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Client-Side Caching for Nearest Neighbor Queries

Kwangjin Park and Chong-Sun Hwang

Abstract: The Voronoi diagram (VD) is the most suitable mecha-
nism to find the nearest neighbor (NN) for mobile clients. In NN
query processing, it is important to reduce the query response time,
since a late query response may contain out-of-date information.
In this paper, we study the issue of location dependent information
services (LDISs) using a VD. To begin our study, we first intro-
duce a broadcast-based spatial query processing methods designed
to support NN query processing. In further sections, we introduce a
generic method for location-dependent sequential prefetching and
caching. The performance of this scheme is studied in different
simulated environments. The core contribution of this research,
resides in our analytical proof and experimental results.

Index Terms: Data caching, energy conservation, geographical in-
formation systems.

I. INTRODUCTION

Over the last two decades, several studies have been con-
ducted with emphasis on spatial database processing. Location-
dependent information services (LDISs) is one of the applica-
tions which is gaining increasing attention. LDISs represent
new innovating ways to satisfy customer needs, such as traffic
reports, hotel information and weather broadcasts [1]. A core
concept of LDISs is the NN query, which retrieves the data clos-
est to a query point [2].

In broadcast environments, the server continuously sends data
to the clients, without the any specific client having to send an
actual request. Any number of clients can monitor and retrieve
data from the broadcast. Therefore, the client is responsible for
filtering specific desirable data. If the data is efficiently orga-
nized to represent the needs of the clients, such a scheme makes
effective use of low wireless bandwidth and is ideal for achiev-
ing maximum scalability. Two key requirements for data access
in wireless environments are power conservation and the mini-
mization of client waiting time. In push-based systems, the mo-
bile clients must wait until the server broadcasts the desired data.
In this case, the client waiting time is determined by the overall
usage of the broadcast data channel [3]. A technique used to
address this issue, called air indexing, operates by interleaving
indexing information among the broadcast data items. At the
same time, the client device can reduce its battery power con-
sumption through the use of selective tuning [4], [5]. The air
indexing technique can be evaluated in terms of the following
factors. First, access time (AT): The average time elapsed from
the moment a user issues a query to the client to the moment
when the required data item is received by the client. Second,
tuning time (TT): The amount of time spent by a client listening
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to the channel. Then, AT consists of two separate components,
namely: probe wait: The average duration for getting to the next
index segment. If we assume that the distance between two con-
secutive index segment is L, then the probe wait is L/2. Bcast
wait: The average duration from the moment the index segment
is encountered to the moment when the required data item is
downloaded. AT is the sum of the probe wait and Bcast wait,
and these two factors work against each other [4], [5].

In general, the fastest access time in a broadcast cycle is ob-
tained when there is no index, however, this increases the 77.
The number of indices in the broadcast cycle has to be opti-
mized by taking into consideration the trade off between the TT
and the AT. Consequently, in order to achieve efficient indexing
on air, it is necessary to simultaneously minimize both the 77T
and the AT. A mobile environment, in addition to the active us-
age time, energy consumption can also be influenced by sleep
duration, since the client also consumes battery power while it
stays in doze mode. Several studies have been conducted relat-
ing to reducing energy consumption, most of them have focused
on reducing the client’s funing time. However, little attention
has been given consideting the access time for energy consump-
tion. This point will be examined further.

Fig. 1 shows the example of the (1,m) indexing technique.
This figure shows an example of the client attempting to down-
load data item 9 from the wireless broadcast channel. The client
first tunes the data item 3 and obtains the pointer to the next oc-
currence of the index segment from the data item 3, since each
data item has the offset to the beginning of the next index seg-
ment [5]. The client switches to doze mode until the next index
segment arrives. The client tunes and accesses the index seg-
ment to find out when to tune into the broadcast channel to get
the required data item. Then, switches to doze mode until the
desired data item arrives. Finally, the client tunes to the channel
and downloads the data item 9. The (1, m) index scheme uses
indices to conserve battery power. However, this method has
the worst possible latency, because even if the desired data is
just in front of them, the clients have to wait until the beginning
of the next broadcast cycle, as shown in the Fig. 1. Therefore,
we conclude that the existing indexing methods are unsuitable
for LDISs.

In a recent paper [6], we proposed the concept of data sorting
for broadcasting called the broadcast-based location dependent
data delivery scheme (BBS). Preliminary simulation-based re-
sults showed that the BBS significantly reduces the AT. In this
paper, we attempt to reduce both the 77 and AT in the wire-
less mobile computing environment. After pointing out the lim-
itations of the existing indexing schemes, we present various
schemes that can overcome these problems. We believe this
is the first work in which NN query processing without an in-
dex segment is proposed, providing the optimum access time.
Throughout this paper, we assume that the data objects are in 2-
dimensional space and are static, such as restaurants, hospitals,

1229-2370/05/$10.00 (© 2005 KICS



418 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 7, NO. 4, DECEMBER 2005

Active mode Doze mode

Active mode

— R e

Doze mode  Active mode

P y

Previous
broadcast

Next
broadcast

Data segment

Fig. 1. Data and index organization.

* .
»
.P
. .
*

Fig. 2. All the points in the polygon have the same NN, namely, point p.

and hotels. The mobile clients can identify their locations using
systems such as the global positioning system (GPS).

II. RELATED WORK

Spatial databases have been studied extensively during the
last two decades, from this research, several spatial access meth-
ods have been proposed. In this section, we provide some back-
ground on the location model, caching models and air index
schemes, which we adapt in this study.

A. Voronoi Diagrams (VDs)

VDs are fundamental tools used to express the proximity of
geometric objects. The VD divides a space into disjoint poly-
gons where the nearest neighbor of any point inside a polygon
is the generator of the polygon. The VD for n objects on a
plane can be constructed at O(n log n) complexity using a sim-
ple sweep algorithm. However, the maintenance cost is high,
especially for high dimensional space or moving objects, thus
hindering the application of the VD structure for complex and
dynamic data sets [7]. Let N := A{n1, no,---, n,} be a set
of n distinct objects in the map. We define the V (p) as the sub-
division of the map into p cells, one for each site in N, with the
property that a point ¢ lies in the cell corresponding to a site pi,
if and only if dist (g,pi) < dist (g,pj) for each pj € N with
j # i. Fig. 2 shows an example of VD for NN searching.

The general definition of the Voronoi cell (VC) of a point in
the d-dimensional space ®¢ follows.

Theorem 1: If n is a d-dimensional point, N is a set of n
points in the d-dimensional space R, then V(p), the VC of the
point n given set NV, is defined as the unique convex polygon

which contains all the points in the set V(p)

V(pi) = {g e R? |V pi € N, dist (q, pi) < dist (q, pj)}
where j #1. (1)

B. Caching Methods for LDISs

The client’s cache stores frequently accessed information so
that queries can be answered without connecting to a server.
However, frequent disconnection and the natural mobility of
clients may cause cache inconsistency. In [1], authors stud-
ied the cache coherency issues in the context of LDISs and
proposed several cache invalidation schemes. For location de-
pendent invalidation, authors propose bit vector with compres-
sion, grouped bit vector with compression, and implicit scope
information methods. In this paper, authors separate location-
dependent data corruption from traditional cache corruption. In
[8], authors present an indexing and semantic cache method for
location dependent queries based on the VDs. In this method,
VDs are used to preprocess the data in order to answer location-
dependent queries quickly, and a semantic cache to validate the
answer. They also present three cache replacement schemes
based mainly on the size of the area, and distance between two
centers of the cached data.

C. Air Index Replication Scheme

In [9], authors present three energy-efficient index replication
approaches, FL,, NL, and SL, that are based on three criteria:
Accessibility, energy efficiency, and adjacency. In the forward
link (FL) approach, authors use forward address. The forward
address means that it is the address in the next broadcast rather
than that in the current broadcast. The nephew link (NL) ap-
proach adopts nephews as link pointers when replicating control
index buckets. The nephew of a control index is the children of
its next sibling. The sibling link (SL) approach uses the pointers
to the sibling nodes instead of inaccessible ones. The proposed
schemes reduce the waste of index space on wireless channel
and gives tuning time reduction. The main contributions of our
work can be summarized as follows.

e A new broadcast structure based on the data distribution for
the NN query processing is proposed.

o The client can perform the NN query processing without an
index segment. In this case, the best access time is obtained,
since no index is broadcast along with the file [10].

+ The proposed schemes help the clients to selectively tune
only relevant data items, without an index segment.
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Fig. 3. An example of horizontal broadcast.

o The performance of the proposed schemes is investigated by
an analytic and simulation study, representing different en-
vironments.

We believe this is the first groundbreaking work on support-
ing energy efficient NN query processing considering both the
client’s funing time and sleep time.

1. VD-BASED INDEXING FOR NN SEARCH

In this section, we first introduce the broadcast-based LDIS
scheme (BBS) [6]. Then, we describe the VD-based energy ef-
ficient selective tuning method. Finally, we present adjacency
data prefetching and caching methods in a way with the aim of
reducing the client’s access time and energy consumption.

A. Broadcast Sequence for NN Search

In a recent paper [6], we have proposed the concept of data
sorting for broadcasting called broadcast-based location depen-
dent data delivery scheme (BBS). In the BBS method, the server
periodically broadcasts the IDs and coordinates of the data ob-
jects, without an index segment, to the clients, and these broad-
casted data objects are sorted sequentially, according to the lo-
cation of the data objects, before being sent to the clients. In this
method, since the data objects broadcasted by the server are se-
quentially ordered based on their location, it is not necessary for
the client to wait for the index segment, if the desired data ob-
ject is able to be identified before the associated index segment
has arrived. In this method, the structure of the broadcast affects
the distribution of the data object. The BBS provides the fastest
access time, since no index is broadcasted along with the data
and thus, the size of the entire broadcast cycle is minimized. A
preliminary simulation-based results showed that BBS is signif-
icantly reduced the AT.

A simple sequential broadcast can be generated by linearizing
the two dimensional coordinates in two different ways, i.e., hor-
izontal broadcasting (HB) or vertical broadcasting (VB). In HB,
the server broadcasts the location dependent data (LDD) in hor-
izontal order, that is, from the leftmost coordinate to the right-
most coordinate. On the other hand, in VB, the server broadcasts
the LDD in vertical order, that is, from the bottom coordinate
to the top coordinate. In this paper, we assume that the server
broadcasts the data objects using HB.

Definitions of symbols and parameters:
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e 5: Server data set.

e T;: Boundary lines of the current broadcast data object.

o T:SetofT;.

e (;: Broadcast data object, where O; € S.

e . Current broadcast data object (initially O, regarded as
NN), where O, € S.

e Opp: Data object of FP.

o Oy: The client’s first tuned data item in the broadcast chan-
nel.

o Data_first: The server’s first broadcast data item in the
current broadcast cycle.

o T'S: Safe nearest boundary line on the left-hand side of the
¢, where (z-coordinate of T'S) < (z-coordinate of nearest
boundary line on the left-hand side of the ¢).

Lemma 1: While the data objects are sequentially broad-
casted in horizontal order, from the leftmost coordinate to the
rightmost coordinate, if O, = O; and dist ((z-coordinate of
0O;), (z-coordinate of q)} > dist (candidate for the nearest data
object, ¢), then O; and the rest of the broadcast data objects are
located outside the NN range.

Proof: Consider the example in Fig. 3. Given a query point

‘g’, let the candidate for the nearest data object be the object ‘e’

and O, be the object *f°. If dist ((z-coordinate of the object

‘f"), (z-coordinate of ‘q’)) > dist (‘e’,’q’), then the objects

‘f* and ‘g’ are located outside the NN range and thus the client

stops tuning the broadcast channel and selects the object ‘e’ as

the NN. a

B. VD-Based Energy Efficient Selective Tuning

Previous index schemes use an index to conserve battery
power consumption. By replicating for index m times, the wait-
ing time for reaching the root node of a forthcoming index seg-
ment can be reduced. However, this method has the worst possi-
ble latency because clients have to wait until the beginning of the
next broadcast cycle, even if the desired data is just in front of
them [5]. In addition, if a user’s location changes, the previous
result may expired. Hence, the client has to tune the broadcast
channel repeatedly while it moves. We conclude that existing in-
dexing methods are unsuitable for LDISs. With the BBS scheme
[6], the client can significantly reduce the average access time,
since it eliminates the probe wait time for the clients. However,
tuning time may increase, since the client has to tune the broad-
cast channel until the desire data item is arrived. In the previ-
ous index schemes [4], [5], each data item contains a pointer to
the next occurrence of the index segment and additionally, every
data item contains a pointer to the next data item that is the same
value of the attribute [5], [11]. In our scheme, all data items con-
tain pointers that contain 1Ds, locations and arrival times of the
data items to be broadcast afterward. In this section, we present
an energy efficient scheme under the BBS environment namely,
exponential sequence scheme (ESS) with the VD method. The
VCs can be used to find out NN. The present scheme provides
the ability to selective tune the clients and therefore helps reduce
the client’s tuning time.

B.1 Exponential Sequence Scheme (ESS)

In this section, we present a selective tuning method for use
in the BBS environment. In this method, the client uses expo-
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Step 1 (at T1)
FP: 01={02, 04, 08, 016, 032}

Step 2 (at T2)

FP: 016={017, 019, 023, 031}
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Step 3 (at T3)
FP: 023={024, 026, 030}

A
-
[

Broadcast sequence = {01, 02, 03, 04, 05, 06, 07,08, . . ., 032}

Fig. 4. An example of exponential sequence scheme.

nential pointers from each data item for the purpose of reducing
energy consumption. The server broadcasts data items and each
data item contains the following information.

o It’s ID and Voronoi edge (VE: Vertex pointers).

o Initial pointer (IP): Arrival time of the first broadcast data
item for the next broadcast cycle.

e Forward pointer (FP): IDs, it’s VE and arrival times of the
data items that will be broadcasted at T;. T = Y18V T,
from the each data item, where N be the number of data
items and e be exponent value (e.g., if ¢ = 2, the data item
1 bas the following IDs and related information: The data
items located in 02, O4, 08, 016, and 032 (see Fig. 4)).

The client obtains the IDs, VEs, location information and FP

from the initial data object obtained at the broadcast channel. -

Then, it checks the VEs of the current data item and FP in order
to find out the object that contains query point ¢ within the VC.
In other words, the client checks VC of Oy and Opp, in order
to find out NN. If there is no data object that contains query

point ¢ within the cell, then it switches to doze mode until the.

desired data item appears on the broadcast channel. The client
repeatedly switches between the doze and wake up modes until
it retrieves the NN.

Definition 1: A data object O; is regarded as NN, if VC of
O; contains query point g.
Let us consider the example in Fig. 4. We assume that the server
broadcasts the data objects using HB. In HB, the server broad-
casts the data in horizontal order, that is, from the leftmost co-
ordinate to the rightmost coordinate. The following summarizes
the steps taken by the client to process the NN search by using
the FP, '
Step 1: The client tunes into the broadcast channel at T1 and ob-
tains the following FP: ID={2, 4, 8, 16, 32}, their arrival times
and VEs from data item O1. Then the client checks the VEs of
each date object O1, 02, 04, 08, 016, and 032 in order to find
out the VC that contains query point g (see Definition 1).
Action: Since O1, 02, 04, 08, 016, and 032 does not contain
the query point g, the client switches to doze mode and sleeps
until the nearest data object on the left-hand side of the query
point ¢ up to the present time (i.e., O16) has appeared on the
broadcast channel.

Step 2: The client wakes up and tunes into the broadcast chan-
nel at T2 and obtains the following FP: ID={17, 19, 23, 31},
their arrival times and VEs from data item O16. Then the client
checks the VEs of each date object 016, 017, 019, 023, and
031 in order to find out the VC that contains query point q.
Action: Since 016, O17, 019, 023, and O31 does not contain
the query point ¢, the client switches to doze mode and sleeps
until the nearest data object on the left-hand side of the query
point ¢ up to the present time (i.e., O23) has appeared on the
broadcast channel.

Step 3: The client wakes up and tunes into the broadcast channel
at T3 and obtains the following FP: ID={24, 26, 30}, their ar-
rival times and VEs from data item O23. Then the client checks
the VEs of each date object 023, 024, 026, and O30 in order
to find out the VC that contains query point q.

Action: Since VC of 026 contains the query point g, the client
stops selective tuning and returns 026 as the NN.

Fig. 5 shows the example of the client’s selective tuning.

B.2 Safety Boundary Line

The problem that we have to consider is the case of the miss-
ing NN. Let us consider the case where the server broadcasts
data items using ESS and the client starts to tune to the broad-
cast channel at T1 (see Fig. 6). Now, the client obtains the fol-
lowing FP: ID={2, 4, 8, 16, 32} from data item O1 at T1. Af-
ter the client obtains the FP from data item O1, it switches to
doze mode and wakes up at TS, since T35 is the nearest bound-
ary line on the left-hand side of the ¢ up to the present time.
However, .in this case, the client misses the NN (O15), even
though O15 is the nearest data object from the query point g.
That is, while the server broadcasts data items in horizontal or-
der, if dist (z-coordinate of O;, z-coordinate of q) < dist (data
object of (nearest boundary line on the left-hand side of the ¢),
q), where x-coordinate of O; < z-coordinate of data object of
(nearest boundary line on the left-hand side of the ¢) (data ob-
ject of nearest boundary line on the left-hand side of the ¢), then
the client cannot guarantee that it does not miss the NN in the
current broadcast cycle, In order to prevent the above problem
from arising, the client must check for the following condition.

Lemma 2: To guarantee that the client does not miss the NN,
the dist (z-coordinate of T'S, z-coordinate of ¢} must be longer
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Fig. 5. An example of the client’s selective tuning.

than dist (data object of nearest boundary line on the left-hand
side of the q, q).

Proof: While the server is broadcasting the data objects
sequentially, from the leftmost data object to the rightmost data
object, if the client tunes to the data item before 7S, where
dist (z-coordinate of T'S, z-coordinate of ¢) (see Fig. 6: dist
A) > dist (data object of nearest boundary line on the left-hand
side of the ¢ (e.g., O16), q) (see Fig. 6: dist B), the client misses
any NN. For example, let the client start to tune to the broad-
cast channel at T4 (see Fig. 6). Since dist (x-coordinate of T4,
z-coordinate of g) is longer than dist (data object of nearest
boundary line on the left-hand side of the g, g), any data object
whose z-coordinate is T4 or less cannot be the NN. Thus, if the
client starts tune the broadcast channel at 7'S or before T'S, it
misses any NN that meets this condition. O

Lemma 3: If dist (z-coordinate of Oy , z-coordinate of
q) < dist (data object of nearest boundary line on the left-hand
side of the g, ¢), then the client cannot guarantee that it does not
miss the NN in the current broadcast cycle.

Proof: Let the client begin to tune at time T5 (see Fig. 6).
At T5, O, = 016 and query point g does not belong to VC of
016. Now, O16 is the currently nearest object from the query
point g. Next, O, = 017 and the query point ¢ does not belong
to VC of O17. Now, (016 is the currently nearest object from
query point g, since dist (016, q) < dist (017, g). Next, O, =
(018 and the query point ¢ does not belong to VC of O18. Now,
016 is currently the nearest object from the query point g, since
dist (016, q) < dist (018, q). Next, O, = O19 and the query
point g does not belong to VC of 019. Now, 016 is the currently
nearest object from the query point g, since dist (O16,q) <
dist (O19,q). Then, the client stops tuning to the broadcast
channel, since dist (016, q) < dist (z-coordinate of 019, z-
coordinate of q) (see Lemma 1). However, the client could not
return 016 as the NN, since the query point ¢ dose not belong
to VC of O16. Thus, the client fails to retrieve the NN. 0O

Theorem 2: While the data objects are sequentially broad-
casted in horizontal order, from the leftmost coordinate to the
rightmost coordinate, if z-coordinate of Oy > z-coordinate of
g, then the client cannot guarantee that it dose not miss NN in
the current broadcast cycle.

The client uses following algorithm to find out NN

Algorithm 1. the client algorithm used to identify the nearest object

Input: locations of the clients and the data objects;
QOutput: NN;
Procedure:

’7

1: do {

2:read O;

3:  if (x-coordinate of Oy > z-coordinate of g and O # Data_first)

4: then switch to doze mode until Data_first comes
O;=Data_first

5:  else if (satisfy the Lemma 3)

6: then switch to doze mode until Data_first comes
O,;=Data_first

7: else

8: for T

9: do check VE of O; and Opp to identify that VC of O; or Opp

contains query point g

10 if VC of O, or Opp contains query point ¢

11: then return O; or Opp as NN

12: else

13: find (nearest boundary line on the left-hand side of the ¢)

on the left hand side of g (e.g., TS in Fig. 6) and T'S
(e.g., T4 in Fig. 6, see Lemma 2), then switch to doze
mode until the data object of T'S appears on the channel

14: O, = object of (nearest boundary line on the left-hand
side of the q)

15: }

16: while (find out NN)

C. Adjacency Data Caching (ADC)

As we mentioned before, if the user’s location has changed,
the previous result of the query might be invalid. Therefore, the
client has to tune the broadcast channel repeatedly if it moves
to the other VC. Data prefetching and caching have been pro-
posed as a technique for hiding the access latency and reducing
the wireless bandwidth requirement. Indeed, prefetching can
be performed without adding any load on shared resources like
wireless bandwidth [12]. The client prefetches pages in antici-
pation of future accesses. In this section, we present adjacency
data prefetching and caching methods for use in LDIS. In this
method, the client prefetches the data objects that are adjacently
located in the map for future use.

Given a VD and the query point ¢, we can identify the VC
containing q. Moreover, since the broadcasted data objects are
sorted sequentially according to the location of the data objects,
clients can prefetch adjacent located data objects. Let w,, denote
the size of prefetched data objects. Prefetching can be catego-
rized into pre-fetch and post-fetch, where pre-fetch represents
fetching data objects before NN data item is broadcast while
post-fetch represents fetching data objects after the NN data ob-
ject is broadcasted, respectively. The value of pre-fetch and
post-fetch represents the number of data items to be prefetched.
The client adjusts the size of w,, according to the client’s mov-
ing direction, speed or the cache size. It should be noted that
prefetching does not necessarily require continuous active mon-
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Fig. 6. An example of safety boundary line.

Fig. 7. Broadcast sequence= {O1,---,024, 025, 026, 027, 028, 029
,-++,0n} and cache state={024, 025 (NN, when the client located
in CID3), 026 (NN, when the client located in CID4), 027, 028,
029}.

itoring of the broadcast channel to determine what the next ar-
riving data object is, if the client knows in advance the broadcast
schedule. Cached data items contain the information of the ob-
ject’s ID and it’s VE. Let us consider the case where the server
broadcasts data items using the BBS and the client detects the
nearest data object from the query point ¢ as 026 (see Fig. 6).
Let the value of the pre-fetch be 2 and post-fetch be 3 on the
basis of the NN. In this case, the client wakes up at T4 and
prefetch data objects as the following sequential order:={024,
025, 026, 027, 028, 029}, as shown in Fig. 7. The client
cached the data object from 024 to 029 while it located at
Voronoi cell ID (CID) 4. Then, the client moves from CID 4
to CID 3 (see Fig. 7). The client checks the prefetched data
items in CID 3 instead of tuning the broadcast channel again
and returns O25 as newly nearest data object, if it receives the
same query.

Definition 2: While the server broadcasts data items using
horizontal broadcasting (HB), z-coordinate of pre-fetch < x-
coordinate of NN < z-coordinate of post-fetch.

Although the previous index schemes, such as (1,m) index
[5] can also be adapted in ADC, in this case, AT and TT may
significantly increase, since the client has to repeatedly switch
between the doze and wake up modes until it obtains the desired
data items.

The formal description of the algorithm used for ADC at the

client side is as follows.

Algorithm 2. Client algorithm for data prefetching

Input: sorted broadcast data objects;
Output: set of data items within wy;
Procedure:

1: do {

2:  active mode (selectively)

3:  identify its current location and the NN (using Algorithm 1)

4 then doze mode until the desire data item arrives on the
broadcast channel

5: wake up and prefetch the data items from pre-fetch to
post-fetch on the basis of the NN

6:
7: while (prefetches the desire data items)
8: doze mode

Let V(O5) be the validity region of data item in the cache and
S5 be the set of data items in the cache. The following summa-
rizes the steps taken by the client to process the NN search:
Step 1: When a query is issued by a mobile client, it first checks
the V(O5), where V(0%) € S¢. If V(OS) contains the query
point g, go to step 2; otherwise, go to step 3.

Step 2: If V(OS) contains the query point g, the data item is
retrieved locally. Go to step 5.

Step 3: If V(O%) does not contain the query point g, the client
starts tune the broadcast channel in order to process the NN
query.

Step 4: The client switches to doze and wake up mode until NN
has appeared on the broadcast channel. Obtain the NN through
the broadcast channel.

Step 5: A result is returned to the client.

IV. PERFORMANCE EVALUATIONS

In this section, we evaluate the performance with various
kinds of parameters settings such as the client’s speed, the size
of the service area, and the distributions of the data items. In
Section IV-A, we analyze the proposed approaches. Then, we
present performance results of simulation experiments in Sec-
tion I'V-B.
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A. Analytic Evaluation
A.1 Access Time

In this section, we compare the access time of the BBS
with (1,m) index. The following shows comparison of the
probe wait and the Bcast wait between BBS and previous in-
dex method [4], [5]. Let AAT be the average access time, m
be the number of times broadcast indices, N be the number of
data items and C' be the average number of buckets containing
records with the same attribute value.
probe wait:

» Previous index method: (index + &)

¢ BBS method: None

Bcast wait:

o Previous index method: & ((m - indez) + N) + C

o BBS method: N + C

Since the AT is the sum of the probe wait and the Bcast wait,
average AT for previous index method is

AATpre = %(indeﬂc + %) + %((m -index) + N)+C
= %((m + 1)index + (% +ON)+C. (D)

BBS is
AATgps = %N +C. 3)

A.2 Tuning Time

In this section, we evaluate the tuning time for the proposed
schemes with (1,m) index. The probability distribution of the
initial probe of clients is assumed to be uniform within a broad-
cast and data items of the same size.

Let ATT be the average tuning time and [ be the number of
levels in the multileveled index tree. The ATT for (1,m) index
is

ATTpoprg =141+ C. @

The ATT of BBS is as follows.

Let m denote the number of times broadcast indices, k' de-
note the number of levels in the index tree for BBS and P denote
the probability.

P{containing the desired data object among the index} is -
and then, P{obtaining the desired data object} is -

Thus, ATT of BBS is P{obtaining data object without an
index} x cost of reading data objects -+ P{failure obtaining the
desired data object after read the index} x cost of obtain the de-
sire data object after read the index, and thus

B

1 (Datal\ 2m—1 [ Datal ,
f(m)'2m< m §> om < 2+k+1>
Data — K —1 _, ,
——m T+ k' +1
2
thus,
Data— k' —1
ATTgps = M#—m*1+k’+l. (5)

Finally, we evaluate the ATT for ESS.

Let IV be the number of data items, e be the exponent value
and AT Tgss be the average funing time for ESS. The minimum
number of steps is 1 and the maximum number of steps is k — 1,
where k = [log, N| . For example, if N = 1024 and ¢ = 2,
then in the best case, the client obtains the desired data item
within a single step while, in the worst case, the client obtains
the desired data item within 9 steps. The frequency of the worst
case for IV is 1, while the frequency of the best case for N is k.

The ATT for

e—1

k2k=t 57

ATTESS ~ —]V—ZZO—

ke(e — 1)
4

Assuming that the number of broadcast data items is 1024.
By using the above cost model, we can obtain the AT Tkgg as
the value of e is increased from 1 to 4. It e = 1, AT Tgss =
MO — g ife = 2, ATTrss = PG = 5,ife = 3,
ATTgss = B0 — 15andif e = 4, ATTgs = LU =
30.

. (6)

~

A.3 Energy Consumption

In order to evaluate the energy consumption, both doze time
and active time for the client must be estimated. As the result
of the following analytic evaluation, proposed methods signifi-
cantly reduce the energy consumption compare to (1, m) index
method, since it minimize not only average access time but also
average tuning time. Let écpry be the average energy consump-
tion of previous index method and é¢gsg be the average energy
consumption of ESS.

éepre = (1 + 1+ C)EqcT7ve + ((%((m + 1)index
1
+(E +1N) — (1 +1+ C)>5D025 @)

kele — 1 N k -1
kele =1 g et (_Wﬁg

) 5 1 Yepozse. (8)

€CESS ~

B. Experimental Evaluation

This section presents the numerical results obtained through
analysis and simulation. For fairness, we use a single dedicated
machine. The machine is a PC with a Pentium I1I 800 MHz,
512 MB, and running on Windows 2000. We implemented the
system in Java and run it under the JVM version 1.3.0. We eval-
uated two different parameters: Energy consumption and access
rime. We assume that the broadcast data objects are static, such
as restaurants, hospitals, and hotels. We use a system model
similar to that described in [13] and [14]. The whole geomet-
ric service area is divided into groups of mobile supporting sta-
tions (MSSs). In this paper, two datasets are used in the exper-
iments. The first data set D1 contains data objects randomly
distributed in a square Euclidian space, while the second data
set D2 contains the data objects of hospitals in the Southern
California area, and is extracted from the data set at [15]. The
number of switching time of the previous algorithm may smaller
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Fig. 8. An example path of a mobile client.

then the proposed algorithm, However, the maximum number
of switching time for the proposed scheme is only k¥ — 1, where
k = [log, N as we have described before. Thus, we ignore the
energy consumed on switching between doze and active mode,
since it barely affect the total result.

Let the clients be equipped with the hobbit chip (AT&T). En-
ergy coefficient of the active-to-sleep ratio is fixed to 48.61. We
compare the funing time of proposed schemes with optimal tun-
ing time. Then, convert the result of the tuning time into energy
consumption, since the energy consumption can be measured by
the amount of unit energy in a given time. Then, we evaluate the
access time for various parameter settings, such as the client’s
speed, the size of the service area and the number of clients.

B.1 Mobility Model

In this paper, we assume that the client’s mobility pattern fol-
lows random waypoint mobility model [16]. The random way-
point mobility model is also a widely used mobility model. The
random waypoint mobility model includes pause times between
changes in direction and/or speed. A mobile client begins by
staying in one location for a certain period of time. Once this
time expires, the mobile client chooses a random destination in
the simulation area and a speed that is uniformly distributed be-
tween [minspeed, maxspeed]. The mobile then travels toward
the newly chosen destination at the selected speed. Upon arrival,
the mobile client pauses for a specified time period before start-
ing the process again [16]. Fig. 8 shows an example traveling
pattern of a mobile client using the random waypoint mobility
model starting at a randomly chosen point or position (1, 22);
the speed of the mobile client in the figure is uniformly chosen
between 0 and 90 km/h.

B.2 Energy Consumption Model

In this paper, there are two energy states such as doze mode,
active mode. We now describe the ratio of energy consumption
for these states. £, describes the amount of energy consumption
in an energy state s per unit time.

Epoze :EacTve =1 €C )]
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Fig. 9. Tuning time and energy consumption in D1.

In this paper, the amount of energy consumed in doze mode
for unit time is denoted as unit energy which is 33.16 mW in our
experiment. In many processors, the doze mode has extremely
low power consumption. In the Hobbit chip from AT&T, for
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example, the ratio of power consumption in the active mode to
the doze mode is 5,000 [5]. In bricf, the “ec” stands for energy
coefficient which means the active-to-doze ratio, %L;M

OZE

In this paper, the average energy consumption can be mea-
sured by the amount of unit energy in a given time. In order to
choose reasonable coefficients, we should have some reference
values. Then, the energy coefficients (€c) can estimate.

(400 + 750 + 462) mW
(0.16 + 0 + 33) mW

~  Cactzve
Epoze

= 48.61.
(10)

In our experiment, parameters ec is fixed with 48.61. As de-
veloping mobile devices is trying to minimize the energy con-
sumption in hardware design, energy coefficients will continu-
ously increases.

B.3 Tuning Time and Energy Consumption

Fig. 9(a) shows the result of tuning time as the number of data
increases. As shown in the figure, AAT_PRE outperforms com-
parisons to others, since the average funing rime of tune_opt is
1+ C + k [5]. Fig. 9(b) shows the result of energy consump-
tion as the size of the data is increased from 128 bytes to 8192
bytes in D1. As shown in the figure, in this case, the proposed
scheme ESS outperforms when compared to AEC_PRE, since
AEC_PRE minimizes the tuning rime but does not minimize ac-
cess time, while ESS reduces the tuning time and access time
simultaneously. In other words, when we estimate the energy
consumption, it has to consider not only active time, but also
sleep time even if sleep time is smaller than active time (i.e.,
we assume 1/48.61). Fig. 9(c) shows the results of the energy
consumption as the data increases in D1.

Figs. 10(a) and 10(b) show the results of the energy consump-
tions as the size and frequency of data increases in D2.

B.4 Access Time

In this section, we evaluate the AT for various parameter set-
tings, such as the client’s speed, the size of the service area and
the number of clients. First, we study the effect of the size of the
service area according to the client’s speed. We vary the service
coverage area from 5% to 100% of the whole geographic area.
As the size of the entire broadcast is reduced, the query arrival
time decreases and the size of the service area decreases. How-
ever, the query arrival time is significantly increased when the
client’s speed increases and the-client goes outside of the ser-
vice coverage area, as shown in Fig. 11(a). Then, we study the
effect of the client speed. We vary the client’s speed from 5 to 50
in D1. When the client’s speed is the lowest, broadcast size of
10% (of the coverage area) is the best. However, as the client’s
speed increases, it’s performance is inadequate when compared
with that of the other clients, since most of the clients are outside
the service coverage area, as shown in Fig. 11(b). Figs. 12(a),
12(b), and 12(c) show the results of the access latency as the
number. of clients, size of data and the number of data increases
in Doo, respectively.

Finally, Figs. 13(a) and 13(b) show the result of the access
latency as the number of clients and the size of data increases in
D2, respectively.
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Fig. 10. Energy consumption in D2.

B.5 Cache Hits

This section evaluates the cache hit ratio for various param-
eters settings such as the size of the cache, the client’s speed
and the number of clients. First, we vary the size of the cache
from 3072 to 11264 bytes. In this experiment, we assume that
all data items are of the same size, for example 1024 bytes.
Fig. 14(a) shows the result of the number of cache hits as the
size of the cache is increased. As shown in the figure, adjacency
data caching (ADC) ouiperforms (1,m) index method, since
the ADC caches the sequentially ordered data items according
1o their locations, whereas the (1, m) index method caches the
irregularly ordered data items. Evidently, in the (1,m) index
method, the average access time may significantly increase if
the client is attempting to cache the data items with the sequen-
tial order, since the broadcast data items are not ordered based
on their locations. Second, we vary the client’s speed from 10
to 100 in D1. As shown in Fig. 14(b), the number of cache
hits decreases as the client’s speed increases. Third, we vary the
number of clients from 10 to 50 in D1. As shown in Figs. 14(b)
and 14(c), ADC outperforms the (1,m) index method for the
same reason shown above.
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Fig. 11. access latency.

V. CONCLUSION

We have explored the different broadcasting and tuning meth-
ods, which can be used for NN query processing. For the pur-
pose of broadcasting in LDISs, we present the BBS and for the
purpose of selective tuning with the BBS, we present the ESS
method. The BBS method attempts to reduce the AT and the
ESS methods attempt to conserve battery power consumption.
With the proposed schemes, the client can perform NN query
processing without having to tune an index segment. We also
present the proposed schemes as investigated in relation to var-
ious environmental variables, such as the distributions of the
data objects, and the average speed of the client and the size
of the service area. The experimental results show that the pro-
posed schemes significantly reduce not only access latency, but
also energy consumption, since the client does not always have
to wait for the index segment. The resulting latency and tun-
ing time is close to the optimum as our analysis and simulation
results indicate. In a future study, we plan to investigate the
cache replacement scheme. We also have plan to consider the
client’s speed and direction and geographical constraint in order
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Fig. 12. access latency in D1.

to enhance the performance of the prefetching and the caching
method.
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