resulting in more load in the center of the network.
In GHLS-1, the overhead ratio is approximately
1:1 also suggesting an imbalance. This occurs
because of the fact that lines connecting points cho-
sen at random within a square are likely to cross the
center of the square. Compared to GHLS-1, GHLS-
0.5 increases the overhead inside the a region by
25%, but reduces the overhead outside the region
by 60%. Effectively, the choice of a decides a tradeoff
between the total overhead incurred in the whole
network and the load inside the a region.

The most important observation made from
Table 7 is that despite the load in GHLS are more
imbalanced than in XYLS and GLS, GHLS has sig-
nificantly lower LS protocol overhead either outside
(compared to XYLS) or both inside and outside
(compared to GLS) the a region.
Table 7
LS overhead inside and outside the a = 0.5 region

LS protocol overhead

Inside Outside

XYLS 334,605 1,044,216
GLS 729,951 1,308,840
GHLS-1 331,971 299,009
GHLS-0.5 416,635 119,828
In GHLS-0.5, although the average storage load
on each node in the a region is four location entries,
while nodes outside store no entries, each stored
entry is of size 20 bytes, making the extra storage
load on the nodes inside rather insignificant. In con-
trast, GLS stores each entry on O(3 Æ log4 N) servers,
and thus the average number of entries stored at any
node in the network can easily exceed 4 for medium
to large networks.

6.4. Impact of locality in traffic patterns

In this section, we investigate the performance of
the protocols under traffic patterns with locality.
Such patterns are in favor of protocols such as
GLS and XYLS which exhibit locality during query
lookups. The experiment uses the same 600-node
static network as before. A static network was used
since it is difficult to instrument locality of traffic as
nodes move; to preserve locality of traffic as nodes
move, the traffic pattern would have to be continu-
ously changed based on the new positions of the
nodes. We consider three traffic patterns with
increased locality. The first pattern is the random
traffic pattern used in the previous experiments. In
the second pattern, denoted as 10/15 Local, 10 out
of the 15 queries each source initiates go to nearby
nodes (6750 m away) while the remaining 5 go to
random nodes. In the third pattern, denoted as 15/

15 Local, all 15 queries go to nearby nodes
(6750 m away).

Table 8 shows the overhead breakdown for the
three protocols under the three traffic patterns. As
expected, due to their protocol features, the query
overhead of GLS and XYLS decreases as the local-
ity in the traffic increases. This is because in GLS,
the queries and replies are restricted to the largest
square containing the source and the destination
and therefore incur lower overhead when traffic is
local. In XYLS, the query and reply distances and
consequently overhead are reduced since the col-
umns of the destinations are nearby. Although
GHLS has no specific feature to exploit locality
apart from scaling the a region, its query overhead
is also reduced due to increased effectiveness of
caching. This occurs because as the locality in the
traffic increases, more nearby nodes look up loca-
tions of a similar set of destinations. Note the
increased locality in the traffic also improves the
effectiveness of caching in both XYLS and GLS.

Overall, with extreme locality in the traffic (15/15
Local), GLS incurs lower query overhead than



Table 8
Effect of locality in traffic patterns

Queries Replies Updates Total

Random
XYLS 97,232 29,630 184,319 311,181
GLS 120,218 51,187 83,099 254,504
GHLS-1 51,639 50,392 32,611 134,643
GHLS-0.5 43,829 41,736 26,752 112,317

10/15 Local
XYLS 73,088 16,988 184,319 274,395
GLS 60,756 30,675 83,099 174,530
GHLS-1 41,325 41,383 32,611 115,319
GHLS-0.5 34,541 34,446 26,752 95,739

15/15 Local
XYLS 41,932 4069 184,319 230,320
GLS 13,113 4702 83,099 100,914
GHLS-1 22,003 21,332 32,611 75,946
GHLS-0.5 18,762 18,481 26,752 63,995
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GHLS, which still has lower overhead than XYLS.
The update overhead of GLS and XYLS, however,
remain higher than that of GHLS since it is inde-
pendent of the locality in the traffic. Because of
the unchanged large gap between update overheads,
GHLS has lower overall protocol overhead than
GLS and XYLS. Note this result was observed for
very high query rate; on average every node issues
a query every 20 s, which favors GLS and XYLS.

6.5. Flooding versus rendezvous

In this section, we compare the performance of
rendezvous-based location services and flooding-
based ones. This allows us to understand the perfor-
Table 9
LS protocol overhead breakdown for a 600 node mobile network

Rendezvous-based

XYLS GLS GHLS-1 GHL

Beacon overhead 89,400 89,400 89,400 89,4
LS protocol overhead 302,771 526,327 134,962 115,0

Updates
Sent 17,708 44,502 4427 44
Txed 166,798 351,940 30,651 24,3

Queries
Sent 13,498 7445 8459 84
Txed 110,452 124,534 48,139 38,0

Replies
Sent 7191 6793 8190 83
Txed 25,521 45,980 45,815 37,2

Handoffs – – 10,357 15,3
FP Updates – 3873 – –

Comparison with flooding.
mance benefits and quantify the scalability of ren-
dezvous-based location services. We choose the
mobile network setup of 600 nodes used in previous
sections for this evaluation.

We first compare the performance of a basic Pro-
active Location Service (PLS) and a basic Reactive
Location Service (RLS) with the rendezvous-based
location services. PLS requires each node to flood
its location in the network whenever it moves dm,
while RLS requires a node to flood the network in
search for a node’s location whenever it needs to
route a packet to that node. RLS is similar to the
reactive location service proposed in [18]. As seen
in the results in Table 9, native flooding, either reac-
tive (RLS) or proactive (PLS), is very expensive
compared to the other location services. This is
because inherently each flooding results in N

transmissions.
Several techniques have been proposed to opti-

mize this cost of the basic flooding mechanism and
these proposals can be leveraged to reduce the cost
of flooding-based location services. In particular, an
approach that requires knowledge of nearby node
locations is shown to perform the best across a vari-
ety of topologies and densities in [23]. For both RLS
and PLS, we developed optimized versions using
this technique, and the corresponding versions are
referred to as OPT-RLS and OPT-PLS.

However, the results again show that even with
optimizations to flooding, the lowest overhead ver-
sion OPT-PLS still has an overhead of 1.7 million
packets. In fact, to be comparable with GHLS,
OPT-PLS would have to ensure network wide
Flooding-based

S-0.5 RLS PLS OPT-RLS OPT-PLS

00 89,400 89,400 89,400 89,400
46 5,234,229 2,880,000 3,076,004 1,718,400

27 – 4800 – 4800
96 – 2,880,000 – 1,718,400

64 8469 – 8469 –
92 5,189,400 – 3,031,902 –

61 8462 – 8421 –
35 44,829 – 44,102 –

23 – – – –
– – – –
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dissemination of the location using approximately
only 25 nodes out of 600 which is improbable in a
random distribution of nodes. This illustrates the
power of rendezvous-based approach versus flood-
ing-based approach. While flooding essentially
searches/disseminates locations in the entire space,
rendezvous-based location services allow a low cost
method for mutual exchange of information. Essen-
tially, rendezvous-based location services provide a
structured way to route and search for data similar
to Distributed Hash Tables [27,30,29,39] in the
Internet which have lower overhead and are better
at performing resource discovery than unstructured
search based schemes such as Gnutella.

6.6. Scalability

In this section, we compare the scalability of the
three location service protocols in terms of the net-
work size. Fig. 6 shows the performance of the three
location services as the network size is scaled up
from 100 to 2000 nodes. The same random way-
point model and the same query traffic pattern as
in Section 6.2 are used. A pause time of 0 s is
chosen.
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Fig. 6. Query success ratio, PDR and LS protocol overhead for a pause
overhead.
Fig. 6a depicts the query success ratio of location
queries as a function of the network size for all the
location services. Similar to the study in [21], queries
are not retransmitted, so a success indicates a suc-
cess on the first try. The results show that for a small
network size of 100 nodes, all protocols have identi-
cal query success ratios of close to 100%. As the net-
work size increases, the QSR of GLS drops quickly,
reaching 70% at 2000 nodes, whereas GHLS-0.5
achieves a consistently high QSR (above 98%).
XYLS performs similarly to both versions of GHLS
for small to medium networks but has a lower QSR
than GHLS-0.5 for larger networks.

GLS’s lower query success ratio is due to the dif-
ficulty of maintaining consistency by hashing in the
namespace. This approach fundamentally is affected
by mobility since query routing depends on consis-
tent information being stored at nodes in all levels
of the hierarchy. In contrast, both XYLS and
GHLS only perform simple local operations when
faced with mobility.

To measure the qualities of the location retrieved,
each location query is triggered with a single data
packet, and the packet delivery ratio of the data
packets is measured. Note that we do not show
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the geographical deviation of the location received
in the query reply from the actual location of the
destination since geographic forwarding is quite
robust against slight inaccuracies in the location of
a destination. Fig. 6b plots the PDRs under the
three location services. It shows for all location ser-
vices, the PDR curve closely resembles the corre-
sponding QSR curve, suggesting almost all
locations retrieved are accurate enough for success-
ful data packet delivery.

Fig. 6c depicts the protocol overhead of all three
location services. It shows that although the loca-
tion services have similar overhead for a small net-
work of 100 nodes, the overhead of both versions
of GHLS is significantly lower than those of GLS
and XYLS in larger networks, and the gap between
GHLS and GLS widens as the network size is
increased. More importantly, GHLS not only incurs
lower protocol overhead, it also achieves higher
QSR and PDR than GLS and XYLS. XYLS and
GLS have comparable overhead in these large net-
works, although XYLS achieves higher QSR and
PDR than GLS.
7. Geographic routing performance

In this section, we combine each location service
with geographic forwarding to provide a data rout-
ing protocol. We then evaluate the data delivery
performance of these protocols across a wide range
of networks sizes. The number of nodes in the net-
work is increased from 100 to 2000 nodes while
keeping the node density constant at 100 nodes/
km2. A pause time of 0 s is chosen. Half of the nodes
in the network are sources of data traffic, each orig-
inating one connection to a random destination and
sending 128-byte packets at a rate of 4 packets/s for
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a duration of 20 s. Similarly as in [21], to reduce the
effects of caching and fully stress the routing proto-
cols, we restrict the number of times a node can be
chosen as a destination to 3. Unlike in the previous
section, an exponential backoff of location queries is
done by each protocol whenever replies are not
received. Additionally, all protocols maintain a
table of live connections so that once a CBR flow
is initiated, the destination and source can coordi-
nate with each other, avoiding location queries for
the duration of the flow, same as in [21]. GHLS uses
an a of 0.5.

Our aim was to measure the performance of loca-
tion-based protocols by taking into account loca-
tion service overhead as well as geographic
beaconing overhead. This allows us to understand
the applicability of location-based protocols to dif-
ferent network configurations. We used two repre-
sentative non-location-based routing protocols,
AODV and DSR, in addition to three routing pro-
tocols based on the three location services studied in
this paper. Note that although this comparison is
unfair to the non-location-based protocols, it gives
us an idea as to till what network sizes, location-
based routing protocols can provide a large enough
gain to justify the costs of including positioning sys-
tems on the mobile nodes. The AODV implementa-
tion provided by the authors of AODV follows
draft version 13 of the protocol and incorporates
local repair and query localization to optimize its
performance in large networks. We augmented
DSR with a graph-based cache [10] to reduce its
overhead so as to allow it to scale further than the
results presented in [21].

Fig. 7 shows the simulation results. The most
important observations from the results are as
follows. First, the AODV routing protocol with
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scalability extensions performs well when compared
to location-based protocols. For network sizes up to
400 nodes, AODV has lower overhead than GLS
and XYLS while delivering a similar amount of data
packets. This occurs due to the reactive design of
AODV in contrast to the proactive location update
mechanism used in the location-based protocols. In
addition, optimizations like query localization and
local repair reduce the routing overhead of AODV
in the presence of mobility, especially in large net-
works. The results for DSR show that although it
performs better when augmented with a graph cache
than the results presented in [21] which used a path
cache, the overhead of source routing in large net-
works and the absence of local repair and query
localization in contrast to AODV severely hamper
its scalability.

Second, GHLS has the lowest routing overhead
among all protocols for network sizes larger than
300 nodes, while achieving the highest packet deliv-
ery ratio. Importantly, GHLS is the only location-
based protocol that has comparable overhead to
AODV and DSR for small networks. Thus, the nat-
ure of location service used in geographic routing
impacts the scale of network at which geographic
routing becomes useful compared to topology based
routing protcols.

8. Related work

Several different classifications of location ser-
vices have been proposed. In [22], location services
are classified according to the number of servers
and the extent of each servers usage. In [3], they
are classified as being reactive or proactive. A sur-
vey of location services appears in [33].

While our work is the first (to the best of our
knowledge) to evaluate the performance tradeoffs
between rendezvous-based location services, several
previous studies have either quantitatively com-
pared flooding-based and rendezvous-based loca-
tion services, or evaluated flooding-based services
via simulations. Studies of individual protocols such
as GLS have also been performed. In [22], the
authors discuss the asymptotic complexities of pro-
tocols built using flooding-based and rendezvous-
based location services such as greedy forwarding,
DREAM [1], LAR [17], Terminodes [13], and Grid
[21]. In [4], the authors compare three flooding-
based location services (DREAM, Simple Location
Service (SLS), and Reactive Location Service
(RLS)). SLS relies on each node to periodically
exchange location information with its neighbors
whereas RLS floods the entire network with loca-
tion queries on-demand. Another work [11] pro-
poses a proactive protocol LEAP and compares it
with SLS, RLS, and GLS for small networks. In
[16], the authors propose a reactive location service
similar to RLS in [4] and compare it to DSR and
GLS running over GPSR. In [20], a proactive loca-
tion service with a prediction model utilizing the dis-
tance effect is proposed and compared with other
proactive approached such as SLS, DREAM and
GRSS [9].

The GHLS protocol proposed in this paper
shares the nature of geographic hashing with GHT
[28]. However, GHT is proposed to support data
storage in dense sensor networks which are typically
static. Additionally, storage and replication strate-
gies are fundamentally different for GHT since it
stores sensed data where reliability and storage costs
are a bigger concern.

Ad hoc positioning systems such as [26] have
been proposed which can route packets geographi-
cally without using GPS hardware. Such systems
can provide a node with an estimate of its virtual
coordinates. However, a location service is still
required to look up another node’s virtual coordi-
nates. An evaluation of such positioning systems is
outside the scope of this paper.

9. Conclusions

In this paper, we presented a performance com-
parison of three scalable location services for geo-
graphic routing. The primary insight from our
study is that when practical MANET sizes are con-
sidered, i.e., up to a few thousand nodes, the con-
stants matter more than the asymptotic costs of
location service protocols. In particular, we have
shown that although asymptotically GLS is more
scalable than both GHLS and XYLS in terms of
protocol overhead, GHLS transmits fewer packets
than GLS in networks of up to 25,000 nodes. Addi-
tionally, in contrast to the complex GLS design, the
simplicity of GHLS provides significant resilience to
performance degradation from mobility. Finally,
although XYLS has a comparable packet delivery
ratio to GHLS, it achieves this ratio with a higher
overhead.

Hierarchical hashing-based protocols try to
reduce their overhead by taking advantage of local-
ized mobility. However, if communication is not
local, the query has to travel high up in the hierar-
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chy, and thus such schemes have to deal with incon-
sistencies at faraway location servers which degrade
performance in mobile networks. The primary rea-
sons for GLS losing to the flat hashing scheme
GHLS are: (1) Maintaining multiple location serv-
ers at each level of the hierarchy increases the num-
ber of updates issued by each node by a factor of 3
every one interval, a factor of 6 every two intervals,
a factor of 9 every four intervals, and so on. The
average number of updates per interval approaches
6 quickly as the height of the hierarchy increases. (2)
Hashing in the node ID space (for both updates and
queries) using geographic forwarding unavoidably
run into complicated consistency handling, for
example when nodes cross-grid boundaries. In con-
trast, geographic hashing uses a simple handoff
mechanism to deal with node mobility, avoiding
complicated consistency handling. (3) While queries
for nearby nodes can benefit from the locality
inherit in the hierarchy, they can also suffer the
‘‘gridding’’ effect: source and destination nodes near
the boundaries of two high-order sibling squares
may have to travel many steps up the common
sub-hierarchy containing both nodes, which defeats
the purpose of using hierarchy for query locality.
We have also shown that even for traffic patterns
with high locality, GHLS incurs lower total proto-
col overhead than GLS due to its low cost location
updates as well as effective caching in query resolu-
tion which benefits all three location services.

We have shown that reactive routing protocols
like AODV provide an efficient alternative to geo-
graphic routing for small to medium sized networks.
In fact, in such networks, the beaconing overhead of
geographic routing and the location service update
and lookup cost of GLS and XYLS make them less
attractive than a cheaper, non-location-based solu-
tion. In contrast, geographic forwarding equipped
with GHLS provides a routing protocol that is effi-
cient in networks of a wide variety of sizes including
small networks.
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