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A Taxonomy of Location Management in Mobile Ad Hoc
Networks

Laura Galluccio and Sergio Palazzo

Abstract: Location management is difficult in ad hoc networks due
to many features such as the lack of a wired infrastructure, the
scarce energy, memory and processing capabilities of nodes, and
nodes’ movement which leads to a dynamic topology. These char-
acteristics make the location management schemes designed for
mobile cellular networks inefficient for ad hoc networks. New solu-
tions for location management have therefore been proposed in the
literature in the recent past. In this paper, a taxonomy of location
management strategies is presented; some of the more interesting
approaches proposed in the literature are critically discussed, high-
lighting their advantages and disadvantages.

Index Terms: Ad hoc networks, energy efﬁciency,v location manage-
ment, robustness, scalability.

L. INTRODUCTION

Location management consists in the set of procedures re-
sponsible for the dissemination, storage, and retrieval of infor-
mation about the position of nodes. This information is required
by routing protocols to localize the destination of a data flow
before performing a selective route search. Consequently, lo-
cation management and routing represent two complementary
functionalities which cooperate to support communications be-
tween nodes.

Location management is particularly difficult in ad hoc net-
works because
e Management procedures cannot rely on a wired infrastruc-

ture.

o Nodes have scarce capabilities in terms of energy, memory,
and computational resources.

e Nodes in ad hoc networks are, in general, mobile and prone
to failures, so the network topology continuously changes.

It is therefore obvious that the location management schemes
used in traditional cellular networks cannot be successfully ap-
plied in ad hoc networks and appropriate new schemes are there-
fore needed. Desirable characteristics for such schemes are
o Energy efficiency: A limit to the amount of energy required

to perform location management procedures is important
since it allows network lifetime to be increased.

o Low processing and storage: Mobile terminals are likely
to have limited processing and storage capabilities. The
amount of location information to be processed and stored
in each node should therefore be as limited as possible.

o Robustness to node failures: Location management schemes
should continue to work in spite of possible node failures.
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e Scalability: Tt is important to limit the number of location
updates, as well as the size of location information tables
stored by nodes, in spite of possible increases in the number
of nodes in the ad hoc network.

o Load balancing over all nodes: The processing, forwarding,
and storage of location information must be shared fairly be-
tween all nodes. If this is not the case, early battery con-
sumption by overloaded nodes may result in a shorter net-
work lifetime.

A number of surveys of location management solutions for ad
hoc networks have appeared recently [1], [2]. In this paper, in-
stead, we provide a taxonomy of location management schemes,
trying to classify and critically discuss the most interesting and
significant approaches provided so far in the literature. More
specifically, in Section II a simple classification is introduced
which distinguishes between structured and unstructured loca-
tion management schemes. The first category is discussed in
detail in Section III, whereas unstructured schemes are consid-
ered in Section IV. Finally, some concluding remarks are made
in Section V.

II. TAXONOMY OF LOCATION MANAGEMENT
SCHEMES

In mobile ad hoc networks, two classes of solutions to the
location management problem can be distinguished
1. Structured schemes, where location information is for-

warded to certain nodes selected on the basis of their iden-
tities or certain topological or structural characteristics, e.g.,
position, computational capabilities, and energy capabilities,
etc. An example of this is a scenario where nodes are orga-
nized in groups and a given node is appointed as group repre-
sentative and is responsible for management of the location
information for all nodes in the group.

2. Unstroctured schemes, where location information is for-
warded to nodes independently of their specific identities
and characteristics. A simple example is the case where lo-
cation information is flooded throughout the whole ad hoc
network. In this case, location updates are forwarded to all
nodes.

Within the structured class, two categories of schemes can
be distinguished between, depending on the procedure used to
select the nodes to which the information should be forwarded.
More specifically,

e Non-adaptive schemes select location databases according
to an initial setting which remains unchanged, i.e., the set
of nodes to which the location updates are sent is selected a
priori, during the network initialization phase.

e Adaptive schemes distribute location updates to a set of
nodes which can be dynamically changed. Within this cat-

1229-2370/04/$10.00 (© 2004 KICS



398 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 6, NO. 4, DECEMBER 2004

egory an additional classification can be made, according to
the technique used to select location databases which de-
pends on
— A node’s current position. We call these approaches
position-based schemes.
— A node’s reciprocal distance from other nodes. We
call these approaches distance-based schemes.

Unstructured schemes can be further divided into two types
of approaches depending on the attitude of nodes to dissemi-
nate and propagate location information. Accordingly, we can
distinguish between
o Introvert schemes, where nodes do not disseminate or prop-

agate location information spontaneously.

e Extrovert schemes, where nodes are very active in dissem-
inating information about their location and propagating
other nodes’ location information.

Unstructured schemes can help to guarantee a fair distribu-
tion of the workload between nodes since all nodes are equally
required to take part in the location update process. This can
result useful in sensor network scenarios where the limited pro-
cessing and storage capabilities of sensor devices require simple
and light operations to be performed by all nodes. However, in
many application scenarios, such as pure ad hoc networks or hy-
brid ad hoc/sensor networks, nodes exhibit different features in
terms of available energy and computational resources. In this
case, structured schemes could be more appropriate both be-
cause they may allow to mostly exploit the capabilities of more
robust devices and so the terminal battery to last longer, and
because they may achieve higher performance in terms of effi-
ciency and reliability of the location management procedures.

1II. STRUCTURED SCHEMES

In this section, we describe the basic characteristics of struc-
tured schemes. More specifically, in Section 1II-A we will focus
on non-adaptive schemes while in Section III-B we will deal
with adaptive schemes. We will highlight the advantages and
disadvantages of each of the above categories and the scenarios
where each approach is the most convenient.

A. Non-Adaptive Schemes

In these schemes, each node sends its location updates to a
set of nodes defined a priori. Let ¢, be the set of nodes re-
sponsible for the location management of node n'. If node n”
needs information about the current location of n/, it will query
one or several nodes in ®,,.. Obviously, these schemes require
node "/ to be able to determine at least one of the nodes belong-
ing to ®,, and its position. To this end, two approaches can be
distinguished
o First approach: The set of responsible nodes is independent

of the node being searched for, i.e., Vn' and ", the following
relationship holds: ®,,, = ®,,» = &.

e Second approach: The set of responsible nodes depends
on the node being searched for, i.e., 3 n’ and n” such that
D, # Dy,

In the first approach, all nodes send their location updates to
nodes in  which constitute a sort of backbone. To this end, all
nodes must be informed about the current position of the nodes

in ®. This can be achieved by periodically fiooding the network

with location information for the nodes in ®. A node n” which

needs location information about node n’ will therefore contact
the nearest node belonging to ®.

The major problem of this approach is the lack of scalabil-
ity. In fact, the nodes in ® have to manage location information
about all nodes in the ad hoc network, which might result in
an overload. This will be proportional to the number of nodes
being managed and the mobility degree of nodes.

In the second approach, to solve this problem, different sets
of responsible nodes can be defined for different nodes. In this
way the workload is distributed more evenly. However, it is
necessary, for any pair of nodes n’ and n”, that node n” is able
to identify and locate at least one node belonging to ®,,... In this
context, two interesting solutions are proposed in [3] and [4]. In
[3], location databases are selected using a uniform technique,
while in [4] the selection is random. More specifically, location
databases are divided into sets called quorums. A quorum is a
set of databases containing replicas of a mobile node’s location
information. Let I'; denote the i-th quorum; according to the
notation used so far, if location information for node n is stored
in T';, it follows that the set of nodes responsible for the location
management of node n coincides with the set of nodes which
constitute I, i.e., &, = T;.

Moreover, as shown in Fig. 1, quorums must be defined in
such a way that the intersection between any pair of quorums is
not empty, i.e.,

Vi and j, TI,NT;#0. 1)

A node belonging to the intersection between two different quo-

rums stores location information for all the nodes registered in

both quorums. As a consequence, in each quorum it is possible
to find location information about all the nodes in the network.

Therefore, if a node n’ whose location information is stored in

quorum I'; needs location information about node n' registered

in quorum [';, it queries the nodes in its quorum, I';, and two
cases are possible

e Case I: i = j, i.e., the two nodes belong to the same quo-
rum. If this is the case, nodes in I'; possess the location
information for node n”.

e Case 2: i # j, i.e., the two nodes belong to different quo-
rums. If this is the case, there will be a location database, 71,
belonging to the intersection between the two quorums, i.e.,
fi € Iy NT; # @, which will answer the inquiry.

As an example, in Fig. 1 three quorums can be identified

r, = {1,2,3,4,10,11},T, = {7,8,9,10,11}, and I'; =
{3,4,5,6,7}.

Accordingly it can be derived

I'ynly = {10,11},F1 NI = {3,4},andF20F3 = {7}

If node N1 needs location information for node N3, then an
inquiry will be sent to all the nodes belonging to I';. Node 7
belongs to both I'; and I's, which is the quorum of node N3;
therefore, node 7 stores information about the current location
of node N3 and consequently answers the inquiry issued by node
N1.

This second approach is more scalable than the first one; how-
ever, two major problems still survive



GALLUCCIO AND PALAZZO: A TAXONOMY OF LOCATION MANAGEMENT IN...

Location database node

@ . Node

ON
r, ()
©
0@

Fig. 1. Example of quorum structure.

o Definition of the quorums is complex as the number of nodes
increases.

e The robustness of this approach is vulnerable to failures and
movements in location database nodes belonging to the in-
tersections between quorums.

To cope with this problem, in [5] another quorum approach
which takes dynamic network topology into account is pro-
posed.

This second category of non-adaptive schemes results more
complex than the first one. In particular, the overhead associated
to the definition of quorums can be very large, depending on
the size of the network and on the number of quorums being
identified.

B. Adaptive Schemes

In this section, two categories of adaptive location manage-
ment schemes will be discussed, highlighting their advantages
and disadvantages. More specifically, position-based schemes
will be described in Section III-B.1 while distance-based ap-
proaches will be presented in Section 1II-B.2.

B.1 Position-Based Schemes

In these schemes, the location information for a generic node
n is stored by some location database nodes located in a given
region that depends on n’s position. We denote this region as
A,. Obviously, the set of location database nodes changes ac-
cording to the position of n. Two approaches can be defined for
identification of the region A,
o First approach: The region A,, depends on the identity of
node n itself, see for example [6]-[8].
e Second approach: The region A,, depends on the current po-
sition of n, see for example [9].
As an example of the first approach, in [6], A, can be thought
of as the home region of n. On the one hand, in fact, node n
sends its location updates to the nodes located in A,, and on the
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Fig. 2. GRID: An example of a 4-th-order square.

other hand a node n’ which needs information about the cur-
rent position of n will query the nodes in A, based only on
information about node n’s identity, which can be an indicator
of its initial position. To this end, it is necessary for n' to be
able to derive A,, correctly. In [6] this is achieved by using a
hash function which maps a point in the space to the ID of node
n. Obviously, the delivery of location update messages, as well
as inquiry messages, requires appropriate geocast routing proto-
cols [10]. The major advantage of this approach is that, if the
hash function is well designed, high scalability can be guaran-
teed. However, the main drawback, due to node mobility, is that
there may be no nodes within the home region of a certain node
n. If this is the case, the location updates and location inquiry
messages may be lost and recovery of the location information
for node n must be achieved by means of more robust schemes,
such as unstructured extrovert schemes (see Section IV-B).

Moreover, if a node is far from its home region, location up-
date messages have to travel through a large number of interme-
diate nodes, which results in a large signaling overhead and long
update delays.

Other works which follow the same approach have been pro-
posed in [7] and [8]. In these cases, a set of nodes can be selected
which store location information for each node n having its own
identifier. We call such nodes location servers. Note that differ-
ent nodes generally have different location servers. More specif-
ically, in [7] and [8] the network area is partitioned into a hier-
archy of circles or grids, respectively. For the sake of simplicity,
in the following description of the mechanism used we will refer
to [8]. In this case, as shown in Fig. 2, squares of increasing size
are considered. Each square of order k contains exactly four
squares of order (k — 1). The smallest squares are called the
1st-order squares. The location servers for a certain node B are
selected in GRID [8] as follows. Let K be the highest order of
squares defined in the grid. For any layer of hierarchy k, with
1 < k < K, there are only 4 squares of hierarchy (k — 1) con-
tained in the square of order k where B is located. Node B will
have one location server in each of the three squares of order
(k — 1) that do not contain B. In each of the above squares the
location server will be the node whose identifier, /D g, is the
minimum such that /D;s > IDp, where IDpg is the identi-
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fier of node B. Observe that, according to this scheme, three
location servers are required for each hierarchy of squares. For
example, referring to Fig. 2 and considering a square of order
K = 4, there are 4 squares of 3rd-order, each one composed
of 4 squares of 2nd-order. Accordingly, the servers which will
retain information about B are those indicated, i.e., 7, 12, and
13 in the order-2 squares and 3, 5, and 8 in the order-3 squares.
In this approach, as soon as a node’s location changes, its
location servers must obviously be updated. However, only 3
nodes per hierarchy are required to store information about the
node’s position so that this solution appears to be very scalable.
Concerning the second approach, in [9] the region cov-
ered by the ad hoc network is divided into several arecas,
A 4@ .. AU Forany area A%, with & < K, one node,
n(¥), is appointed as responsible for management of the location
information for all nodes in the area. The location databases in
the responsible nodes can be seen as analogous to the visitor
location registers (VLRs) in cellular networks. Since nodes in
ad hoc networks may be very prone to failures, one or several
backup nodes may be defined for each area in order to increase
robustness. If node n is within the area A®)| then 4,, = A®).
Accordingly, location update messages for node n are only de-
livered to the responsible nodes for A®*), say n*). When need-
ing location information for node ., a node n; located in AW,
for any k < K, first sends an appropriate inquiry to n‘®). If n,
is located in A%, ie., 4,, = A,, = A% then n(*) is aware
of the current position of ny and will therefore answer the in-
quiry sent by n;. Otherwise, n{*) will send an inquiry to the re-
sponsible nodes for the other areas, i.e., n(!), n(@ ... pkE=1)
n* ) n(K) If ny is active, then it will be under the respon-
sibility of one of the above nodes, which will answer the in-
quiry sent by n(¥). This approach exploits a property that is
well known in communication, i.e., call locality. This property
is based on the fact that communications between near nodes
are more frequent than communications between far nodes. In
fact, this property involves that most communications occur be-
tween nodes in the same area and the responsible node is thus
the same for both the caller and the called nodes. However, if
this is not the case, the network may be flooded with inquiry
messages between responsible nodes. To solve this problem hi-
erarchical architectures have been proposed which divide the re-
gion into areas and subareas, e.g., [9]. The main disadvantage
of this approach is that if nodes n; and ny are in different areas,
ie., An, # Ap,, alarge amount of signaling may be required.
Moreover, this second approach requires each node to have
knowledge of its position. This can be achieved by means of ei-
ther GPS or other techniques [11]. The choice of alternative lo-
calization methods, other than GPS, is a key feature, especially
in environments in which natural obstacles (like mountains or
buildings) or signal weakness (as in indoor environments) do not
allow the use of GPS. In addition to this, it must be observed that
GPS is not appropriate due to its high cost and heavy package
load which are not suitable for small highly mobile terminals.

B.2 Distance-Based Schemes

In distance-based approaches, nodes are divided into clusters.
A cluster is a group of nodes that are close to each other for a

certain period of time. One or more nodes act as representatives

of each cluster and are responsible for the location information

of all the nodes belonging to the cluster [12], [ 13]. Accordingly,
in order to identify the location of each node the following in-
formation is required

e The cluster to which the node belongs. This information may
be denoted as cluster membership.

o The location of the cluster representative, which is approxi-
mately equal to the location of all the nodes in the cluster (at
least for small-size clusters).

Obviously, in distance-based schemes only the cluster represen-
tative is required to update its location information. All other
nodes are only required to update the information about their
cluster membership and to communicate this information to the
cluster representative. This is necessary because nodes move in-
dependently and may therefore leave a given cluster and join or
form a new one.

As a consequence, the following two sets of operations are
required
1. Exchange of location information for the cluster represen-

tatives. This can be done using any location management
scheme of the discussed above.

2. Dynamic management of cluster membership. This man-
agement must satisfy some requirements such as reliability,
robustness, and energy efficiency.

As an example, in [13] a group management scheme called
MANGO is introduced. In order to implement dynamic manage-
ment of cluster membership, procedures such as group query-
ing, group joining, group leaving, and group formation are in-
troduced.

Cluster representatives have to perform more processing than
other nodes. Consequently, a procedure for rotation of the role
of cluster representative between the nodes in the cluster should
be introduced as in [13]. This improves fairness because nodes
in mobile ad hoc networks have generally the same capabilities.

Obviously, distance-based schemes are particularly conve-
nient when nodes spontaneously move in groups, which is typi-
cal of military and disaster recovery operations. If, on the other
hand, nodes frequently change membership, a large signaling
overhead is required for group management and distance-based
approaches are therefore not appropriate.

IV. UNSTRUCTURED SCHEMES

Fair distribution of the workload among nodes is the key ad-
vantage of unstructured schemes. In fact, these approaches are
based on distributing location information to all network nodes
without any restriction due to their identities or characteristics.

In the following sections we will discuss in greater detail the
two categories of unstructured schemes for location manage-
ment already identified in Section IL.

A. Introvert Schemes

Introvert schemes are those where nodes do not sponta-
neously forward location information to their neighbors. On the
contrary, they wait for explicit requests for location information
to be sent by neighboring nodes.
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More specifically, each node contains a location table with lo-
cation information for certain nodes. If a node, n1, needs to send
certain data to another node, n,, and does not have informa-
tion about the position of ng, it sends a location request
message to its neighbors. If node n; does not receive an an-
swer within a certain time interval, it floods the location
request message to the whole network. Upon receiving a new
location request message, a node n’ behaves as follows
o 1f it has information about the position of n4 in its location

table, it sends a location reply message to n; contain-
ing the information about the position of ns.
¢ If it does not have information about the position of ns in its
location table, it forwards the location reqguest mes-
sage.
Obviously, nodes update their location table when they overhear
location reply messages. Location information related to
a certain node is removed from the location table after a cer-
tain time, since it is considered obsolete. An example of this
approach is the reactive location service (RLS) [14].

Introvert schemes represent a simple mechanism to reduce the
amount of information packets flowing through the network to
keep the location information updated. In fact, the main advan-
tage of this approach is that resource consumption is minimized
because the dissemination of location information is only trig-
gered by explicit requests. The main problem of this technique
is represented by the long latency which may be experienced by
n1 before locating ny if there is no information available in the
network about ns’s current position.

B. Extrovert Schemes

Extrovert schemes allow the latency problem to be solved.
These mechanisms are based on periodic spontaneous dissem-
ination of location information. A typical and simple example
of the extrovert approach is the following. Each node contains a
location table where location information is stored for all nodes
in the network, i.e., an entry in the location table corresponds
to a node in the network. Each node generates its location
information by periodically calculating its position and trans-
mits to its one-hop neighbors this information viaa location
update packet generated at rate . The location update
packet contains /V entries taken from the location table of the
node generating this packet. The choice of the IV entries can
follow a round robin-like approach. A node periodically re-
ceives location update packets from its one-hop neigh-
bors. Upon such an event, a node updates the entry in its loca-
tion table referring to the node which generated the 1ocation
update packet. Moreover, for each of the NV entries in the
packet, the node checks whether the information in this entry
is more recent than the information contained in its location ta-
ble!. If this is the case, then the node updates the entry in its
table; otherwise, the node ignores the entry just received. What
is worth noting is that such an update of location information is
executed by exchanging location table frames with neighbors,
so that a complete picture of the network is available at each
node. This guarantees that location information is always avail-
able when needed, without any delay. An example of this simple

"o this purpose, appropriate timestamps can be utilized.

strategy can also be found in [14].

However, in the approach described above, two types of prob-
lems still survive. The first is that a large amount of location
information is disseminated which is likely not to be used. This
implies an unnecessary signaling overhead and therefore ineffi-
cient utilization of energy and bandwidth resources. The second
problem is represented by the explosion in the size of the lo-
cation table when the number of users in the system increases.
This scalability concern is an open problem which can be re-
duced by combining extrovert schemes and clustered mecha-
nisms.

Solutions to the first problem are proposed in the distance
routing effect algorithm for mobility (DREAM) [15]. This loca-
tion management scheme reduces the amount of location infor-
mation being exchanged in the following way
e Location information about far nodes is exchanged less fre-

quently than information about close nodes. In fact, the
higher the distance between two nodes, the slower they ap-
pear to move with respect to each other. This is called the
distance effect.

e The rate r at which the location update packets are
generated, in the case of nodes moving at low velocity, is
lower than the location update rate for nodes moving at high
velocity. This is called the mobility effect.

V. CONCLUSIONS

The mobility and limited energy, processing, and storage ca-
pabilities characterizing nodes in ad hoc networks cause a need
for location management approaches unlike those used in wired
networks.
In this paper a taxonomy of location management strategies
for mobile ad hoc networks has been provided. A classification
has been introduced which distinguishes between structured and
unstructured schemes, where the difference lies in whether lo-
cation information is forwarded to (and/or stored by) certain
nodes depending on their characteristics, or flooded to all net-
work nodes.
Furthermore, structured schemes have been classified as
adaptive and non-adaptive schemes. Adaptive schemes, which
can be divided into position-based and distance-based ap-
proaches, are more appropriate when it is desirable to propagate
location information only to a subset of nodes based on their po-
sition or reciprocal distance. Otherwise, non-adaptive schemes
may be more convenient due to their simplicity, although prob-
lems of robustness and scalability may be encountered.
Unstructured schemes can be classified as extrovert or intro-
vert schemes based on whether nodes spontaneously dissemi-
nate location information or not. Introvert schemes are more
convenient when new calls are initiated at a low rate. If the rate
is high, then extrovert schemes are more appropriate.
We have discussed the advantages and disadvantages of both
structured and unstructured approaches and shown that
o Unstructured schemes allow the workload to be fairly dis-
tributed among network nodes; this may result in longer net-
work lifetime.

e Structured schemes may be more appropriate in scenarios
where some devices are more robust and have higher energy
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and/or computational capabilities than others and thus higher
efficiency and reliability can be achieved.
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