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Abstract

In recent years, several position-based routing protocols have been developed for mobile
ad hoc networks. Many of these protocols assume a location service is available that provides
location information on the nodes in the network. In this chapter, we survey all the proposed
location information services that exist in the literature to date. We classify these location
information services into three categories: proactive location database systems, proactive lo-
cation dissemination systems, and reactive location systems.

1 Introduction

Routing a packet from a source to a destination in a mobile ad hoc network is a challenging prob-
lem, since nodes in the network may move and cause frequent, unpredictable topological changes.
Several unicast routing protocols have been proposed for MANETS in an attempt to solve the rout-
ing problem. Example protocols include Dynamic Source Routing (DSR) [38, 39], Ad hoc On
demand Distance Vector (AODV) [56, 58], and the Zone Routing Protocol (ZRP) [26]; a survey
of these protocols is available in [60] and [66] and a performance comparison for a few of the
protocols are in [10], [37], [18, 57], and [17].

In an effort to improve the performance of unicast communication, some of the proposed
MANET unicast routing protocols use location information in the routing protocol. A few of
the proposed algorithms include the Location-Aided Routing (LAR) algorithm [44], the Distance
Routing Effect Algorithm for Mobility (DREAM) [4], the Greedy Perimeter Stateless Routing
(GPSR) algorithm [40], the Geographical Routing Algorithm (GRA) [35], the Terminode Remote
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Routing (TRR) protocol [5, 6], the Scalable Location Update-based Routing Protocol (SLURP)
[68], the Depth First Search (DFS) algorithm [64], Greedy-Face-Greedy (GFG) algorithm [19],
and the GPS Zone Routing Protocol (GZRP) [9]. Surveys of position-based routing protocols for
ad hoc networks are available in [23, 24, 51, 63].

Several benefits of position-based routing protocols exist:

1. Reduced overhead, since the establishment and maintenance of routes is (usually) not re-
quired in a protocol that uses location information for routing. In position-based routing
protocols, each node maintains accurate neighborhood information and a rough idea of the
destination’s location.

2. Scalability, since routing protocols that do not use location information do not scale [35, 46].

3. Localized algorithm, since a node determines which neighbor to forward a message only on
its neighborhood and the destination’s location.

4. Higher performance, as shown in the simulation results of several articles (e.g., [13] and
[44]).

One of the main challenges of a position-based routing protocol is to learn an accurate posi-
tion or location for a packet’s destination. While some protocols (e.g., DREAM and LAR) include
the exchange of location information as a part of its protocol, most position-based routing proto-
cols assume a separate mechanism that provides location information. For example, knowledge
about the location of a destination node is assumed available in all geographic forwarding routing
protocols (e.g., [20, 40, 65]). In fact, in the simulation results presented for these protocols, loca-
tion information is typically provided to all mobile nodes without cost [20, 40]. Thus, overhead in
simulation results on protocols such as DREAM are much higher, because DREAM includes the
task of maintaining location information on destination nodes. This paper is a survey of protocols
that provide location information in an ad hoc network.

As mentioned, in a position-based routing protocol, each node needs to determine its lo-
cation in the ad hoc network. A node can determine its location if the Global Positioning System
(GPS) is available. If GPS is unavailable, a relative coordinate system, such as the ones proposed
in [5, 11, 15, 16], can be used. In a relative coordinate system, a node estimates its distance from a
neighbor using signal strength. Absolute and relative location systems for indoor and outdoor envi-
ronments are surveyed in [30]. Finally, if some nodes have the ability to determine their locations,
[20] proposes that location aware nodes serve as location proxies for location ignorant nodes.

The rest of this paper is organized as follow. First, in Section 1.1, we detail one popular
type of position-based routing algorithm (i.e., geographic forwarding). As mentioned, geographic
forwarding algorithms require a separate mechanism (called a location service) to provide location
information on nodes in the ad hoc network. In Section 1.2, we give an overview of the location
services surveyed and discuss how we classify the surveyed location services in the rest of this
paper. The next three main sections (i.e., Sections 2—4) detail the location services surveyed.
Finally, in Section 5, we state our conclusions and comment upon the future work that is needed
on location services.
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Figure 1: An example of the Most Forward with fixed Radius (MFR) scheme.

1.1 Geographic Forwarding

When location information is available, geographic forwarding can be used in place of establishing
a route from a source node to a destination node. In geographic forwarding, which is a greedy
scheme, each node forwards the packet to the neighbor closest to the packet’s destination [21, 31,
65]; in other words, the packet is sent to a neighboring node that makes the most forward progress.
(HELLO packets are used to maintain neighborhood information.) The goal of this strategy, which
is called Most Forward with fixed Radius (MFR) in [31], is to minimize the number of hops to the
destination. Figure 1 shows an example of this greedy MFR scheme. If node A is forwarding a
packet toward C’s location, node A chooses node B to forward the packet further.

We note that [31] evaluates three strategies in choosing a node to forward a packet, and
two of these strategies use variable transmission power. The authors determined that a network
can obtain higher throughput if a node adjusts its transmission power to reach the nearest node
in a forward direction. In other words, fewer conflicts occur in this strategy than in the one that
minimizes the number of hops to the destination.

If no neighbor node is closer to the packet’s destination than the node currently holding
the packet, then the packet has reached a “dead-end”!. Several solutions have been proposed as
a recovery strategy to a dead-end situation (e.g., [7, 8, 19, 20, 21, 35, 40, 65, 68]). In [21], a
node recursively searches its neighbor’s neighbors for a node that is closer to the destination than
itself. If no node exists in a forward direction, [65] proposes the packet is sent to the closest
node in a backward direction. A node asks its neighbors for an alternative route to the destination
in Scalable Location Update-based Routing Protocol (SLURP) [68]. In the Greedy Perimeter
Stateless Routing (GPSR) [40] protocol, a planar subgraph is created to route around the dead-end;
this method was first proposed in [7, 8, 19]. If a packet does not reach its destination via geographic
forwarding, [20] proposes the source node randomly choose an intermediate node through which
to forward packets; incorporating a stop at an intermediate node on the way to the destination
may allow the packet to bypass a dead-end situation. Finally, a route discovery is initiated in the
Geographical Routing Algorithm (GRA) for a “dead-end” situation [35].

f the network is dense, a “dead-end” situation should not occur [32, 46].



The authors of [68] mention that precise coordinates on the destination are unknown when
the first data packet is transmitted; instead, the source only knows the home region (see Section 2.1)
where the destination is located. Thus, SLURP routes packets with MFR toward the center of the
home region. Once a node inside the home region receives the packet, SLURP uses DSR [38, 39]
to determine a route to the destination within the home region.

1.2 Location Services

As mentioned, a location service is responsible for providing location information on nodes in the
network. There are two general types of location services: proactive location services and reactive
location services. Proactive location services are those protocols that have nodes exchange location
information periodically. Reactive location services query location information on an as needed
basis.

Proactive location services can be further classified into two general types: location database
systems and location dissemination systems [32]. In a location database system, specific nodes in
the network serve as location databases for other specific nodes in the network. When a node
moves to a new location, the node updates its location database servers with its new location; when
location information for a node are needed, the node’s location database servers are queried. In
a location dissemination system, all nodes in the network periodically receive updates on a given
node’s location. Thus, when a given node requires location information on another node, the infor-
mation is found in the node’s location table. “A location dissemination system can be treated as a
special case of a location database system, where every node in the network is a location database
server for all the others” [32].

In comparing location database systems to location dissemination systems, we find that:

e A node maintains more state in a location dissemination system than in a location database
system, since location information is maintained on all nodes in the network.

e An update in a location dissemination system is (usually) more costly than an update in a
location database system, since an update is disseminated to all nodes in the network.

e A location dissemination system is more robust than a location database system, since loca-
tion information is maintained by all nodes in the network.

e A location query in a location dissemination system is (usually) more cheaper than a location
query in a location database system, since the desired location information is available in a
node’s location table.

In [51], location services are classified by:
1. how many nodes host the service (i.e., some specific nodes or all nodes) and

2. how many positions of nodes a location server maintains (i.e., again, some specific nodes or
all nodes).



As an example, in a traditional cellular network several dedicated location servers maintain loca-
tion information about all nodes. Thus, a cellular network would be classified as a some-for-all
approach. Typically, location database systems would be classified as an all-for-some approach and
location dissemination systems would be classified as an all-for-all approach. In our discussion of
location services, we refer to this classification as the Mauve Classification.

To maintain location information on other nodes in the network, we assume that each mo-
bile node maintains a location table. This table contains an entry on every node in the network
whose location information is known, including the node’s own location information. A table en-
try contains (at least) the node identification, the coordinates of the node’s location based on some
reference system, and the time this location information was obtained. When a location request
occurs, a node will first look in its location table for the information. If the information is not
available in the table, a location database system will initiate a location query; if no result is re-
turned, the node periodically transmits queries according to a timeout interval. On the other hand,
a location dissemination system will (typically) flood a location request packet to all nodes in the
MANET. A reply to this location request packet is transmitted by the node whose location was
requested; nodes that receive a reply to a location request update their tables in a promiscuous
manner.

We survey proactive location database systems in Section 2. In Section 3 we survey proac-
tive location dissemination systems. Lastly, in Section 4, we survey reactive location systems.

2 Proactive Location Database Systems

In this section, we survey two types of proactive location database systems: home region location
services and quorum-based location services. In each type, we survey four protocols that have
been proposed in the literature. As mentioned, in a location database system, specific nodes in the
network serve as location databases for other specific nodes in the network. A node will update its
location database servers when it moves to a new location; a node’s location database servers are
then queried when location information on the node is needed. According to the Mauve Classifi-
cation [51], most location database systems would be classified as an all-for-some approach. That
is, all nodes in the network serve as database servers, and each database server maintains location
information for some specific nodes in the network.

2.1 Home Region Location Services

Several home region location services, which are similar to Mobile IP [55] and our cellular phone
network, have been proposed [22, 62, 68]. In these protocols, each node in the network is asso-
ciated with a home region. A home region (called virtual home region in [5, 22, 34] and home
agent in [62]) is either defined by a rectangle or a location and a circle, with radius R, around
that location. In [62], the center of the circular home region for a node is defined by the node’s
initial location in the network; each node informs every other node about its initial location via a
network-wide broadcast. In [5, 22, 34], the center of the circular home region is derived by apply-
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Figure 2: An example of the Home Region Location Service.

ing a well-known hash function on the node’s identifier. The ad hoc network in [68] is logically
arranged into equal-sized rectangular regions, and a static mapping, f, associates a node’s identi-
fier (ID) with a specific region. This many-to-one mapping is known by all nodes in the network
[68].

If the number of nodes in the home region is too high, which leads to too much overhead, or
too low, which leads to a lack of robustness, the radius of the home region is modified in [5, 22, 34].
In other words, the radius R dynamically adapts with a goal of maintaining an approximate constant
number of nodes in the home agent.

All nodes within a given node’s home region (i.e., all nodes currently within the defined
circle or rectangle) maintain location information for the node. Thus, when a node moves to a new
location, it sends its current location to the nodes in its home region. In [62], a location update
is transmitted when the number of created or broken edge links reaches a fixed threshold. In [5],
three location update schemes are proposed: timer-based (i.e., periodic updates), distance-based
(i.e., update when the node has moved more than a threshold), and predictive distance-based. In
the predictive distance-based scheme, a node sends its location and velocity to the home agent.
The node transmits a location update when the difference between the predicted location and the
node’s actual location is greater than a threshold. Lastly, in [68], a node transmits a location update
when it moves from one home region to another.

Figure 2 gives an example of the rectangular home region approach. Suppose the home
region of node D is R4. When D moves from R3 to R6, nodes A, B, and C will receive the location
update packet.

A location update packet travels to a home region via a geographical forwarding protocol.
When a node inside the home region receives a location update packet, the node broadcasts the
packet to all nodes within the home region. To decrease the overhead in this broadcast, [68]



suggests that a node include its neighbor list in each location update packet. When a node inside
the home region receives a location update packet, it re-broadcasts the packet only if new neighbors
will be reached. This technique is called Flooding with Self Pruning [49, 67].

When a source wants to transmit a packet to a destination, the source queries the destina-
tion’s home agent for the destination’s current location. Specifically, a location request packet is
sent from the source to the center of the home region via a geographical forwarding protocol. Each
node that receives this request inside the home region responds with the current location of the
destination [5]. If a location cache is recent enough (i.e., 10 seconds or less), an intermediate node
responds to the location request in [68]. To avoid a reply storm, the location response is transmitted
after a random waiting period based on the age of the cached entry.

The authors of [68] give several details for their home region location service approach.
For example, they propose a solution for when no nodes are currently in a given node’s home
region (e.g., R2 in Figure 2). In this situation, all the regions surrounding the empty home region
become home regions for nodes that map to the empty home region. Thus, if a home region is in
the center of the network, the eight surrounding rectangular regions become proxies for the empty
home region. For example, in Figure 2, regions R1, R3, R4, RS, and R6 all act as a home region for
nodes whose identifiers map to R2. See [68] for full details on the maintenance of home regions.

A fourth home agent approach, the Hierarchical State Routing (HSR) protocol, has also
been proposed [53, 54]. The main difference between this scheme and the three previously dis-
cussed is that the HSR protocol assumes the network is organized hierarchically. Thus a location
update/request must travel along a hierarchical tree to the home agent.

2.2 Quorum-Based Location Services

Several quorum-based location services have been developed and are based on replicating location
information at multiple nodes that act as information repositories [2, 27, 28, 41, 46, 48, 61]. In
other words, read and write quorums (i.e., subsets of the nodes) are defined in the network. When
a node determines a location update is needed, it transmits the update to a write quorum. When
a source node wants to transmit a packet to a destination node, it requests the location for the
destination from a read quorum. The main challenge in a quorum-based system is to define the
read/write quorums in such a way as to maximize the probability of a query success. That is, the
goal is to define the quorums such that a read quorum for a node intersects the write quorum for
any other node. Thus, up-to-date location information can be obtained for any given destination.

One simple solution to forming the read/write quorums is as follows: the write quorum for
any node i is i and the read quorum for any node j is all nodes in the network. In this solution,
the write quorum is of size 1 and the read quorum is of size n where n is the number of nodes in
the network. Thus, while the cost of a location update is small, the cost of a location request is
very large. In this section, we survey quorum-based location services that attempt to minimize the
combined cost of updates and queries.



2.2.1 Uniform Quorum System (UQS)

The Uniform Quorum System (UQS) is presented in [27, 28, 48]. During the initial setup of UQS,
a subset of the network nodes are chosen that best serve as the network’s virtual backbone (VB);
for example, chosen nodes may be those that are uniformly distributed throughout the network.
(See [48] for implementation issues concerning the VB, e.g., the maintenance of the VB in the
presence of node disconnections.) Quorums are then defined as subsets of the VB nodes, such that
any two quorums intersect.

To update its location, a node transmits its new location to the nearest VB node. The VB
node then sends the location update to a randomly chosen quorum. In other words, there is no fixed
association between the node and the quorum updated. The procedure for a location request is
similar: a node transmits a location request to its nearest VB node, which then contacts a randomly
chosen quorum for the location.

Haas and Liang propose a node updates its location in three different manners:

1. VB change: whenever the node’s nearest VB node changes, a location update occurs.

2. Location request: whenever the node requests a location, a location update occurs in the
queried quorum.

3. Periodically: whenever a given time period has elapsed without an update, a location update
occurs. This update will ensure timestamps on location information are kept current.

Haas and Liang discuss several methods to generate quorums in [28]. Since the size of the
quorum intersection is a configuration parameter, an implementor of UQS can decide the overhead
to resiliency tradeoff. That is, a larger quorum size means a larger cost for location updates and
location requests; however, a larger quorum size also means a larger quorum intersection. Regard-
ing Mauve’s Classification, UQS can be configured to operate as an all-for-all, all-for-some, or
some-for-some approach. Since the VB nodes are typically a subset of all network nodes and the
nodes in a quorum are typically a subset of the VB nodes, UQS will most often be configured as a
some-for-some approach.

2.2.2 A Column/Row Method

Another quorum-based location service is proposed in [61]. When a node determines a location
update is needed?, the node transmits its new location to all nodes located in its column. A node’s
column is all the nodes to the north and south of the node’s current location. In other words, the
node transmits a location update packet that travels in both the north and south direction. While
the thickness of the column can be configured, [61] defines a column as one path for ease of
understanding. All nodes on the path, and all neighbors of nodes on the path, receive the updated
location information. To increase the column size to two, neighbor nodes would need to re-transmit
each location update.

2Due to results in [41], [61] chose to transmit a location update when the number of created or broken edge links
reaches a fixed threshold. See Section 2.2.5.
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Figure 3: A problem with the Column/Row Location Service.

When a source node initiates a location query for a destination, the location request is first
sent to all neighbors within g hops of the source. If there is no reply to this request, the location
request proceeds in the same manner as a location update. That is, a source node transmits a
location request in its row, which traverses in an east-west direction. (Again, the thickness of the
row can be configured.) The location request packet contains the time of the most recent location
information known by the source. If a node that receives the location request has more recent
location information, a location reply packet is sent. Once the most easternmost/westernmost node
is reached, the location request packet is transmitted via a geographic forwarding protocol toward
the most recent location information on the destination. A second location request packet can be
sent from the source node as well. This location request is transmitted toward the most recent
location information on the destination using a geographic forwarding protocol.

One problem with this column/row method is illustrated in Figure 3. When node N trans-
mits a location update, its most northernmost node is currently A. If the location update terminates
at A, then a search by source S, which follows the X — Y — Z path, will not return the most recent
location information on node N. To ensure an intersection between the north/south and east/west
directions occurs, [61] proposes that node A switch to FACE mode (see [7, 8]) until another node,
more northern, is found.

2.2.3 Grid Location Service (GLS)

Another quorum-based location database system in an ad hoc network is called the Grid Location
Service (GLS) [46]. The set of GLS location servers is determined by a predefined geographic grid
and a predefined ordering of mobile node identifiers in the ad hoc network. There are three main
activities in GLS, which we detail in the following discussion: location server selection, location
query request, and location server update.

Initially, the area covered by the ad hoc network is arranged into a hierarchy of grids with



Figure 4: An example grid.

squares of increasing size. The smallest square is called an order-1 square. Four order-1 squares
make up an order-2 square, four order-2 squares make up an order-3 square, and so on. A few
example squares of various orders are shown in Figure 4 with dark shading. (This figure is taken
from [46].) Specifically, five order-1 squares, three order-2 squares, one order-3 square, and one
order-4 square are shown. An order-n square’s lower left coordinates must be of the form (a2~ !,
b2"~1) for integers a, b [46]. Thus, in Figure 4, the lower left coordinates of the lightly shaded
square is (1, 5); although this is an example of a 2x2 square, it is not an order-2 square since no
integers a and b exist such that (2a, 2b) = (1, 5).

Location Server Selection: A node chooses its location servers by selecting a set of nodes
with IDs close to its own ID. Each of the chosen location servers have the least ID greater than the
node’s ID in that order square. Figure 5, which is taken from [46], provides an example of how
node B selects its location servers. (B’s location servers are circled in the figure.) In this example,
B (ID 17) determines which nodes will be its location servers by selecting nodes with IDs closest
to its own. As mentioned, a node is defined as closest to B when it has the least ID greater than
B. In other words, the location server’s ID is the smallest number that is greater than B’s ID. For
example, consider the grid to the left of B’s grid. No ID exists that is greater than 17. Since the ID
space is considered to be circular (i.e., wraps around), 2 is defined as closer to 17 than 7. B selects
three location servers for each level of grid order square, which combine to make the next level of
grid order square. For example, in Figure 5, B selects one location server from each order-1 square
(e.g., 2, 23, and 63) that, along with its own order-1 square, will make an order-2 square. B then
selects one location server from each order-2 square (e.g., 26, 31, and 43) that, along with its own
order-2 square, will make an order-3 square. Each of the chosen location servers have the least ID
greater than B in that order square.

Location Query Request: As a quorum-based location service, a node initiates a location
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Figure 5: A GLS example.

query request when the node needs a location for a destination. Since each node knows all nodes
within its order-1 square, the request is first sent to a potential location server for the destination
desired in the requesting node’s order-2 square. In other words, the location query request packet
is forwarded, using geographic forwarding, to a node whose ID is the least greater than or equal
to the ID of the destination within the order-2 square. That node then forwards the query using
the same algorithm until it reaches a location server for the destination. This location server then
forwards the query directly to the destination, which responds to the location query request with
its most recent location.

Figure 5 illustrates the path of a query packet from A to B. A (ID 76) sends a location
query to node with ID 21, since A knows the location of node 21 and it is the least greater than
B (ID 17) in that grid order square. In other words, no node with IDs between 17 and 21 exist in
A’s order-2 square. Node 21 then forwards the query packet using the same algorithm to the node
in the next order square in the grid hierarchy, which is ID 20 in this example. Since node 20 is
a location server for B in that grid order square, it knows B’s location and is able to forward the
query packet directly to B. Since the query packet contains A’s location, B responds by sending its
current location to A using geographic forwarding.

Location Server Update: Since GLS is a quorum-based location service, a location server
update occurs when a node moves. Each node, acting as a location server for the nodes it serves,
maintains two tables. The location table holds the location of nodes that have selected this node as
its location server; each entry contains a node’s ID and geographic location. A node also maintains
a location cache, which is used when a node originates a data packet; the cache holds information

11



HELLO

Source ID ‘ Source location ‘ Source spe ed

Neighbor list: IDs and location
Forwarding pointers

Table 1: HELLO packet fields

from the update packets a node has forwarded. Because a node uses the routing table maintained
by geographic forwarding for its order-1 square neighbors, it does not need to send GLS updates
within its order-1 square.

When a node moves a given threshold, it must send an update packet to all of its location
servers. To avoid excessive update traffic, the update frequency is calculated using a threshold
distance and the location servers’ square order [46]. The threshold distance is the distance the
node has traveled since the last update. For example, suppose a node updates its location servers
in order-2 squares when it moves a distance d; the node then updates its location servers in order-
3 squares when it moves a distance 2d. In other words, a node updates its location servers at a
rate proportional to its speed, and the distant location servers are updated less frequently than the
nearby location servers.

Before a node sends a data packet, it checks its location cache and location table to find
the location of the destination. If it finds an entry for the destination, it forwards the data packet
to that location. Otherwise, it initiates a location query using GLS, and stores the data packet in a
buffer waiting for the query result. If no result is returned, the node periodically transmits queries
according to a timeout interval. Once it gets the query result, it will use geographic forwarding to
send the data packet.

Location Query Failures: There are two types of failure caused by node mobility [46]:
a location server may have out-of-date information or a node may move out of its current grid.
The solution for the first type of failure is to use the old location information. To overcome the
second type of failure, which is more common, the moving node places a forwarding pointer in the
departed grid. This forwarding pointer points to the grid the node has just entered. In other words,
before a node moves out of a grid, it broadcasts its forwarding pointer to all nodes in the grid. Any
node in this grid stores the forwarding pointer associated with the node that just left the grid; a
node discards forwarding pointers when it departs a grid.

To share forwarding pointers with other nodes that have entered the order-1 square, a ran-
domly chosen subset of forwarding pointers are transmitted with each HELLO packet [46]. (Ta-
ble 1 shows the HELLO packet fields.) A node receiving a HELLO packet adds forwarding point-
ers to its own collection of forwarding pointers only if the broadcaster of the HELLO packet is in
the same grid as the node’s grid. A forwarding pointer allows a data packet to be forwarded to a
grid that may contain the node. We note that a dense network is needed for the forwarding pointers
to be effective and all simulation results presented in [46] use dense networks. See [25], [36] and
[43] for further performance results on GLS.
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Figure 6: Example of location update in the Doubling Circles scheme.

2.2.4 Doubling Circles

The location service in [2] is similar to GLS [46]. However, instead of arranging the network
into squares of increasing size, [2] arranges the network into circles of increasing size centered on
a node’s location; the radius of each subsequent circle is one meter larger than the radius of the
previous circle.

Suppose a node was at location i when it transmitted its last location update. When the
node moves outside a circle of radius r meters centered at location i, the node transmits a location
update to all nodes within a circle of radius (r+ 1) meters centered at the node’s new location.
Figure 6 illustrates an example. When node A moves to A’, it transmits a location update packet
to all nodes within the dashed circle of radius (r+ 1). Multipoint Relaying [59, 67], an efficient
network-wide broadcast protocol, is used to limit the overhead associated with flooding a location
update packet within a given circle.

Similar to other location services, the distance a location update packet propagates corre-
sponds to the distance the node has moved since its previous update [2]. In other words, nodes
close to a given destination will have more accurate location information on the destination than
nodes farther away from the destination. Thus, when a packet is transmitted toward a destination,
forwarding nodes re-direct the packet with more up-to-date location information on the destina-
tion. For example, node B in Figure 6 forwards a packet for A to the center of the solid circle.
When node C receives this packet, it re-directs the packet to the center of the dashed circle.

2.2.5 Quorum-Based Details

As mentioned, the main challenge in a quorum-based system is to define the read/write quorums in
such a way as to maximize the probability of a query success. This challenge is especially difficult
in a mobile ad hoc network, since network partitions are possible. The authors of [41] propose
a quorum-based location service for information dissemination in mobile ad hoc networks with
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partitions. In [41], the authors assume that the quorum sets are constructed a priori, that at least
one node intersects any two quorum sets, and the quorum sets are known by every node in the
network. Although the article does not propose a scheme to configure the quorums, it does attempt
to answer three important questions:

1. When should a node transmit a location update?
2. Where should a node transmit a location update?

3. Which nodes should a node query for location information?

In [41], four strategies are proposed to answer When should a node transmit a location
update? Based on their performance evaluation, the “absolute connectivity-based policy” was
found to be the best trigger update strategy. In this strategy, a node sends an update “when a
certain pre-specified number of links incident on it have been established or broken since the last
update” [41]. The authors of [41] argue that absolute distance-based updates and velocity-based
updates are ineffective.

Three strategies are proposed to answer the remaining two questions: Where should a node
transmit a location update? and Which nodes should a node query for location information? In
all three strategies, a node uses reachability knowledge to determine which quorum set to choose
for a location update or location request. That is, a node uses knowledge of unavailable nodes to
select a quorum set in the hopes of minimizing a current or future location request failure. In their
performance evaluation, the authors found the Eliminate_then_Select (ETS) Strategy was the best
location update strategy and the Select_then_Eliminate (STE) Strategy was the best location request
strategy in choosing a quorum set to update/query. In ETS, a node first eliminates all quorum sets
that have at least one unreachable node. A quorum set is then randomly chosen from the remaining
sets. The ETS strategy maximizes the number of nodes that receive an update. In STE, a node
first randomly chooses a quorum set and then eliminates unreachable nodes from the set. The STE
strategy maximizes the number of quorum sets to query.

3 Proactive Location Dissemination Systems

In this section, we survey six proactive location dissemination systems. As mentioned, all nodes
in the network periodically receive updates on a given node’s location in a location dissemination
system. Thus, location information should be available for every node in a given node’s location
table. According to the Mauve Classification [51], location dissemination systems would be clas-
sified as an all-for-all approach. That is, every node in the network maintains location information
on every other node in the network.

3.1 DREAM Location Service (DLS)

The DREAM Location Service (DLS) [12] is similar to a location service proposed by the authors
of DREAM [4], a position-based routing protocol. Each location packet (LP), which updates lo-
cation tables, contains the coordinates of the source node based on some reference system, the
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Figure 7: The distance effect: although B and C have moved the same distance, from A’s perspec-
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source node’s speed, and the time the LP was transmitted. Each mobile node in the ad hoc network
transmits an LP to nearby nodes at a given rate and to faraway nodes at another lower rate. The rate
a mobile node transmits LPs adapts according to when the mobile node has moved a specified dis-
tance from its last update location. Since faraway nodes appear to move more slowly than nearby
mobile nodes, it is not necessary for a mobile node to maintain up-to-date location information on
faraway nodes. This phenomenon is termed the distance effect and is illustrated in Figure 7. (This
figure is taken from [3].) By differentiating between nearby and faraway nodes, the overhead of
location packets is limited.

DREAM controls the accuracy of the location information in the network via the frequency
that it transmits LPs and how far the LP is allowed to travel [4]. However, details on implementing
the proposed location service are lacking in [4]. The DLS solution for the transmission of LPs in
[12] is:

transmit nearby LP: (%) * (%) = Tr&'\l,ge

transmit faraway LP:  one for every X nearby LPs
or
at least every Y seconds,

where T4nqe 18 the transmission range of the mobile node, v is the average velocity of the mobile
node, and « is a scaling factor. In DLS, LPs to faraway nodes update all nodes in the network,
including nearby nodes.

There are some similarities of DLS to the Internet standard Open Shortest Path First (OSPF)
[52]. Specifically, both transmit information concerning the local environment to all nodes in the
network on a periodic basis. There are, however, three significant differences between these two
protocols. First, DLS differentiates between nearby nodes and faraway nodes; OSPF has no such
differentiation. Second, a node using DLS will transmit its location information; a node using
OSPF will transmit its neighbor information. Lastly, OSPF was not developed for an ad hoc
network environment; thus, the rate of OSPF update packets is only based on time not on distance
moved.
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3.2 Simple Location Service (SLS)

The Simple Location Service (SLS) is also a proactive dissemination location service, except this
service only transmits location information to neighbors [12]. Specifically, each location packet
(LP), that updates location tables, contains the location of several nodes, the speed of each of these
nodes, and the time the LP was transmitted. The rate a mobile node transmits LPs adapts according
to location change:

() * (4

1) _ Tmnge
o v/

oV
or

at least every Z seconds,

where T,4ng. 1s the transmission range of the node, v is the average velocity of the node, and
o, which is a constant optimized through simulation, is a scaling factor. For a given Ty4pg, the
frequency a mobile node transmits LPs adapts according to the time used by the mobile node to
move a specified distance from its last update location. The faster the node moves, the higher
frequency the mobile node transmits LPs.

In SLS, each LP contains up to E entries from the node’s location table [12]. These E
entries are chosen from the table in a round robin fashion. That is, each LP transmission shares
location information on several nodes in the MANET with the node’s neighbors. As multiple LPs
are transmitted, all the location information a node knows is shared with its neighbors. A node
using SLS also periodically receives a location packet from one of its neighbors. The node then
updates its location table retaining the most recently received table entries. See [12] for further
details on SLS.

There are some similarities of SLS [12] to the Internet standard Routing Information Pro-
tocol (RIP) [29]. Specifically, both transmit tables to neighbors on a periodic basis. Differences
between these two protocols include the following: SLS sends partial location tables compared
to the total routing tables sent by RIP and, unlike RIP, a node using SLS will utilize its current
location table in the calculation of its new location table. Lastly, RIP was not developed for an
ad hoc network environment. Thus, SLS shares its tables with different neighbors as the network
topology changes and, like OSPF, the rate of RIP update packets is only based on time not on
distance moved.

3.3 Legend Exchange and Augmentation Protocol (LEAP)

The Legend Exchange and Augmentation Protocol (LEAP) [36] is another proactive location dis-
semination system. LEAP consists of a legend (i.e., an explanatory list) that migrates (or leaps)
from one node to another node in a heterogeneous network. The legend’s current state is the loca-
tions of nodes that have been previously collected. As the legend traverses the network, it collects
the location information of each node, and distributes this information to all other nodes in the
network.

In LEAP, each node in the ad hoc network periodically broadcasts a packet to its neighbors
to announce its existence [36]. This broadcast packet or “hello” packet includes the current node’s
location information and the time the packet was sent.
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There are two types of location tables in LEAP [36]. A local location table is stored in
every node and includes location information on other nodes. The legend is a global location table
and includes location information on all nodes as well as information to decide where to send the
legend next. Initially, each node in the MANET has an empty local location table that can store n
entries for the n nodes in the network. As mentioned in Section 1.2, each entry in a node’s local
location table has the following items for each node in the network:

e ID —node ID,
e Jloc_info — location information for the node, and

e last update_time — time stamp for the location information.

Each entry in the global location table (or legend) includes the previous three items and the fol-
lowing item:

e v_bit — boolean parameter to show whether the node has been visited by the legend.

We note that while n local location tables exist, only one global location table (or legend) exists.

A local location table is updated in two ways [36]. First, every time a node receives a
“hello” packet, the node updates corresponding entries for its neighbors in its local location table.
Second, when the legend visits a node, both the global location table and the local location table are
updated based on the timestamps for the corresponding entries in the two tables. In other words,
for each entry, the most recent entry of one table is stored in the other table. After this update
procedure finishes, the legend migrates (or leaps) to another node. Thus, at this time, both the
most recently visited node and the legend have identical location information for all visited nodes.

In the first implementation of LEAP [36], only one legend in the network exists. However,
the authors state that they plan to consider the effect of multiple legends traversing a flat network.
They also plan to develop a hierarchical legend-based service that provides current information
(e.g., location information) on the state of nodes in a hierarchical network.

Initially, one node is selected to begin the single legend propagation [36]. That node sets,
for each node in the global location table, the visited bit to false and the current location of the node
to undefined as an initialization step. The node then updates its current location and location of all
known neighbors in the global location table (with a timestamp), sets its visited bit in the global
location table, and then sends the legend to the closest un-visited neighbor. If all neighbors of the
current node have been visited, the node sends the legend to the closest un-visited node using the
Location-Aided Routing (LAR) protocol [44].

It is possible that the location information of some nodes are unknown by the currently
visited nodes due to a partitioned network. Thus, LEAP can not tell which node is the legend’s
closest un-visited node [36]. In this case, LEAP chooses the lowest ID node as the destination for
the legend’s next migration. If a partitioned network exists, the destination for the legend may not
be reachable. When this problem occurs, the legend waits on the current node for a timeout period.
When the timeout expires, the destination may now be reachable due to a change in the topology
of the network. If the destination is still unreachable, LEAP repeats this wait procedure a second
time. If the node is still unreachable, LEAP chooses a new destination.
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After all nodes in the global location table are visited, the legend is paused at the last visited
node for a timeout period [36]:

T, 1\ _ T,
(Za)* () ="&"

v
where T4 18 the transmission range of the nodes, v is the average velocity of the nodes, and o is
a scaling factor. That is, the time the legend is paused corresponds to the movement of the nodes.
If the nodes are moving quickly, then the legend propagates (almost) continuously; if the nodes
are moving slowly, then the legend is often paused. In other words, there is no reason to propagate
the legend if the locations of the nodes have barely changed. When the timeout expires, the visited
bit of all nodes in the global location table is set to false. A new propagation of the legend then
continues in the same manner.

In a real network environment, the legend may get lost during transmission [36]. A node
sending the legend sets an acknowledgment timer to help ensure the reliable transmission of the
legend. When node A forwards the legend packet to node B, node A sets a timer to receive a
response from node B. If node B is a neighbor, the response is over-hearing node B propagate the
legend further. If node B is not a neighbor, then node B sends an acknowledgment packet to node
A. Node B also sends an acknowledgment packet to node A if the legend is to be paused at node
B. If node A receives a response from node B, then node A cancels the timer; otherwise, node A
attempts to send the legend to node B a second time. If the timer expires a second time, node A
chooses a new destination to send the legend packet.

A legend traversal example is illustrated in Figure 8. (This figure is taken from [36].) We
note that this figure is not a snapshot at a certain time. Instead, Figure 8 is a record of the position
for each node when it receives the legend. The legend begins its traversal at node 0 and ends its
traversal at node 28. The dotted lines illustrate the use of LAR to transmit the legend to a non-
neighbor node (e.g., node 3 sending the legend to node 7). As shown, LAR is needed to forward
the legend three times in this example. The LAR case for node 4 is different from the other two
LAR cases. After the legend visits node 42, which is at position (15,225), it determines node 4 is
the next destination. However, it’s impossible for node 42 to transfer any packet to node 4 as the
network is partitioned. Thus, LEAP suspends the legend propagation for a timeout. When node
4 has moved from location 4 to 4’ (in Figure 8), the network is again connected and node 42 can
send node 4 the legend.

3.4 Ants

Mobile software agents, modeled on ant behavior, are used to collect and disseminate location
information in GPSAL (the GPS/Ant-Like routing algorithm) [14]. An ant is an agent sent by a
source node to a destination node in the network. The destination node may be the node farthest
from the source, the node with the oldest location information in the source’s routing table, or
a random node. Similar to LEAP [36], as the ant traverse to its destination, intermediate nodes
update their location tables with more recent location information. In addition, if an intermediate
node has more recent location information, it modifies the ant packet. Thus, the main difference
between LEAP and the location service in GPSAL is the method that is used to create/propagate
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Figure 8: Example of the legend in LEAP migrating.

the legend/ant. Ants in [14] are associated with specific nodes; the legend in LEAP [36] is a global
entity.

3.5 Geographic Region Summary Service (GRSS)

The Geographic Region Summary Service (GRSS) is proposed in [32, 33]. Like GLS, the area
covered by the ad hoc network is arranged into a hierarchy of grids with squares of increasing
size (see Figure 4). The location service is based upon two main functions. First, a node within
the same order-0 square® transmits its location and neighborhood information to all other nodes in
the same order-0 square. This task is accomplished via a link-state routing protocol. Thus, like
GLS, full topology information is known within each order-0 square. Second, boundary nodes
can transmit location information to nodes in adjacent squares; thus, boundary nodes in an order-i
square share location information for all nodes within the order-i square to sibling order-i squares
(four siblings of order-i make a square of order-i 4 1) via “summary” location packets.

A summary packet is an aggregated list of location information [32, 33]. Specifically,
a summary packet contains a list of all nodes within the order-i square and the location of the
order-i square’s center. In other words, the hierarchical infrastructure created is used to generate
and disseminate summaries that contain location information. The union of all received summary
packets and the location information on a given node’s order-0 square contains location information

3We note that GLS begins counting at one instead of zero.
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for all nodes in the network.

One advantage of GRSS is that a given node does not flood its location information in the
entire network [32, 33]. One disadvantage of GRSS is that, due to summary packets, location
information may only be the center of the region a node resides in instead of the exact location of
the node. However, since the size of each region is approximately the radio range, all nodes in an
order-0 square can be reached within two hops [32].

The authors of [32] propose two types of summary packets: exact summary and imprecise
summary. Exact summaries require more overhead than imprecise summaries, but then lead to
fewer false positives. A false positive occurs when a node receives conflicting location information
on another node, which causes a packet to be dropped. See [32] for more details on GRSS.

3.6 Dead Reckoning: A Location Prediction Technique

A recently proposed location dissemination location system is the the Dead Reckoning Method
(DRM) [1, 45]. In DRM, each node constructs a model of its movement which is then disseminated
with the node’s current location. Other nodes are then able to predict the movement of every other
node in the network. The basis for this technique is the prediction method discussed in [47].

The authors of DRM mention that the movement model constructed by the nodes could
be a deterministic or probabilistic first order or high order model [1]. In [1, 45], the following
movement model is used. A node computes its velocity values (v, and vy) from two successive
location samples, (x1, y1) and (x2, y2), taken at times 7 and #,:

X2—X|
n—

Yy2—)1
h—t °

Vy = and vy =

Once the velocity values are computed, the node floods the values, the node’s current location,
and the time the velocity values were computed. The packet transmitted is called a DRM update
packet.

A node predicts another node’s location via the following two equations [1, 45]:

Xpredict = Xlocation 1 (me(,del * (tcurrent - tmodel))
and

Ypredict = Ylocation T (vymodel * (tcurrent - tmodel)),

where (Xiocation Yiocation)s (Vipogers Vmoder)» @0 moder are the values received in the received DRM
update packet and 7.y;rens 1S the current time.

Each node periodically predicts its own location as well, which is compared against the
node’s actual value. That is, a deviation between a node’s actual location and predicated location
is calculated by:

d= \/(xcurrem‘ - xpredicled>2 + (ycurrent - Ypredicted)2-

If its own predicted location deviates from its actual location by a given threshold, then the node
transmits a new DRM update packet. Thus, if a node transmits an accurate movement model, very
little location update cost exists in DRM [1, 45].
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Figure 9: The layering method in DRM.

In [1], the authors mention an optimization to their dead reckoning technique that is based
on the “distance effect” discussed in Section 3.1. Specifically, a node floods a DRM update packet
if the calculated deviation is large; if the calculated distance is small, a node only transmits the
DRM update packet to other nodes in close proximity of the node. In [45], the authors detail a
layering method, based on a given node’s location (see Figure 9), to implement this optimization.

Once a node can predict all other node locations, [1] proposes that each node computes the
topology of the network. Dijkstra’s shortest path algorithm can then be used to route packets from
a source to a destination. In [45], the authors use geographic forwarding to route packets.

4 Reactive Location Systems

The last type of location systems surveyed are reactive in nature. As mentioned in Section 1.2,
reactive location services query location information on an as needed basis. In this section, we
survey three reactive location systems proposed in the literature. According to the Mauve Clas-
sification [51], reactive location systems would be classified as an all-for-some approach. That
is, every node in the network maintains location information on some other nodes in the network
whose locations are needed.

4.1 Reactive Location Service (RLS)

In the Reactive Location Service (RLS) [12], when a mobile node requires a location for another
node and the location information is either unknown or expired, the requesting node will first ask
its neighbors for the requested location information (i.e., the time-to-live, or TTL, of the packet is
set to zero). If the node’s neighbors do not respond to the requested location information within a
timeout period, then the node will flood a location request packet in the entire network.
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When a node receives a location request packet and does not know the requested location
information, the node propagates the flooded location request. If, however, a node receives a
location request packet and the node’s location table contains the requested location information,
the node returns a location reply packet via the reverse source route obtained in the location request
packet. In other words, each location request packet carries the full route (a sequenced list of nodes)
that a location reply packet should be able to traverse in its header. Since IEEE 802.11 requires
bi-directional links in the delivery of all non-broadcast packets, RLS assumes bi-directional links.
If bi-directional links are not available, this requirement can be removed via the manner proposed
in the Dynamic Source Routing (DSR) protocol [10].

If feasible, each node using RLS should update its location table when a new location
packet is overheard/received. In other words, RLS suggests promiscuous mode operation is used by
all nodes. (As noted in [37], promiscuous mode operation is power consuming.) Lastly, entries in
the location table are aged as the node associated with the entry moves; that is, an entry associated
with a node that is moving quickly will age more quickly.

There are some similarities of RLS to LAR [44] and DSR [10], two unicast routing proto-
cols developed for a mobile ad hoc network. Specifically, all three protocols are reactive protocols
that try to discover the required information on demand. In addition, all three protocols use the
reverse source route to respond to a request for information. One significant difference between
these three protocols is the following: RLS attempts to determine location information, while LAR
and DSR attempt to determine full routes. Lastly, requesting desired information from neighbors
first and allowing intermediate nodes to reply to a request are two features that both RLS and DSR
have. Although not mentioned in LAR [44], the usefulness of these features for LAR are evaluated
in [13].

4.2 Reactive Location Service (RLS’)

Another RLS protocol, which was developed concurrently, is proposed in [42] and then used for
routing in a city environment in [50]. To avoid confusion, we refer to this second RLS protocol as
RLS'. The differences between RLS and RLS' are:

e While intermediate nodes are allowed to reply to location requests in RLS [12], a location
request is forwarded until it reaches the node whose location is desired in RLS’ [42, 50].
While cached replies are discussed in [42], the authors chose not to implement them; the
authors felt the disadvantages (e.g., several location replies may be returned for one location
request) outweighed the advantages.

e A location reply packet is returned via the reverse source route in RLS [12]; a location replay
packet is returned via “the underlying routing protocol (e.g. greedy unicast routing, flooding,
etc.)” in RLS' [42].

e While several options for flooding a location request packet are discussed in RLS’ [42] (e.g.,
linear flooding and exponential flooding), the main flooding scheme evaluated is the same as
the scheme used in RLS [12]. This scheme is called binary flooding in [42].
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e RLS' includes radial flooding, which allows nodes farther away from a source to rebroadcast
a location request packet before nodes closer to the source [42]. RLS does not include this
feature.

4.3 LOcation Trace Aided Routing (LOTAR)

LOTAR (LOcation Trace Aided Routing) [69], which is a routing protocol similar to LAR, has
neighbors periodically exchange location tables. With more current location information, the re-
quest and expected zones of LAR are more accurately defined.

5 Conclusions and Future Research

We survey 17 different location information services that exist in the literature to date in this chap-
ter. An effective location service can be used to improve the performance and scalability of a
routing protocol that requires location information (e.g., GPSR [40]). We classify the location
information services into three categories: proactive location database systems, proactive loca-
tion dissemination systems, and reactive location systems. Proactive location services are those
protocols that have nodes exchange location information periodically; the information is either
exchanged with a few select nodes or with all nodes. Reactive location services query location
information on an as needed basis.

There are several areas of future investigation on location services that are needed. First,
as mentioned in [51], when a node is associated with a position, location privacy is difficult to
achieve. Since none of the surveyed location services consider anonymity, future research in this
area is essential.

In addition, more quantitative comparisons to discover the strengths and weaknesses of the
various approaches are needed. Typically a performance evaluation is given in a paper that pro-
poses a location service. Seldom, however, are multiple location services quantitatively compared.
The exceptions are:

e In [51], the authors state the complexity and robustness of four location services (i.e., DLS,
home regions, UQS, and GLS).

e A detailed comparison of DLS, SLS, and RLS exists in [12].

e RLS’ with greedy location-based forwarding is compared to DSR and GLS with greedy
location-based forwarding in [42].

e A comparison of LEAP, GLS, RLS, and SLS is given in [36],

e In [45], a performance comparison exists for a geographical forwarding routing protocol that
uses four different location services: DRM, GRSS, DLS, and SLS.

According to [43], GLS is a promising distributed location service. However, due to its complex-
ity, GLS requires a “deeper analysis and evaluation” [43]. See [25], [36], and [43] for further
performance results on GLS.
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