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Abstract

In networks where nodes are aware of their locations via the use of a GPS receiver or
other localization techniques, geographic routing has been suggested to be the can-
didate of choice for robust and resource efficient routing. However, efficient location
management algorithms are required for the source node to obtain the destination
node’s location before it can start data transfer using geographic routing. To be
deemed scalable with respect to network size, mobility and traffic, the signalling
overhead due to location management must be kept low so that the performance
of geographic routing is minimally affected. This paper describes the performance
of a novel multi-level hierarchical grid location management protocol that we call
HGRID, for large scale ad hoc networks. We show that the average per node sig-
nalling cost in HGRID grows only logarithmically in the total number of nodes in a
uniformly randomly distributed network - a substantial improvement over the sig-
nalling cost incurred by current location management schemes. We also carry out
extensive simulations to quantitatively compare the performance of the protocol
against other well known location management protocols, and to study how loca-
tion management can affect the scalability of geographic routing. Results show that
our protocol outperforms others in terms of network throughput and end-to—end
packet delay with increasing network size or average node speed. Thus hierarchical
grid location management scales well for large scale mobile ad hoc networks.
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1 Introduction

Routing in ad hoc networks has posed an interesting challenge in the re-
search community, in which finding and maintaining a route between a source—
destination pair in a communication session imposes a major hurdle in de-
signing an efficient routing protocol for such networks. Due to mobility, the
network topology varies frequently, and end-to-end sessions are subject to link
failures constantly. While many solutions have been proposed for routing in
mobile ad hoc networks [1-6], few have considered the issue of scalability of
such protocols in networks having node membership in the order of thou-
sands, and spread over a large geographic area. A unique characteristic of ad
hoc networks is that the limited bandwidth of the wireless channel is shared by
signalling traffic as well as data, and the former is given a higher priority than
data. This works fairly well for current routing protocols in small networks
with low node mobility, since the volume of signalling traffic is low enough
to carry out the route discovery and maintenance phases efficiently. However,
increased node mobility and node membership can lead to excessively high
signalling traffic, leading to congestion and poor network performance. Intu-
itively, any routing protocol that tries to maintain state (e.g. a pre-computed
source route, network topology) for routing purposes, appears non-scalable for
ad hoc networks, since maintenance of the state requires additional signalling
over the entire network.

Recent advances in positioning techniques such as GPS [7,8] and other ad hoc
localization [9-12] has motivated researchers to pursue better routing schemes
that take into account the physical location of the node (location is usually
represented as a tuple consisting of latitude, longitude and altitude or as a
point in space using cartesian coordinates). Many schemes have been pro-
posed for position based routing in static ad hoc networks that guarantee
loop free routes from a source to a destination [13-15]. One of the key obser-
vation from all of the position based routing algorithms is that the routing
decision at an intermediate node is solely based on its position, its local in-
formation (position of neighbors), and the position of the destination. Nodes
can periodically broadcast short packets containing their identities as well as
locations so that each node is aware of its neighborhood. Another motivation
for using geographic routing is that link breakages do not necessarily result
in routes getting broken, since packets can be readily forwarded via alter-
nate links, and are guaranteed to be delivered as long as a path exists in
the network. Clearly, only localized algorithms provide scalable solutions, and
geographic routing is indeed a potential candidate for scalable routing in a
critically power /bandwidth constrained network.

Although geographic routing may be the key in providing a scalable solution
for routing in ad hoc networks, an important requirement for any position
based routing algorithm is the need for an accurate position information of



the destination. Thus, a fundamental problem in geographic routing is main-
taining the locations of nodes in a distributed manner in an ad hoc network
such that the position of a required destination can be determined with mini-
mal effort. Location management has been exhaustively studied in conjunction
with Cellular networks, but the dynamic nature of the network as well as the
scarcity of bandwidth makes this problem more interesting and challenging in
ad hoc networks.

In this work, we describe a novel yet simple location management scheme for
large ad hoc networks by using the notion of multilevel hierarchies. While the
concept of hierarchical location/mobility management is not entirely new and
has been commonly employed in Wide Area Networks [16], the contribution
of this work lies mainly in specifying a distributed scheme suitable for ad hoc
networks and showing that such a scheme scales very well for large mobile
ad hoc networks. The design of our protocol is motivated by the following
network characteristics:

(1) Localized node mobility: Often, node movement is limited to a specific
locale in the network. There may only be few occasions when a node
needs to traverse the entire network diameter.

(2) Varying node mobility: A network that has randomly distributed velocity
profile consists of nodes that are highly mobile, slow and stationary.

(3) Localized communication needs: Communication requirements usually arise
between nodes that are geographically separated by a small number of
radio hops.

Under these observations, we note that an efficient location management pro-
tocol should recruit distributed location servers in such a way that location
updates from mobile nodes update location databases in a timely manner
with minimal resource usage. Since any signalling in a wireless ad hoc net-
work consumes network bandwidth, the protocol must take into consideration
the motion profile of each node so that a rapidly moving node may be required
to transmit frequent updates while a static node may update less frequently.
Finally, there must be an efficient balance between the update and paging
process so that the location queries for nearby nodes stay local, while those
for nodes that are located far away may incur additional cost.

The remainder of this paper is organized as follows: Section 2 describes the
grid ordering scheme and details of the hierarchical grid location management
protocol. In Section 3, we show that the average per node location update
cost grows only logarithmically in the total number of nodes in the network
for a uniformly randomly distributed network. Section 4 describes in detail
the simulation environment and the parameters for our performance evalua-
tion of our protocol against two well known location management schemes.
We comment on the performance results obtained via simulations in section
5. Other related work is described in section 6. Finally, the distinct features



of our contribution and concluding remarks are given in Section 7.

2 Hierarchical Grid Location Management (HGRID)

Clustering and hierarchical network organization techniques have been previ-
ously studied in multi-hop wireless networks for routing scalability [17—-20].
However, the original motivation behind hierarchical routing is to reduce the
memory requirements for storing routing table in internetworks of thousands
of networks consisting of millions of hosts, and not to withstand the unpre-
dictable and dynamic nature of mobile ad hoc networks. Although there are
well known schemes to form unique clusters within the network and organize
them into a hierarchical network, maintenance of this hierarchy with mobil-
ity would be extremely difficult, given the dynamic topology changes and the
limited bandwidth by which the reconfiguration information must be propa-
gated across the nodes. Cluster head changes can cause a rippling effect, where
the role change of a leader in the higher level of hierarchy results in subse-
quent changes in lower leaders all the way to the bottom of the hierarchy.
Another difficult task in maintaining a hierarchical network is the assignment
and binding of node addresses to hierarchical addresses, which is primarily
used for routing in the hierarchy. Periodic or triggered registration/binding of
addresses to hierarchical addresses, and the query-response for obtaining the
hierarchical address before the start of a communication session add to the
control overhead, and hence, congests the network. Thus, if we were to de-
sign our location management protocol based on node membership, we would
undoubtedly be facing a daunting task. But, if we are able to design a hi-
erarchy based on unit regions, where the position of a node automatically
assigns it a specific role in the hierarchy, we can get rid of complex message
exchanges required to initialize and maintain a hierarchy across the network.
This observation is precisely the motivation behind the HGRID protocol.

2.1 Hierarchical Grid Ordering

In order to partition the network into a hierarchy, we first divide the topog-

raphy into unit square regions of side \/’%2) (hereafter called L), where 7 is

the transmission range of a node. Such a design ensures that any two nodes
within an L grid can directly communicate with each other. Thus, designing a
protocol that enables a mobile node to be aware of its neighbors in a L grid is
trivial (for e.g., a periodic broadcast protocol). The grid hierarchy in HGRID
is defined by a recursive process as follows: at each level i(1 < i < k— 1),
we select the top rightmost L;_; leader to be the i'* hierarchical leader of the
bottom left L; grid, top leftmost L;_; leader to be the hierarchical leader of




the bottom right L; grid, bottom rightmost L;_; leader to be the hierarchi-
cal leader of the top left L; grid and bottom leftmost L; ; leader to be the
hierarchical leader of the top right L; grid. The top of the hierarchy, (L), is
defined by the four L,_; grids. Note that this may not be the only way to
form a hierarchy using unit grid (Lg) regions. Certainly, other grid orderings
are possible, but the general idea behind location management holds for all

practical purposes.
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Fig. 1. A three level hierarchy in HGRID. A level 1 grid leader knows the exact
location of all nodes located in the four level 0 grids under it. Level 2 leaders are
constituted from level 1 leaders. A local broadcast protocol ensures that all the
leaders in level 2 grids are aware of all the nodes in the network.

2.2 Location Management in HGRID

Each time a node u crosses an Ly grid boundary, it broadcasts its entry into
the new region, and unicasts two LOC_UPDATE (location update) packets
— one to the Ly grid of its previous Ly grid (if required) indicating its de-
parture from the region, and another packet to the L; grid of its current Lg
grid to indicate its arrival. Each packet contains information regarding the
node’s current and previous location, as well as the action to be taken (inser-
tion/deletion from the location database) at each leader to make the location
servers consistent in their view of the network. The LOC_UPDATE packets
are processed at each level of the hierarchy in the following manner: node v
which is present in the hierarchical leader grid to receive the LOC_.UPDATE
first, updates its own location database, and broadcasts the packet in the cur-
rent grid. Every location server that receives the broadcast simply updates
its location database, if it is co-located in the same grid. Node v also checks
the LOC_UPDATE to see if the boundary crossing requires its hierarchical
leader to be alerted, and if so, unicasts the packet to its next destination
by geographic forwarding. If the movement specified in the LOC_UPDATE is
within the area covered by the current hierarchical leader, v decides to stop
the registration process. Thus the location registration process continues until
the LOC_UPDATE reaches either any one of the four L;_; leaders, or a hi-



erarchical leader grid which covers the grid boundary whose crossing started
the registration process. When a LOC_UPDATE reaches a L;_; leader, the
node receiving the packet first carries out a local broadcast protocol to make
all the L;_; leader databases consistent. Also, node u carries out a location
maintenance process similar to the previous approaches to update its location
database to be consistent with others servers in its new grid.

Lemma 1 A LOC_UPDATE which was produced by an L" boundary crossing
by a node wisits at most i+1 hierarchical leaders for (0 < i < k—1) and i
leaders for i = k in any Ly_1 grid.

PROOF. Since by construction, L;,; leaders are constituted from L; leaders,
any boundary crossing in an L;y; grid requires only the leaders from the
lowermost level to the i + 1! leader to be notified. Since there are at most k
hierarchical leaders to be visited from the lowest level to the highest, an L
boundary crossing visits at most k leaders.
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Fig. 2. Location Update in HGRID

Example 2 Figure 2 shows a typical location update process in the hierar-
chical location management scheme. Since Dy crosses a level-1 boundary, it
has to unicast two LOC_UPDATE packets, one to Ly(1,1), the Ly leader of
the previous Ly grid it had visited, and the other to Ly(3,1), the Ly leader of
it’s current grid. The update to Ly(1,1) instructs location servers within the
grid to delete the entry for Dy from their location databases (DB_DELETE),
and the update to Ly (3,1) instructs the servers in Ly (3,1) to make a new en-
try for Dy (DB_INSERT). The update to Ly (1,1) stops at Ly(1,1), while the
update to L1 (3,1) continues to be unicast to Lo(83,3), since a level-1 boundary
crossing requires the next hierarchical leader Lo (3,3) to be updated. Notice that
the movement of another node Dy terminates at Ly (1,3), since the movement
is local to the Ly hierarchy managed by Lq(1,3). Note that each step shown in
the figure may consist of multiple physical transmissions of the update packet
to reach the specified grid.



Location Discovery: If destination D is in the same grid as source S, D
would be in S’s neighbor table because of the local broadcast protocol. Oth-
erwise, a LOC_QUERY (location query) packet for D is sent to S’s L; leader.
As part of location server set up, it is trivial to realize that if S and D are in
the same L!" grid, the query has to be forwarded until it reaches an L server
(in the worst case), before a location reply can sent back. Since the location
databases in the upper levels of the hierarchy carry the approximate location
information of nodes, location replies from these servers return the address of
the server who has more accurate information of the destination.

Lemma 3 A LOC_QUERY wisits at most k-1 hierarchical leaders.

PROOF. Since the query has to be forwarded to a L;_; leader in the worst
case, and since the servers in the top level have complete knowledge about the
network, the lemma follows.
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Fig. 3. Location Discovery and Data Transfer

Example 4 In figure 3, the location query from source S is forwarded by
Li(1,3) to Ly(83,3), since it has no knowledge of destination D. The query
terminates at Lo (3,3), and a location reply is returned to S with the destination
location specified as Ly (3,1) in the reply packet.

2.3 Data Transfer

If S and D are co—located in the same L; grid, the location of D, as indicated
by the location reply, is accurate and S can forward the data directly to D’s
location. Otherwise, the location is approximate, and S forwards the data
packet to the location server specified in the location reply. When the data
packet reaches the specified grid, a server v that receives the packet first checks
its neighbor table to see if D is co-located in the same grid. If so, the packet
is successfully forwarded to the destination. Otherwise, v searches for the D
in its location database. By construction, v must have an entry for D in its



location database. If v has accurate information about D, it further forwards
the packet to D, otherwise, the packet is forwarded to the next location server
which is a level lower than v in hierarchy, but has more accurate information
about D’s position. This process continues until the packet reaches D, or it
reaches an L grid, and the node that receives the packet drops it since it has
no information about D. This can happen because D would have left this grid,
and D'’s location update to its new hierarchical leader failed to reach the leader
before the data packet was forwarded by the leader to D’s previously visited
grid. Since packet transmission time is much smaller than node mobility, such
drops should not be frequent under low network load conditions.

Example 5 In figure 3, S forwards the data packet to Ly(3,1), as indicated
by the location response from the location server. When the packet reaches
Li(3,1), the node that receives the packet searches its location database, and
realizes that D is located in (2, 0). It then forwards the packet to (2, 0) which
1s successfully received by D.

Thus, under the HGRID protocol, routing may be sub-optimal due to the fact
that (i) the location servers have partial information regarding the nodes in
the network, and (ii) location replies may carry approximate node locations.
The first data packet to arrive at the destination may suffer by taking a much
longer route than the shortest path to the destination, had the precise location
of the destination been known. To alleviate this problem, when D receives a
packet from S, it can send a notification to S with its current location so that
the new packets to D do not suffer the same fate as their predecessor. For
TCP connections, this can easily be built into the acknowledgement packet
that D proceeds to send to S.

3 Location Update Cost Analysis

We assume a uniformly randomly distributed N node network in a square
region of area A in which nodes move randomly and independent of each
other. Each node selects a direction to move, chosen uniformly between [0, 27].
Each node also selects its speed, chosen uniformly between [v — ¢, v + ¢| for
some average velocity v and constant ¢ for some time ¢, where t is distributed
exponentially with mean 7. After a node has traveled for time t, it selects
another direction, speed, and time to travel. As a consequence of this model,
the average degree of a node will be proportional to 7r? N/A where r, is the
radio range and 7r? is the area within a node’s transmission range. To keep
this fraction constant, A must grow linearly with N.

Woo and Singh [21] were the first to analyze the scalability of a location
management protocol in a theoretical framework. Under this framework, the



cost of a location management protocol is analyzed by using a specific mobility
model and a specific geographic routing algorithm, as the average number of
packets sent within the network in order to maintain the locations of the nodes.
The main observations from [21] are the following:

1. The cost of broadcasting, b, in an unit square by a node is proportional to
the number of transmissions needed to cover the said region. The latter is
in turn proportional to the area of the unit square a divided by the area
covered by a single transmission. Thus, b = O(a/r?) packets per unit
square.

2. The distance a node has to cover to cross an unit square is proportional
to the side of an unit square. Thus, the number of unit squares a node
crosses per second, p, is proportional to v/+/a.

3. Given a source-destination separated by euclidean distance d, the number
of transmissions that need to be carried out to send a packet from the
source to destination is given by d/z, where z is the average forward
progress made in the course of one transmission.

Note that from [22], it is known that z can be computed from r, and the av-
erage degree of a node in the network. With these observations, we are ready
to calculate the average location update cost of the HGRID protocol.

Let D be the average distance traversed by LOC_UPDATESs for any boundary
crossing and let d; be the total average distance traversed by both LOC_UPDATEs
on an a L boundary crossing. Since d; can be at most twice the maximum av-
erage distance traversed by any one of the LOC_UPDATEs on an L" boundary
crossing, we have:

A

Here we take maximum average distance to be the distance traversed by the

LOC_UPDATE from the current L grid to the i** hierarchy.

For the average distance traversed as a result of boundary crossing in each
level of the hierarchy, we have:

J2§J1+2XTt(2+T\/E2))

<3 x Tt(2+T\ﬂ2))

In general, the average distance traversed in the " hierarchical level is
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dy, is a special case, since in the best case, we have to broadcast only once (the
L boundary crossing into a topmost leader), and in the worst case, we have
to visit k-1 leaders starting from Ly. Therefore

k< 7e( 9 )
k=1 _ 1
< ry( 5 )
244/(2
< 2k_1 X Tt 4 ( )

Generalizing, the average distance traversed by a LOC_.UPDATE in the it
hierarchical level is

&§?4xn£i%95 (1<i<k) (2)

In addition, P, the probability that the L* server is updated, is:

4k
P =
P2 x4k x [1— 27K
B 1
2 x [1—27K
4k
Py= 2
2T 2 x4k X [1 = 27H]
2

In general, the probability values are

(1<i<k) (3)

Average distance traversed by a LOC_.UPDATE

k
D=>" P,
=1
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< 2P1d1 X Z
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27"1‘, 1 _ 2—k - 1)
=O0(k) for large k (4)

A location update cost consists of % unicasts and ¢ broadcasts (by lemma 3.1)
for a L" | boundary crossing. The average number of broadcasts

2k -1
=0(1) for large k (5)

Hence, average location update cost per node for the hierarchical grid location
management is

P l092N)

p
O(
O(v logaN') packets/sec/node (6)

Thus, the average per node location update cost in HGRID grows only loga-
rithmically in the total number of nodes in the network and is proportional
to the average speed of nodes in the network.

4 Performance Studies

We implemented the HGRID protocol as well as SLaLoM [23] and SLURP[21],
two well known protocols described in literature, in Glomosim [24]. A location
management layer was built in to the TCP/IP protocol stack that operated
in conjunction with IP as the network layer protocol. Main data structures in
the location management layer consist of i) a location table and ii) a neighbor
table. When a location server node receives a location update packet from a
node, the current location of that node is updated in the location table. A

11



periodic broadcast protocol enables each node to realize its local connectivity,
and records it in the neighbor table to assist in geographic routing. Apart
from having a location database, nodes are also equipped with a live connec-
tions table, which is updated when a node receives a data packet or a location
change notification. Location change notifications are sent out by end points
of a data connection when their locations change significantly from their pre-
viously advertised locations. This table reduces the number of query packets
transmitted during a session, since later data packets in a session can use the
destination’s location entry in the table until the entry becomes invalid due
to a timeout. The timeout is determined by the average time it takes a node
to move out of a unit grid with an average velocity specified by its mobility.
Data from the transport layer is queued in a packet buffer if the location of
the destination is unknown, and a location query packet is transmitted to the
destination’s location server. Packet lifetime in the buffer is 4 seconds, and is
subsequently dropped if a location query sent out fails to return the location
of the destination within this time. MFR [25] without backward progression,
in which packets are dropped if no forward progress can be made, was imple-
mented as the geographic routing algorithm.

Motivated to study the performance of the protocols for network scalability
as well as robustness against node mobility, we carried out two sets of simu-
lations. The first study fixed the node density to be 80 nodes/km? and the
average node speed to be 5 m/sec while varying the total number of nodes
in the network. The second study evaluated all the protocols in a square to-
pography of 2000 x 2000 consisting of 320 nodes by varying the average node
speed. Specific parameters for our simulations are listed in table 1.

Node home regions in SLalLoM and SLURP are randomly assigned using a
simple hash function that maps the IP address of the node to one of the unit
squares. Since the performance of SLALoM is dependant on the selection of
K, we decided to vary K from 2 TO 6 in the first study, and to simulate
two versions of SLALoM, with K = 2 and K = 4 (hereafter called SLALoM-
K5 and SLALoM-K} respectively), for the second study. For the first study,
HGRID defines up to 5 hierarchical levels, and a 3 level hierarchy for the
second. The different packet types and location management overhead in bytes
for all protocols are given in table 2.

In order to test the network under stable conditions, we let the nodes move
around for the first 150 seconds of the simulation, so that location server and
database set up is initialized appropriately and the control traffic is stabilized.
To test the efficiency of the protocols for correct location discovery as well as
efficient delivery of data, we initialized 1000 CBR connections for the first sce-

12



Table 1

Simn

lation Parameters
Parameters Scenario 1 Scenario 11
Simulation Time 300 sec 300 sec
Simulation Area 1000x1000m - 6000x6000m 2000x2000m
Unit Grid Size 250m 250m
Number of Nodes 80 - 2880 320
Node Density 80 nodes/km? 80 nodes/km?
Transmission Range 350m 350m
Transmission Speed 54 Mbps 54 Mbps

MAC Protocol

IEEE 802.11g

IEEE 802.11g

Mobility Model

Random Waypoint

Random Waypoint

Maximum Speed 10 m/sec 0-25 m/sec
Minimum Speed 0 m/sec 0 m/sec
Pause Time 0 sec 0 sec
CBR connections 1000 160
CBR Rate 1 packet 2 packets/sec
Data Payload 512 bits 512 bits
Traffic Pattern Random Random

Buffer Size 1000 packets 1000 packets
Table 2
Packet types and overhead
Packet Type | SLURP | SLALoM | HGRID
Update 33 35 34
Query 37 37 37
Response 53 53 53
Notification 33 33 33
Maintenance | 33+20n | 33+20n | 33+20n

nario. The source of each connection attempts to send exactly one data packet
by initiating a query to locate the destination, and sends the data packet to
the location returned in the reply packet. A connection is declared successful
if the data packet can be correctly received by the destination. For the second
study, we imposed high traffic on the network with 50% of the nodes initiating
UDP connections, each session having a rate of 2 packets/second. The source
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and destination nodes are chosen randomly for both the scenarios, randomly
starting after 150 seconds into the simulation and terminating randomly at
250 seconds into the simulation.

5 Simulation Results

5.1 Scalability with Network Size

The results shown in this section show the effect of increasing average path
length and network size on location management and geographic routing. An
increase in the average path length proportionally affects the time taken to
update location servers, and an increase in network size results in a high
volume of updates to servers. We study the effect of this phenomenon on the
performance of the network. Each plot point presented here is an average of
seven simulation runs.
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Fig. 4. Data Throughput

Figure 4 shows the fraction of data packets successfully delivered by each
protocol. HGRID is able to deliver packets in more than 90% of the cases for
all scenarios, and hence performs best. SLURP performs worst, with significant
performance degradation for network sizes of 1500 nodes and more. The under
performance of SLURP can be attributed to the higher percentage of queries
that fail to return the location of the destination and higher delay of location
responses. Recall that each data packet is held for only 4 seconds in the buffer,
and if a query-response fails to terminate within this period, the packet is
dropped. Hence, the delayed responses in SLURP are useless since the packets
awaiting the destination’s location would already have been discarded at the
source.
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Figures 5(a) and 5(b) show the delay experienced by successfully delivered
data packets in number of hops (transmissions) and seconds. Since the location
responses convey the exact location of the destination in SLURP, packets take
the shortest path in SLURP. HGRID and SLALoM take longer paths, since on
average, packets are routed to near home regions in SLALoM or hierarchical
location servers having more accurate knowledge of the destination in HGRID,
before being handed over to the destinations finally. However, the average
delay (time) experienced by data packets follows a different trend as shown by
figure 5(b). Even though packets take the longest paths in HGRID, they have
the lowest average delay, since the network is least congested. Since higher
control overhead adversely affects data on the shared channel, a lower data
delay in SLURP indicates that the network is less congested in SLURP than
SLALoM, and is easily verified by figure 7.
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Fig. 6. Location discovery probability and delay
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Figure 6 shows the query success probability and the average delay for location
discovery for the three protocols. All protocols perform well, with more than
90% of the queries returning the location of the queried destination. Packets
can be dropped due to two reasons in our simulations — geographical holes [13]
and TEEE802.11 induced congestion. Since the home region of an arbitrary
node is located furthest from an enquirer in SLURP (since home regions are
chosen randomly, there is no guarantee that the region is actually close to
the enquirer) compared to the other protocols, the location discovery takes
longest to complete in SLURP. Also, since the home region is located further,
this increases the dropping probability of a query or response packet, and
thus decreases the query success probability. SLALoM has the closest home
region for any node for the scenarios considered, and has the lowest delay for
location discovery. However, high network congestion due to the higher control
overhead causes additional packet drops in SLALoM, and thus has lower query
success probability than HGRID.
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Fig. 7. Average control overhead

Figures 7(a) shows the per node average control overhead in packets per unit
time for all the protocols. With the number of CBR sessions being low, most of
the signalling overhead is due to update traffic. As indicated by the analysis,
HGRID has the least control overhead, since the update overhead increases
only logarithmically with the number of nodes. For practical scenarios such as
the ones considered in our simulations, SLURP performs better than SLALoM
with respect to control overhead. Also, SLURP performs best when one con-
siders the overhead in bytes instead of number of packets, as shown by 7(b).
With the packet overhead being nearly equal for all the protocols, the higher
overhead for HGRID and SLALoM can be explained by the overhead incurred
in location maintenance. The average number of location entries that have to
be transmitted is more for SLALoM and HGRID (see figure 8), resulting in
additional bytes being transmitted in these two protocols.
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Finally, figure 8 shows the increase in location database size of each protocol
with increase in number of nodes. SLURP has minimal memory requirements,
since each node can choose any unit region randomly from the available set of
Order—1 region as its home region. In SLALoM, the set of available Order—1
region is restricted to only K2. While lower order servers have a few location
entries, the higher order servers have to retain location information about
almost all nodes in HGRID. However, the average of these grows only slightly
with the increase in network size. Thus, all protocols are scalable, with the
database size being nearly constant or increasing marginally with network size.

5.2 Scalability with Mobility

The results shown in this section show the effect of mobility on location man-
agement and how different location management protocols affect the perfor-
mance of geographic routing. We varied the maximum speed in the Random
Waypoint model to change the average mobility of the nodes. An increase in
mobility is proportional to the rate at which nodes cross grid boundaries, and
hence the rate at which new updates are sent out to location servers. We study
the effect of this phenomenon on the performance of the network. Each plot
point presented here is an average of seven simulation runs.

Figures 9(a) and 9(b) show the average data throughput and delay achieved by
each protocol. Throughput decreases with mobility for all the protocols, with
SLURP being affected most by mobility, and HGRID performing best. HGRID
gives a near steady performance, delivering a throughput above 90% in all the
cases. SLALoM-K, performs slightly better than SLALoM-K,. Packet delay
increases with mobility, with SLALoM-K> performing worst, indicating that
network congestion due to mobility causes network under—performance, and
that the rate at which updates are sent out affect each protocol with different
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degree. Since control overhead is least for HGRID (see fig. 11(a)), this easily
explains why HGRID performs best. Recall that SLALoM groups K? Order-
1 regions to form Order-2 regions. Thus, in our simulations, each node in
SLALoM-K> has 16 home regions, both near and far, while nodes in SLALoM-
K, only have 4 home regions, all being near. Hence, a boundary crossing in
results in more updates in SLALoM-K, than SLALoM-K,. On average, both
overheads would be more than that of SLURP, since each node has exactly
one home region in SLURP. Since higher control overhead adversely affects
data on the shared channel, one would expect better performance for SLURP
than SLALoM. This can be explained by figures 10(a) and 10(b).
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Figure 10(a) shows the probability that a query for a destination returned
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successfully, and figure 10(b) shows the average delay for location discov-
ery via the query-response phase. Since control overhead is least for HGRID,
most queries are not affected by network congestion, and destinations are
easily located within milliseconds. However, the high control overhead affects
SLALoM-K, severely, with a lot of discovery packets being dropped due to
MAC layer contention (a quick look at the number of CTS packets ignored by
[EEE802.11 due to software carrier sense easily confirmed this). Although the
home regions are located closer to the enquirer than that in SLALoM-Ky or
SLURP, the probability that a destination’s location is discovered is smaller
in SLALoM-K5. This accounts for the reduced throughput for SLALoM-Kj.
However, since the home region of an arbitrary node is located further from an
enquirer in SLURP (since home regions are chosen randomly, there is no guar-
antee that the region is actually close to the enquirer), the location discovery
takes longest to complete in SLURP. In the worst case, the query-response
phase takes more than 10 seconds in SLURP. This behavior also explains why
SLALoM-K, performs better than SLALoM-K} in terms of location discovery
delay. Since data packets have a lifetime of only 4 seconds in the buffer, the
delayed responses in SLURP are useless since the packets awaiting the des-
tination’s location would already have been discarded at the source. Delayed
responses are more costly than no responses at all, as indicated by the poor
throughput of SLURP. However, given the same number of hops for a data
session, SLURP performs better than SLALoM in terms of packet delay, since
higher congestion due to update traffic causes low priority data to be queued
longer in SLALoM.
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Figures 11(a) and 11(b) show the control overhead incurred by each protocol
in number of packets. Clearly, the overhead due to update traffic increases
with mobility for all protocols, and is highest in SLALoM because a grid
crossing results in updating multiple home regions simultaneously. SLALoM-
K4 performs better than SLALoM-K, since it only has to update 4 home
regions at a time. HGRID performs best, since updates are forwarded to higher
level servers only when the movement is across a grid boundary that is not
contained within the current hierarchical leader grid. Hence the number of
updates are much smaller in HGRID than other protocols. However, this is
no longer true if one considers the overhead in bytes than the number of
packets per received data packet, as shown by figure 11(c). HGRID location
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server grids are concentrated towards the center of the terrain, and as the
hierarchy of the server grid becomes higher, so does the number of location
entries in the location database in a location server which is present in it.
When a node moves into a server grid, it has to receive all the entries of nodes
that are registered under that grid as part of database maintenance, and the
number of such entries increases the overhead in location maintenance. Server
grids become points of congestion and thus the bottleneck in performance
as indicated by the increase in data discovery and data delay with increased
mobility.

6 Related Work

Finn’s Cartesian routing [26] is the earliest known position based routing
mechanism found in literature for datagram routing in wired networks. Greedy
forwarding, in which next hop neighbors for packet forwarding are selected by
a greedy decision, has been an efficient contender for position based routing
in wireless packet networks. Most Forward within Radius with backward pro-
gression (MFR) [25], Nearest Forward Progress (NFP) [22], Compass routing
[27] etc., are examples of routing protocols that make use of greedy forward-
ing. A main disadvantage of greedy forwarding is the occurrence of a local
maxima from which it may not recover. For e.g., in MFR, an intermediate
node may not have any active neighbors that can make forward progress to-
wards the destination, and will drop the packet. To counter this, Karp et. al.
[13] suggested Greedy Perimeter Stateless Routing (GPSR) in which a packet
follows the path according to the well known right-hand in planar graphs rule
to traverse around the local maxima. Independently, Bose et. al. suggested
the Face-1I [14] algorithm using a similar concept to GPSR to route messages
using the right hand rule in planar graphs. Excellent surveys on position based
routing algorithms can be found in [28] and [29].

Most of the literature in position based routing assume the presence of a lo-
cation service through which the position of the destination can be obtained,
but neither considers the details of such a service nor provides an insight into
the scalability of geographic routing imposed by this service. Routing proto-
cols such as Location Aided Routing (LAR) [5] and Distance Routing Effect
Algorithm for Mobility (DREAM) [6] are the earliest known schemes for loca-
tion based routing in literature. Although these were not openly proposed for
the location management problem, they can be easily modified to fit the bill.
DREAM proactively disseminates node position information so that future
data sessions may flood data packets in the direction of the previously known
position of the destination. On the other hand, LAR tries to find a source
route to the destination and controls the request flood region by restricting
it to an an area that includes the previous known location of the destination.
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However, both these protocols are not scalable, due to their flooding nature
of control packets. Haas and Liang [30] suggesed the earliest known location
management protocol described in literature for ad hoc networks, even though
they do not specifically deal with geographic locations in their work. The idea
here is to select a subset (quorum) of nodes for storing pertinent information
(node locations, in our case). Updated information is written to a subset of
these nodes. When the intersection of these subsets is non-empty, any of the
subset can be read for data written to the subset during a previous write
cycle. Since there can be multiple responses to a read request, time stamps
can be used to separate the most recent information. Home region based lo-
cation management was independently suggested by Woo and Singh [21] and
Stojmenovic[31]. Location management in [21] is similar to that of Mobile IP,
where each node selects a unit region in the terrain as its home region by
using a mapping function (a hash function, for e.g.) and the unique address of
the node, and updates the region when the position of a node changes signif-
icantly. Home regions can be later queried by source nodes in an on demand
fashion for locating destination nodes. The authors also showed that the loca-
tion management cost due to this protocol grows as O(vN2). Cheng et. al. [23]
later improved this bound to O(vN %) using the concept of near and far home
regions. Similar to the region based protocols, Jinyang Li et. al. [32] and Xue
et. al. [33] suggested alternate grid ordering schemes for achieving scalability
in location management. However, the authors did not give any bounds on
the location management cost for their schemes.

7 Conclusion

In this paper, we have evaluated the performance of HGRID, a novel multilevel
hierarchical scheme for location management in geographic routing networks.
To the best of our knowledge, this is the first solution that addresses the
location management problem in mobile ad hoc networks from a hierarchical
perspective. In order to separate the control from overhead due to mobility
induced hierarchy maintenance, we suggest the establishment of a hierarchy
from locale and topography information. Thus, we have combined the strength
of existing schemes to establish a tree-like grid ordering scheme that strikes an
efficient balance between the location management primitives for low update
overhead as well as quick location discovery. We have shown the location
update overhead in HGRID grows only logarithmically in the total number
of nodes in the network, which is a significant improvement over the location
management overhead incurred by existing protocols. We have carried out
extensive simulations to study the performance of the protocol for scenarios
that could not be incorporated into the analysis. Our results show that HGRID
scales very well with increasing network size and is highly resistant to network
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topology changes induced by node mobility.

Although the proposed scheme has distinct advantages, we note that the use
of hierarchies puts unfair requirements (in terms of resources and energy)
on nodes that are location servers and higher order leaders. This issue is
inevitable in any hierarchical scheme, and can be alleviated by cyclic rotation
of roles among all the participating grids temporally. Alternately, leader grids
can be treated as wvoids, and data packets may be routed around them using
routing protocols such as GPSR or Face-II to relieve them of some burden.
Another problem that is particular to locale based protocols occurs when nodes
move out of a region leaving it empty. We are currently working on a solution
that will delegate a neighboring region to temporarily carry out the duties
of the empty region, and restore the state back to normal when a new node
enters the previously empty region. Finally, boundary based location update
schemes result in frequent updates for nodes that move back and forth between
boundaries, creating a state of uncertainty with respect to the actual location
of the node. Local forwarding techniques, such as the one suggested in [34], can
be used to significantly reduce the severity of this problem. Overall, considering
the pros and cons of the proposed scheme, we feel that the HGRID protocol
efficiently operates in conjunction with the geographic routing protocol for
scalable routing in large mobile ad hoc networks.
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