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ABSTRACT

We develop several methods for scheduling location-dependent
queries when clients cross cell boundaries in a multi-cell

wireless environment. Our study s based on a common sce-

nario where data objects are stationary while clients, which

issue the queries, are mobile. For query processing, we use

Voronot Diagrams to construct an indexr and a semantic

cache for improving data reusability. For handoff clients,

we propose three scheduling methods, namely, the priority

method, the intelligent method, and the hybrid method to

improve performance. A simulation is conducted to study

the performance of the methods.

Keywords: location-dependent query, semantic cache, hand-

off
1. INTRODUCTION

The advance of the wireless network and the popularity
of portable devices have fueled the development of mobile
computing and made it one of the hottest topics in academia
and industry. Among numerous fields of mobile computing,
location-dependent queries (LD@s) have obtained much at-
tention in recent years due to the mobility of clients [1].
LDQ@s are queries whose answers depend on the locations
of the clients that issue them. Our current research focuses
on indexing, semantic caching, and the corresponding cache
invalidation strategies in a multi-cell environment. There-
fore, we have to address the handoff problem. In a mobile
computing environment, a cell is covered by a base station.
Mobile clients use the wireless network to connect to the
base station and the objects in the cell. The handoff prob-
lem occurs when a client leaves a cell before it receives a
response from the server. Since handoff clients would have
been waiting in the original cell for a while, the waiting time
in the new cell needs to be shortened in order to maintain a
reasonable total waiting time for handoff clients. In our pre-
vious paper on location-dependent queries [7], we studied ef-
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ficient query-processing methods in a singe-cell environment
and so did not take handoff into account.

According to the mobility of clients and the queried ob-
jects, queries can be categorized into three types, namely,
mobile clients querying static objects, stationary clients query-
ing moving objects, and mobile clients querying mobile ob-
jects. Here clients is used to denote mobile computers sub-
mitting the queries and objects means all the candidates of
the answer set. Most, if not all, LD@s can be classified into
one of the three types. We can analyze each type separately
to define the scenario clearly and simplify the problem. Our
work focuses on the first type because, to the best of our
knowledge, no previous research has been done on the first
type of query. Furthermore, research on the second type has
already been done [3, 4], and research on the third type can
be simplified if solutions to the first two types have been
found.

In the rest of this paper, Section 2 introduces our ideas
about processing queries in a single cell environment. Three
different scheduling methods are presented in Section 3 to
handle the handoff problem. The simulation result is given
in Section 4. Finally, the summary and future work are
presented in Section 5.

2. QUERY PROCESSING INASINGLECELL

From the examples in the previous section, we can learn
that nearest-neighbor queries are very useful in many sit-
uations, such as cars looking for a gas station, urgent pa-
tients looking for the nearest hospital, hungry tourists look-
ing for the nearest restaurant, and strangers looking for a
public service, to name but a few. Motivated by these needs,
we develop a method for retrieving the nearest services effi-
ciently in a multi-cell mobile environment. One assumption
we make in this paper is that the location of a client is known
(e.g., from GPS). When a user issues a query, its location,
current velocity, and the current time are also submitted to
the server.

Our idea is to use Voronoi Diagrams (VD) to index the
nearest-neighbor information of the data objects. A VD
records information about what is close to what. Thus, it is
naturally suitable for nearest neighbor searching. Let P =
{p1,p2,--- ,pn} be a set of points in the plane (or in any
dimensional space), each of which we call a site. Define
V(pi), the Voronoi cell for p;, as the set of the points ¢ in
the plane such that dist(q,p;) < dist(q,p;). That is, the
Voronoi cell for p; consists of the set of points for which p;



Figure 2: Semantic Caches in Voronoi Diagrams

is the unique nearest neighbor to ¢:V(p;) = {q|dist(g,p;) <
dist(q,p;),Vj # i}. Figure 1 is an example, in which O; is
the nearest neighbor of any points in the shaded area Area.

Since VD is a traditional data structure in computational
geometry, efficient structures to store the V.D and point lo-
cation methods to locate the point are available. Only a
brief description has been included in this paper since it has
been described in detail in our previous paper [7]. One thing
different from the previous paper [7] is the construction of
the VD in a multi-cell environment. If each cell only con-
structs the corresponding VD according to the sites within
its cell, the V.D may return incorrect results to the clients
near the boundary of the cell when the real nearest neigh-
bor of the clients is outside of the cell’s coverage. In order
to prevent this from happening, the base station needs to
communicate with the base stations in neighboring cells to
obtain the sites which are just outside its boundary.

For the scenario of finding the nearest restaurant, the
restaurants are the fixed sites and the mobile clients are
the points needing to be located. Once the mobile client is
located in one area, the unique fixed site of this region is the
answer. An advantage of this type of query is that all the ser-
vices are fixed and only change occasionally. Furthermore,
the location information of the services is available before
query submission, so some preprocessing can be performed
in advance. Rather than storing the answer to the current
query in its local cache, we use a semantic cache which stores
not only the frequently used data but also the semantic de-
scription of the data [2, 5]. In our scenario, the semantic
information includes not only the description but also the
invalidation information about the answer. The Mazimal
Valid Circle (MVC) is a circle centered at the client’s cur-
rent location with a maximal radius to keep the whole circle
within the wvoronoi cell of this site. Figure 2 depicts an ex-
ample where the dash line represents the trajectory of the

client p and the circle around p is the MVC. Here we deploy
two different schemes to compute the radius of the MVC
and to provide prediction of the next nearest neighbor.

e According to the current velocity and the length of the
trajectory within the region of this site, we can predict
the time when the client will cross this region and also
locate the next nearest site. As shown in Figure 2,
the length of the dash line divided by the client’s cur-
rent speed is the valid time interval of this answer O;.
After this interval, the next site, O4, will be the cor-
rect answer. As such, an answer like < 01,2,04 >
will be transmitted to the client, where two seconds is
the valid time interval. One drawback is that any up-
date to the client’s velocity within the predicted valid
period will make the prediction invalid. A way of pre-
venting any false prediction is to resubmit the query
when the client changes velocity, but this will obvi-
ously incur a high overhead.

e The other way is to use the maximal speed of the client
rather than the current velocity. Here, the radius of
the MVC is used because the client needs to travel
this distance at least to leave the current voronoi cell.
This distance divided by the client’s maximal speed is
the time interval during which the current answer is
guaranteed to be valid. Using this scheme, changes to
the client’s speed need not be considered, but the price
is no prediction since we use the maximal speed rather
than the client’s current velocity.

In summary, the following steps will be taken by both
the client and the server to answer a query. First the client
checks its local cache, only when a cache miss happens would
the client submit the query to the server. The query will also
include the location and current velocity of the client and
the timestamp. Then, based on the VD, the server locates
the voronoi cell containing the client and also computes the
MV(C’s radius. When the client receives the results from
the server, it inserts the center and radius of the MVC and
the respected service object in its cache as a cached record,
and finishes the query. Here, we adopt the first scheme to
provide prediction. If the second scheme that can guarantee
the valid duration is employed, the maximal speed rather
than the current velocity of the client is used.

3. HANDOFFINAMULTI-CELL ENVIRON
MENT

In a single-cell environment, the above steps can handle
the query perfectly, but in a multi-cell environment, the
problem of handoff has to be considered. How to provide fast
service to the handoff clients is the main consideration of our
work in this paper. We propose several scheduling strate-
gies by which the server can schedule the queries from the
clients. We assume that the client can detect the time that
it departs the current cell and enters another cell and then
inform the server of this transition. In order to make a clear
comparison among different schemes, we use cross number
to denote the number of clients that have not received the
response from the server before leaving the current cell, and
recross number to identify the number of handoff clients that
still have not received service before leaving the new cell.

Naive Method If the client enters a new cell before it
gets a response from the original server, it resubmits the



same query to the new server. For the server, just before
answering a query, it checks if the client is still in its cell.
If not, the query is dropped. The advantage of this method
is the simplicity of implementation. However, this method
makes the waiting time of the handoff clients a little longer
and may cause impatient clients to lose their interest in the
queries.

Priority Method This method gives the handoff clients
higher priority than the normal clients. Clients act in a simi-
lar manner as they do in the previous method, but the server
answers queries from handoff clients first. Therefore, the
waiting time of normal clients is lengthened. Consequently,
we can expect that the recross number is decreased while the
cross number is increased. This is because the cost of short-
ening the waiting time of handoff clients is to make normal
clients wait longer. The trade-off must be considered. It can
be controlled by limiting the percentage of handoff clients
that can receive high priority; for example, 50 percent. The
optimal value depends on the applications. In a situation
where most clients are patient, the recross number is impor-
tant since fairness is taken into consideration. When most
clients are impatient, we can assume crossed clients have a
higher possibility of losing interest, hence reducing the cross
number is more reasonable.

Intelligent Method When a query is submitted, the
client also computes the expected time of leaving the cur-
rent cell. Given a reasonable threshold, clients which are
expected to leave this cell soon would have their queries
answered immediately. Other clients are treated as in the
naive method. The advantage of this method is that some
clients near the border would get a quick service. For normal
clients, however the waiting time will be longer compared to
that of the naive method and handoff clients win no bonus
here.

Hybrid Method This is a mixture of the above two
methods. Actually, the priority and intelligent methods are
two different ways of improving performance. The priority
mode pays attention to handoff clients, making their wait-
ing time shorter than that of normal clients. This is to
compensate the handoff clients which had already waited in
the previous cell. The intelligent mode is a preventive ap-
proach. It services the clients that are most likely to handoff
first in order to prevent them from going into the handoff
mode. Although the combination of these two schemes is
very attractive, the cost of this method is to increase the
average waiting time of normal clients.

4. PERFORMANCE EVALUATION

Since the implementation environment is multi-cell, we
assume that a cell crosses several sites. Otherwise, if there
is only one site in one cell, the nearest neighbor problem
becomes trivial.

In order to simplify the implementation of the simulation,
we use a closed model and assume that nearly all the cells
are in a steady state. Once we decide the ratio of the nor-
mal clients to handoff clients, the probability that a client
is a handoff client can be determined. HandoffPart is the
ratio of the number of handoff clients to the total number
of clients in a cell. In the priority method, PriorityPart is
used to identify the percentage of the handoff clients that
are given higher priority. In the intelligent method, Urgen-
tRequest represents the time threshold that once a client is
expected to leave the cell within this time threshold, the an-

swering of its request should be given a higher priority. Ta-
ble 1 gives a complete description of the parameter setting.
Furthermore, in our simulation, all the clients have a se-
mantic cache using Area’ as the cache replacement scheme.
The Area method replaces the cached data that have the
smallest MVC when the cache is full.

Parameter Description Setting
PriorityPart percentage of the hand- | 0.0 — 1.0
off clients that have
higher priority
HandoffPart percentage of the total | 0.0 — 1.2
clients that are handoff
clients
UrgentRequest the time limitation of | 10.0
one request that should
be answered quickly
ServNum No. of service objects 70
RegionArea the area of the cell region | 10 x 10°
(unit: m)
Max_Speed the maximal speed of the | 10
client (unit :m/s)
ServiceTime the time server used to | 1.0

answer one query and
also send the request

Max_ThinkTime | the maximal time dura- | 20.0
tion between one client’s
receiving the answer to
the original query and
sending out the next re-

quest

CacheSize the size of the client’s | 10
cache

ClientNum the average number of | 1000

clients in one cell

Table 1: Simulation Model Setting

We use CSIM [6] to implement our simulation. A server
is implemented as a process. It answers the queries submit-
ted by the clients according to different scheduling schemes.
If there are some queries waiting for an answer, the server
provides the service. Otherwise it just remains idle. The
clients are also implemented as processes. They submit a
query and then wait for a response from the server. Before
they get the answer, they will not issue a new request. Once
a client gets the answer, it will think for a while. The maxi-
mal think time is denoted as the parameter Max_ThinkTime.
Since we use a closed model in the simulation, the number of
clients in one cell is determined. Given HandoffPart, every
newly-created client has a probability of HandoffPart to be
a handoff client. If a client crosses the border, it is deleted
and a new client within this cell is produced randomly. De-
tails of the construction of VD and the data structures can
be found in our previous paper [7] and will not be repeated
here due to limitation of space. Below, we will show the
results of different parameter settings and also discuss the
observations we made from the results. The model param-
eters, unless specified otherwise, are initialized according to

'In the previous paper [7], we have developed three different
cache replacement schemes. A detailed description and a
performance comparison can be found in that paper.
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Table 1, with PriorityPart equaling 0.3 and HandoffPart
equaling 0.2.

A General Comparison of Different Methods Fig-
ure 3 shows the waiting time of the handoff clients in a new
cell without considering the waiting time in the original cell.
Figure 4 shows the average waiting time of normal clients
in a cell. Figures 5 and 6 show the cross number and re-
cross number compared with the naive method. If we take
the naive method as the baseline, the priority method can
reduce the waiting time of the handoff clients in the new cell
and so decrease the recross number. However, when there
are numerous handoff clients in one cell, e.g., when Hand-
off Part is 0.8, this method loses its advantage. The reason
for this is that when nearly all the clients are in handoff
mode, giving them higher priority gains no benefit. The
difference resulting from different PriorityPart settings will
be analyzed later. For the intelligent method, the obvious
gain is the reduction of the cross number. Since it gives a
bonus to the urgent clients that will leave the cell soon, the
handoff clients are not considered a priority unless they are
also urgent clients. Therefore, the waiting time for handoff
clients is a little bit longer than in the naive method. Com-
bining the advantages of both methods, the hybrid method
can result in a better performance than either one. It gives
priority to both handoff clients and urgent clients, while the
price of doing this is the delayed service of normal clients.
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The recross number compared with the

Therefore, the cross number is increased. In a later dis-
cussion, we will analyze the different levels of performance
caused by various compositions.

Priority method Intuitively, increasing PriorityPart
can reduce the waiting time of handoff clients, while the
increase is not monotonous from the results of experiments.
When a small number of clients are in a handoff state, the
bigger the PriorityPart, the shorter the waiting time for
handoff clients and the smaller the recross number, while
the waiting time for normal clients becomes longer. When
clients have a high chance of being in a handoff state, the
situation is different. For example, when HandoffPart is
0.5, the shortest waiting time for handoff clients is achieved
when PriorityPart is between 0.8 and 0.85, rather than 1.0.
Whether there is an analytical model for the optimization
problem is an interesting question to be explored. Another
problem of this mode is the longer waiting time of normal
clients, especially the huge variance of the average waiting
time. For instance, when HandoffPart is 0.5 and Priority-
Part is set to 0.8, the average waiting time is about 1615
and the variance is nearly 4.6 x 10°. This shows the un-
steadiness of the performance that we should avoid in real
applications.

Hybrid method Generally, this integrated method works



best. Since both PriorityPart and UrgentRequest can affect
the performance, different settings can get different results.
From the results, one can find that the performance varia-
tion under this method is very obvious, due to the mutual
impacts among the parameters. Because no result can out-
perform all others in all situations, the evaluation of the
performance is a problem. One solution is to use a func-
tion to evaluate gains of different settings. If we set aver-
age waiting time of normal clients, waiting time of handoff
clients, the recross number, and the cross number as per-
formance criterion, a possible function is as follows: P =
aX Waitnormal +ﬁ X Waithandoff +’Y X N'rec’ross +0 X Nc’ross .
Since different parameters have various quantities, the ra-
tios to thresholds rather than the real values are reasonable.
Here, a, 3, v, and 6 denote the weight of different perfor-
mance criteria, depending on the different applications. The
appropriate setting is still under investigation.

5. CONCLUSION AND FUTURE WORK

In this paper, we have introduced the basic ideas about
how to answer Location-Dependent Queries in a multi-cell
environment. Three scheduling methods have been described
for handling handoffs in such an environment. If an appli-
cation does not pay special attention to handoff clients, the
naive method can be used. The priority method reduces
the waiting time for handoff clients in the new cell and the
intelligent method services urgent clients first in order to
prevent them from entering the handoff state, while the hy-
brid method combines the advantages of both methods in
order to get better trade-off in performance. Although we
have done preliminary work in this area, there is a lot that
needs further investigation.

In this paper, we identity the optimization problem as
our next direction. Another target is how to set the param-
eters according to different application requirements. The
impacts caused by varying parameters are currently being
studied. Also, the impacts of various distributions of service
sites and the scalability of the methods with large number
of clients need further study.
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