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Abstract

Location services are essential to many applications
running on a hybrid of wirelessly-networked mobile ac-
tors and static sensors, such as surveillance systems and
the Pursuer and Evader Game (PEG). To our best knowl-
edge, there has been no previous location service protocol
for wireless sensor networks. A number of location service
protocols have been proposed for mobile ad hoc networks,
but they are not applicable to sensor networks due to the
usually large per-hop latency between sensors.

This paper presents a distributed location service proto-
col (DLSP) for wireless sensor networks. Using a rigorous
analysis of DLSP, we derive the condition for achieving a
high packet-delivery ratio, and show how to configure the
protocol parameters to ensure the scalability of DLSP. We
find that DLSP is scalable if the mobile’s speed is below
a certain fraction of the packet-transmission speed, which
depends on a movement threshold. For example, if the
movement threshold for the location servers at the lowest
level equals the radio range, the speed limit is one-tenth
of the packet-transmission speed. The mobile’s theoretical
speed limit is one-fifth of the packet-transmission speed, be-
yond which DLSP cannot scale regardless of the movement
threshold. Because of the high location-update overhead of
DLSP, we propose an optimization, DLSP-SN, which can
reduce the overhead by over 70%, while achieving high
packet-delivery ratios. However, due to the griding effect,
the packet’s path length of DLSP-SN may be longer than
that of DLSP, incurring higher data-delivery cost.

*The work reported in this paper was supported in part by the US Army
Research Office under Grant W91 1NF-05-1-0421, and by the NSF under
CNS-0435023.

1 Introduction

There are a growing number of sensor network appli-
cations that require communication between mobile actors
and stationary sensors. For example, in the PEG (Pursuer
and Evader Game) and surveillance systems, hundreds or
thousands of sensors may be statically deployed to monitor
certain areas or physical infrastructures, and a few dozens of
actor nodes may move around and interrogate static sensors
for information at multiple spots of interest.

Geographic routing (or location-based routing) [9, 12]
has been widely used in mobile ad hoc networks (MANETS)
as well as sensor networks, because it incurs low commu-
nication and memory overheads of maintaining routing in-
formation. A mobile periodically reports its (geographic)
location to selected nodes, called location servers. Other
nodes can acquire the mobile’s location from one of its
location servers and then deliver data to the mobile re-
ceiver using geographic routing. A number of location-
service protocols have been proposed for MANETS, such as
grid location service (GLS) [13], distributed location man-
agement (DLM) [21], geographic hashing location service
(GHLS) [5], column row location service (XYLS) [19],
DREAM (3], Twins [20], hierarchical location service
(HLS) [10], and home-zone-based location service [18].

These location service protocols, however, may not be
applicable to sensor networks due to the usually high per-
hop latency in a sensor network which ranges from a few
hundred milliseconds to a few seconds [14,23], while that
of a MANET is an order-of-magnitude lower (tens of ms)
[7, 11]. The high per-hop latency can be attributed to
the two factors — scheduling delay and transmission time.
First, wireless communication consumes much more energy
than other operations for (severely energy-constrained) sen-
sor nodes. Hence, energy-efficient MAC protocols avoid
idle listening and overhearing by scheduling transmission
and listening periods (e.g., S-MAC [24] and T-MAC [4]),
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or low-power channel polling (e.g., WiseMAC [6] and
BMAC [15]), or both (e.g., SCP [23]). As a result, the ra-
dio’s duty cycle can be limited to a few percentages. Thus,
a packet has to be held for some time before its transmission
to the next hop. Second, a sensor node’s radio usually has a
lower bandwidth, incurring a longer transmission time. For
example, Mica2 (MicaZ) has a bandwidth of 19.5 kbps (250
kbps), while MANETS typically use wireless LAN cards of
11 Mbps or 54 Mbps.

This high per-hop latency makes packet transmission in
a sensor network much slower than in MANET. Moreover,
a sensor network is usually of much larger scale than a
MANET. Therefore, the location-service protocols are un-
likely to perform well in sensor networks, because, dur-
ing the nontrivial duration of delivering a message from
a source node to a location server, then to the mobile re-
ceiver’s location obtained from the location server, the mo-
bile could have moved too far away to receive the message
directly as in GHLS or even by using forward pointers as in
GLS.

In this paper we present a distributed location service
protocol (DLSP) for a hybrid wireless network of stationary
sensor nodes and mobile actors. Like GLS, DLSP is built
on a hierarchical grid structure. A mobile selects multiple
location servers at each level, and sends location updates
more frequently to the location servers at lower levels than
to those at higher levels. A location query, i.e. a data packet
may go through multiple rounds of “lookup-and-chase™ to
reach the mobile receiver. Through a rigorous analysis, we
derive the condition to achieve a high query-delivery ratio
(which equals data success rate in DLSP), and show how to
configure the protocol parameters to ensure the scalability
of the location service. In this paper, scalability means that,
as the network size increases, the location service protocol
retains high query-delivery ratio and the protocol overhead
is proportional to O(log(N)), where N denotes the network
size. We find that, in order to retain high query-delivery ra-
tio, the mobile’s speed should be below a certain fraction
of the packet-transmission speed, which depends on the un-
derlying movement threshold. For example, if the move-
ment threshold for the lowest-level location servers is the
same as the node’s radio range, the mobile’s speed limit is
one-tenth of the packet-transmission speed. The theoretical
speed limit is one-fitth of the packet-transmission speed be-
yond which DLSP cannot scale regardless of the movement
threshold.

Like GLS, DLSP incurs a high location-update over-
head because a mobile needs to update multiple location
servers at each level with its location information. There-
fore, we propose an optimization, called DLSP with a se-
lected neighbor (DLSP-SN), in which the mobile updates
the location server in at most one neighbor square at each
level. The selection of a neighbor square is determined by

the mobile’s trajectory. DLSP-SN achieves a significant re-
duction of update overhead. However, due to the griding
effect!, DLSP-SN may incur more rounds of lookup-and-
chase than DLSP, thus making the average path length of
location queries greater than that of DLSP and increasing
data-delivery cost.

The rest of this paper is organized as follows. Section 2
describes DLSP. Section 3 derives the condition for achiev-
ing a high packet-delivery ratio under DLSP, and Section 4
analyzes the overhead of DLSP, and presents an optimiza-
tion, DLSP-SN. To validate our analysis results, we simu-
late the performance of location services in Section 5. We
summarize the related work in Section 6, and conclude the
paper and discuss future directions in Section 7.

2 Distributed Location Service Protocol

We now present the details of DLSP. We assume that
a large number of stationary sensor nodes have been ran-
domly and uniformly deployed in a field of interest and a
rclatively smaller number of mobile actors move around
within this field. Geographic routing (e.g., GPSR [9]) is
used for multi-hop routing. Each sensor node can deter-
mine its location by using a GPS receiver, or by invoking
a localization service [8, 17]. Likewise, each mobile either
is equipped with a GPS receiver or can estimate its location
using the neighbor sensors’ location information.

Table 1 summarizes the notations used in this paper.

2.1 Selection and Update of Location
Servers

A sensor network is assumed to have been deployed in an
L x L square field with the lower-left corner at (Xo,Yo), as
was assumed in GHT [16]. Similar to GLS [13], the entire
square field is partitioned into a grid as shown in Figure 1.
Four level-0 squares make up one level-1 square, four level-
1 squares make up one level-2 square, and so on. To avoid
overlap between two squares of the same size, a particu-
lar level-k square is part of one and only one level-(k + 1)
square. For simplicity, we assume that the field is perfectly
gridded, i.e., the field is a square of edge length L = 2"¢,
where £ is an integer. We will discuss how this restriction
can be relaxed in Section 5. Each node is preloaded with
L, ¢, and (Xo,Yp) upon which it can calculate the entire grid
structure.

At time 7', a mobile R uses a well-known hash function,
H(P,i,j,IDg) * to compute a location, Loy j(P(R,T),IDg)

1Griding effect” means that the source and destination nodes across
but close to the boundary of a high-level square may require the query to
travel many hops up to the common square containing both nodes. Both
GLS and DLSP-SN suffer from the griding effect, but DLSP does not.

2The hash function can be defined in many forms. For example, # =
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P(S) Location of a stationary sensor node §

1Dg ID of a mobile node R

P(R,T) Location of R at time T’

Sko(P) the level-k square in which P falls

Sk.j(P) 8 level-k neighbor squares adjacent to o Sgo(P)
where j=1,...,8

Ly j(P(R,T),IDg) The location that R picks in the square
Skﬂ,'(P(R,T)) at time 7'

LS j(P(R,T),IDg) | The level-k location server of mobile R in
Skj(P(R.T)), ie., the sensor node closest to
Ly ;(P(R,T),IDR)

L Edge length of the square field of interest

(X0, Y0) The location of the lower-left corner of the field

Z Edge length of level-k square is 2%¢

m The movement threshold of location update at
level-k location servers is 257¢

T The time threshold of location update at level-k
location servers is 2%t

I Per-hop latency, including transmis-
sion/retransmission time, and scheduling delay

P Per-hop progress; the average decrease of Eu-
clidean distance to the destination per hop

r Radio range

v Mobiles™ average speed

dist(Py,P) Distance between two locations, P; and P>

Table 1. Summary of notations

in each level-0 square So j(P(R,T)) (j=0,...,8). Using
the hash function, different mobile nodes are like to select
different sensor nodes as their location servers, so the work-
load as well as energy consumption is distributed. The sen-
sor node closest to this location is chosen as the mobile’s
level-0 location server, denoted as LSo j(P(R,T),IDg). A
neighbor square is omitted if it is out of the field bound-
ary. At level-1, R picks a location server from each of its
neighbor squares, 1 ;(P(R,T)). There is no location server
in 1 o(P(R,T)), as it has been fully covered by the level-0
location servers, and so on. The location servers at different
levels are updated at different rates. Suppose R has sent a
location update to level-k location servers at time 77. It will
then send the next update to the level-k servers at T + AT
if and only if dist(P(R,T),P(R,T +AT)) > 2k-™¢ (i.e. the
movement threshold) or AT > 2¥7 (i.e. the timeout). R sets
the lifetime of its location servers to be slightly greater than
AT = min(2*, Qk;mf). If a location server does not receive
a new update from the mobile R before this lifetime expires,
it is no longer a location server for R.

2.2 Processing of Location Queries

When a sensor node S sends a data message to R, it only
knows its own location and R’s ID, and encapsulates the

(e, Hy). Ho(Pi, j,IDR) = Cu(Pyi, j) + fu(IDR) - 2i0. Ce(P.d, j), the X axis
of the lower-left comer of S; j(#), can be calculated by Py, Xo, ¢, i, j, and .
fr(IDg) is a uniform function ranging between (0,1). Similar is Hy.

data into a location query. The query is first sent to a loca-
tion server, and then to R’s location found from the server.
This lookup-and-chase process is illustrated by an example
in Figures 2 and 3.

In Figure 2, S first assumes that R resides in Sp ;(P(S)) at
some time, Ty, i.e. R and § are in the same level-0 square or
two adjacent level-0 squares at Tp. Then So0(P(S),IDR) =
So,;(P(R,To),IDR). Hence, S sends the query to the sen-
sor node (Vy) closest to Loo(P(S),IDg). N; is not an
R’s location server, because it has not received any loca-
tion update from R or the R’s location information has ex-
pired. To explore the larger square S;o(P(S)), N1 sends
the query to N, i.e. the node closest to Ly o(P(S),/Dg),
and so on. Suppose the query eventually reaches a location
server, denoted as LS» o(P(S),IDg), which has the R’s loca-
tion at time T, denoted as P(R,T1). LS20(P(S),IDr) (.e.,
LS>4(P(R,T1),1Dg)) then sends the query to P(R,T1). This
process of looking up the location of, and chasing, a mobile
is called a round.

If R moves fast and if S and R are far apart, by the
time the location query reaches this location, R could have
moved too far away from P(R,T;) to receive the location
query. Then the query will be received by the node A clos-
est to P(R,T1). Unlike GLS, A does not maintain any for-
ward pointer under DLSP. Instead, it starts a new round. As
shown in Figure 3, the query first goes to the node N3 clos-
est to Loo(P(R,Th),1Dg), then to LS; o(P(R,T1),IDg) (ie.,
LS16(P(R,T2),IDg)), which has more recent R’s location,
P(R,T>). Finally, the query catches up with R near P(R,T2).

After receiving the query, R may decide whether or not
to send its location information to S, which caches the lo-
cation for later packets. In this paper, we intend to examine
the performance of location services in essence, and leave
it as future work how caching affects the performance of
location services.

3 Conditions for High Packet-Delivery Ratio

In this section, we first derive the condition for achieving
a high packet-delivery ratio under DLSP. Then, we discuss
how to configure the parameters of DLSP to make it scal-
able. We find that DLSP is scalable if the mobile’s speed
is lower than a certain fraction of the packet-transmission
speed, which depends on the movement threshold used.
Last, we present the condition for achieving a high packet-
delivery ratio in GHLS, and show that GHLS is not scalable.

3.1 Analysis of Conditions for High
Packet-Delivery Ratio under DLSP

Our analysis of DLSP consists of the base case and the
inductive step. The base case analyzes how a location query
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server in round i+ 1. To ensure the query makes progress
towards R, we need to satisfy

kivp <ki—1. (3)
Suppose the query gets R’s location, P(R,77) in round

and reaches P(R,T}) at time Tz’ . ki1 <k;— 1 holds if the
following inequality holds:

dist(P(R,T]),P(R,T3)) < 2%~ 1¢. ©)
Similar to Eq. (2), we get
1., 2kid
AT =T)-T] = E2%+2 D e (10)
So, we have
2kid

1.;
dist(P(R,T)),P(R,T{)) < 52197 +2 nv o (11)

In order to satisfy Eq. (8), we simply let %2ki[01_'+
ki _ Ly :
22%4,p < 257 1¢. Thatis,

= 5.08f, = q = 27
v P 2’;‘2 = lf N Sy (12)
24 3By < g ifp > T

Again, because of Eq. (4), Eq. (12) can be satisfied if

5
2"’"l’+-£t;,17§€. (13)
4

3.2 Configuration of Protocol Parameters
for DLSP

The above analysis provides some insights into what pa-
rameters affect the packet-delivery ratio and how they can
be configured to achieve the scalability of DLSP w.r.t. query
delivery.

3.2.1 Configuration of {

Consider the condition of the base case, Eq. (7), and that
of the inductive step, Eq. (13). The condition of the base
case is stronger than that of the inductive step if £ > 2r.
Moreover, both Eq. (7) and (13) are independent of the field
edge length, L. Therefore, as long as data can be delivered
within a small region (level-0 squares) of edge length £ >
2r, it can be delivered from an arbitrarily far away node. In
fact, ¢ should be set to 2r, because the overhead of location
updates increases as £ increases (in Section 4).

3.2.2 Configuration of m

In Eq. (7), 5—ft;lv is always a positive term since 2, is not

3.2.3 Limit of the Mobile’s Speed

FromEq. (7),ifm=1,7< 5—?;’% = 14-, which is onc-tenth
of the packet transmission speed. If the movement thresh-
old for location updates is smaller, the location updates are
more frequent, and a mobile node is allowed to move faster.
However, v < %;’i must always hold, and the speed can
never be greater than -q% So, the theoretic speed limit of
the mobile is one-fifth of the packet transmission speed, no
matter how frequently the location servers are updated.

3.3 Analysis of Conditions for
Packet-Delivery Ratio in GHLS

High

GHLS can be considered as a trivial case of DLSP, in
which ¢ = L. The analysis of GHLS is the same as that
of the base case in DLSP, except that dy ~ 0.5L because
the mobile node and its location server are considered two
random points in the L x L square.

Suppose the movement threshold for updating the loca-
tion server is vty < d. We need to satisfy

2L
d+ —p—rhv < 2r. (14)

Because #y, is nontrivial, Eq. (14) may not hold for large
networks and fast moving nodes, no matter how small d
might be. Therefore, GHLS is not scalable.

4 Analysis of Location-Service Overhead

In this scction, we first analyze the overhcad of loca-
tion updates under DLSP and then propose a design opti-
mization, called DLSP with a Selected Neighbor (DLSP-
SN) which makes a significant reduction of location-update
overhead.

4.1 Analysis of Location-Update Over-
head

Let U denote the total overhead of location updates, and
uy the overhead of updating a level-k location server. The
location-update frequency for the level-k location servers
is 1p = 2F19. The average distance between R and a level-
k location server (LSy j(P(R,T),IDg) is 1.27 - 2k¢, and the
average distance between R and the level-0 location server,
LSy o(P(R,T),IDg) is 0.5¢. Since there are at least 3 neigh-
bor squares at each level except the highest, we have

h—1

negligible. éo, m must be a positive -integer. Again, the T lz: 3. 1.27_21%1 + 0_5{,_1_

overhead of location updates is proportional to 2”* when the k=0 Tk Io

mobile’s speed is above the threshold. Theretore, m should ' 2my,

be set to 1, and the movement threshold is r. > (38h+05) ) 15)
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griding effect.

of GLS.

5.2.3 Query Path Length

The results plotted in Figure 13 are also from the same tests
for the query-delivery ratio. Due to the griding effect, the
query path length of DLSP-SN 1s 40 —45% longer than that
of DLSP in large networks.

In Figure 13, the query-path length of GHLS decreases
sharply beyond the mobile’s speed of 10m/s, because more
than 30% of the queries (most of them have a long path)
are dropped and thus not counted. Similarly, the query-path
lengths of DLSP and GLS decrease noticeably at 30 and
40m/s. These speed points are consistent with Figures 6,
8 and 9. Compared with GLS, DLSP-SN has a longer
query path, because DLSP-SN uses less location servers
than GLS. So, DLSP-SN suffers more from the griding ef-
fect. The results of smaller networks show the same trends
with smaller gaps.

6 Related Work

To our best knowledge, there has been no previous work
on location service in wireless sensor networks. A few loca-
tion service protocols have been proposed in MANETS. Das

curred by boundary-crossing.

et al. [5] categorizes these location services as flooding- or
rendezvous-based.

In the flooding-based approach, such as DREAM [3], a
mobile floods its location information to the nodes within a
certain hop limit determined by distance effect. A location
query is flooded towards the direction of the destination if
the location is not available. This approach does not scale
well due to the high overhead of flooding.

In the rendezvous-based approach, one or multiple loca-
tion servers are elected to store mobiles’ location informa-
tion. The mapping of the mobiles’ IDs to location servers
is pre-determined by the protocol. In XYLS [19], each
location update is sent to a set of nodes in a thick col-
umn, and each location query is propagated along a row
of nodes, which should intersect with the column. Then,
the intersected nodes send back the location to the source.
Twins [20], Home-Zone-Based Location Service [18], and
GHLS [5] all use hash functions to select a centralized loca-
tion server. In Twins (or Home-Zone-Based Location Ser-
vice), a home region (or a cluster) acts as the location server,
while GHLS picks only one node as the location server.

GLS [13], DLM [21], and HLS [10] are hierarchical lo-
cation service protocols. The differences between these pro-
tocols are as follows. GLS selects three location servers at
each level of grids, which results in a non-uniform distribu-
tion of location servers. Then, a location query travels up
the hierarchy by going to the node whose ID is closest to
the destination 1D within each level of squares. In DLM, a
location server is selected in each of level-m squares, and
a query is guided by the hierarchical address of the desti-
nation. In HLS, a mobile selects a responsible cell (RC) at
cach level of square it resides, and sends updates to every
RC. Then, a query is routed along the candidate tree, i.e.
the set of RCs for the destination mobile.

Das et al. [5] proposed a quantitative model and com-
pared the performance of XYLS, GLS, and GHLS. It is
shown that GHLS beats XYLS and GHLS w.r.t. both update
overhead and packet-delivery ratio. The most important
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conclusion is that GLS asymptotically scales better but suf-
fers from very heavy location-update overhead, and GHLS
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