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the Features of Asymmetry
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Abstract—With the cutting edge technology advance in wireless and mobile computers, the query processing in a mobile environment
involves join processing among different sites which include static servers and mobile computers. Because of the need for energy
saving and also the presence of asymmetric features in a mobile computing environment, the conventional query processing for a
distributed database cannot be directly applied to a mobile computing system. In this paper, we first explore three asymmetric features
of a mobile environment. Then, in light of these features, we devise query processing methods for both join and query processing.
Intuitively, employing semijoin operations in a mobile computing environment is able to further reduce both the amount of data
transmission and energy consumption. A semijoin which is initiated by a mobile computer (respectively, the server) and is beneficial to
reduce the cost of a join operation is termed a mobile-initiated or Ml (respectively, server-initiated or Sl) profitable semijoin. According
to those asymmetric features of a mobile computing system, we examine three different join methods and devise some specific criteria
to identify MI/SI profitable semijoins. For query processing, which refers to the processing of multijoin queries, we develop three query
processing schemes. In particular, we formulate the query processing in a mobile computing system as a two-phase query processing
procedure that can determine a join sequence and interleave that join sequence with Sl profitable semijoins to reduce both the amount
of data transmission and energy consumption. Performance of these join and query methods is comparatively analyzed and sensitivity
analysis on several parameters is conducted. Furthermore, we develop a systematic procedure to derive the characteristic functions of
MI and SI profitable semijoins. It is noted that, given some system parameters, those characteristic functions are very important in
determining which join method is the most appropriate one to employ in that configuration. It is shown by our simulation results that, by
exploiting the three asymmetric features, these characteristic functions are very powerful in reducing both the amounts of energy
consumption and data transmission incurred and can lead to the design of an efficient and effective query processing procedure for a
mobile computing environment.

Index Terms—Mobile database, mobile computing, query processing, join method.
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INTRODUCTION

IN a mobile computing environment, a mobile user with a
power-limited palm computer (or a mobile computer) can
access various information via wireless communication.
Applications such as stock activities, traffic reports, and
weather forecasts have become increasingly popular in
recent years [26], [27]. It is noted that mobile computers use
small batteries for their operations without directly con-
necting to any power source and the bandwidth of wireless
communication is, in general, limited. As a result, an
important design issue in a mobile system is to conserve the
energy and communication bandwidth of a mobile unit
while allowing mobile users the ability to access informa-
tion from anywhere at anytime [3], [10], [18].

Various wireless data networking technologies, includ-
ing IS-136 [24], CDMA2000 [19], and Wireless Application
Protocol (WAP) [28], have been developed recently. Among
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others, the development of the third generation mobile
phone provides advanced value-added servers to mobile
users [2]. With the rapid advances in the palm computer
technologies, a mobile computer is envisioned to be
equipped with more powerful capabilities, including the
storage of a small database and the capacity of data
processing [22]. Consequently, the query processing in a
mobile computing system may involve the server and
several mobile computers. Consider a sales and inventory
application where a salesperson carries a mobile computer
device in which a fragment of database contains the
information of his/her customer records. Also, the com-
pany of the salesperson has a fixed server to store the
information of all customers and its product information.
Note that, depending on the corresponding coherency
control mechanism employed, the data copy in the server
could be obsolete [7]. Since the most up-to-date data is
stored in the mobile computers, a query generated by a
salesperson could be a sequence of joins to be performed
across the relations residing in the server and several
mobile computers, resulting in a very different execution
scenario from the one for query processing in a traditional
distributed system.

The query processing in a traditional distributed system
has received a considerable amount of attention and been
extensively studied in the literature [4], [5], [6], [12], [25]. As
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pointed out in [31], the query processing in a traditional
distributed system is composed of the following three phases:
1) local processing phase, 2) reduction phase, and 3) final
processing phase. The objective in distributed query proces-
sing is to reduce the amount of data transmission required in
Phase 2 and Phase 3. Note, however, that the cost models
developed for query processing in a traditional distributed
database do not reflect many important features in a mobile
computing system. Explicitly, the prior studies in distributed
query processing [5], [6], [12], [25] did not fully explore the
asymmetric features of a mobile environment, which are, as
explained below, particularly important in devising the
corresponding query processing schemes. Specifically, the
energy consumption of mobile computers, the most impor-
tant cost criterion, was not dealt with for the query processing
in traditional distributed databases, making the correspond-
ing distributed query processing schemes devised not
applicable to a mobile computing environment. To remedy
this, we shall explore in this paper three important asym-
metric features of a mobile computing system and, in light of
these features, develop efficient join methods and query
processing schemes for mobile computing systems. The
three asymmetric features, which we shall explicitly address
and reflect in the design of query processing schemes, are as
follows:

l. Asymmetric feature of computing capability be-
tween the server and a mobile computer. Mobile
computers use small batteries for their operations
without directly connecting to any power source. In
contrast, the server is not strictly constrained by
energy consumption and thus possesses much more
power than a mobile computer. Note that, in
traditional distributed query processing, the sites
involved in a query processing are usually assumed
to have the same level of processing capability. This
feature distinguishes the query processing in a
mobile environment from that in a traditional
distributed system.

2. Asymmetric feature of energy consumption be-
tween message sending and receiving. The energy
required for message sending is more than that
required for message receiving at a mobile computer
[9], [17]. This feature also has to be modeled when
the costs of the corresponding operations are
evaluated.

3. Asymmetric feature of energy consumption be-
tween activeness and idleness of a mobile compu-
ter. The energy consumed by a mobile computer in
its active mode is much more than that consumed in
its idle mode [16], [17]. In view of this, a mobile
computer may be designed to stay in its idling mode
by migrating its processing work to the server if so
appropriate.

Consequently, in this paper, we derive a cost model
which considers these three asymmetric features of a mobile
computing system. The cost model derived paves the way to
the development of the join methods and the query
processing schemes in a mobile computing system. In order
to further reduce data transmission, the semijoin operation
has received considerable attention and been extensively

studied in the literature [5], [6], [12], [25]. Consider an
illustrative example in which R, stored at site S; performs a
semijoin join operation with R, stored at site S,. Suppose
that the final join result will be obtained at site S;. Under
semijoin processing, S; will first send the distinct join
attribute values of R to S, and then the join processing of Ry
with these distinct join attribute values of R is performed at
site Sy. The resulting relation after the join (referred to as R))
will be sent to site S; for further join processing at site S;.
Clearly, if the amount of distinct join attribute tuples and
data tuples in R}, at S, is smaller than that of the original
relation Ry, the amount of data transmission under the
semijoin operation is further reduced. Join and semijoin will
be discussed in details later. Intuitively, employing semijoin
operations in a mobile computing environment is also able
to further reduce both the amount of data transmission and
energy consumption. In mobile computing environments,
however, sites S; and S, may be either servers or mobile
computers. Thus, the semijoin operation in a mobile
computing system is intrinsically different from that in
traditional distributed systems. For ease of exposition, a
semijoin which is initiated by a mobile computer (respec-
tively, the server) and is beneficial to reduce the cost of a join
operation is termed a mobile-initiated or MI (respectively,
server-initiated or SI) profitable semijoin. For join processing,
judiciously applying a MI profitable semijoin can reduce the
amount of data transmission required and energy consump-
tion. According to those asymmetric features of a mobile
computing system, we examine three different join methods
and devise some specific criteria to identify MI/SI profitable
semijoins. For query processing, which refers to the
processing of multijoin queries, we develop three query
processing schemes. In particular, we formulate the query
processing in a mobile computing system as a two-phase
query processing procedure that can determine a join
sequence and interleave that join sequence with SI profitable
semijoins to reduce both the amounts of data transmission
and energy consumption. Performance of these join and
query methods is comparatively analyzed and sensitivity
analysis on several parameters, including selectivity factor
and idling coefficient, is conducted. Furthermore, we
develop a systematic procedure to derive the characteristic
functions of MI and SI profitable semijoins. It is noted that,
given some system parameters, those characteristic func-
tions are very important in determining which join method
is the most appropriate one to employ in that configuration.
It is shown by our simulation results that by exploiting the
three asymmetric features, these characteristic functions are
very powerful in reducing both the amounts of energy
consumption and data transmission incurred, and can lead
to the design of an efficient and effective query processing
procedure for a mobile computing environment.

We mention in passing that, without dealing with query
processing, Alonso and Ganguly [1] studied the issues of
optimization between energy consumption and server
workload in a mobile environment. Notice that the mobile
computers participating in distributed query processing
may spread out in mobile computing environments. By
exploiting the feature of divide-and-conquer, the authors in
[20] proposed several query processing schemes that are
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able to divide the query processing into several subquery
processing modules in accordance with the network
topology of a mobile computing system. Several research
efforts have been elaborated upon developing a location
dependent query mechanism [11], [14], [23], [29]. The
authors in [14] presented the concept of queries with
location constraints, i.e., constraints which involve location
of mobile users. In [23], the authors proposed a spatial-
temporal data model for querying of moving data in mobile
environments. The position update policy and the impres-
sion of moving data are addressed in [29]. In addition, the
authors in [15] proposed a multicast protocol which is
useful for query processing in a three dimensional space.
Without exploiting the asymmetric features of energy
consumption, the attention of prior studies was mainly
paid to the query mechanisms with location constraints and
query processing in traditional distributed databases [4],
[5], [12], [13], [25], but not to the specific cost model and the
query processing for a mobile computing system explored
in this paper. Note that energy efficient query mechanisms
are recently proposed for the sensor networks in which
sensor nodes are small devices with wireless capabilities,
poor processing power and small data storage [21], [30].
Though having the goal for conserving energy consump-
tion, sensor nodes don’t have enough storage space for
storing data and manipulating complex query processing.
Therefore, energy efficient query processing schemes for
sensor networks are not applicable to the scenario in which
mobile computers have to store data and perform compli-
cated join operations.

As mentioned above, due to these asymmetric features of
a mobile computing system, the cost model and the design
of query processing schemes are intrinsically different from
those in a traditional distributed database and particularly
ought to capture the need of energy saving. In this paper,
we not only formulate a new cost model which takes these
asymmetric features into consideration, but also explicitly
investigate the join methods and develop the corresponding
query processing schemes. To the best of our knowledge,
prior work neither fully explored the need of energy saving
for query processing nor captured these asymmetric
features into the corresponding cost model, let alone
devising efficient schemes to incorporate these features for
query processing in a mobile computing system. These
features distinguish this paper from others.

This rest of this paper is organized as follows: Pre-
liminaries are given in Section 2. Three join methods are
investigated in Section 3. In Section 4, we develop query
processing schemes for multijoin queries. Performance
studies on various join and query processing are conducted
in Section 5. This paper concludes with Section 6.

2 PRELIMINARIES

To facilitate the presentation of this paper, some prelimin-
aries are given in this section. The notation, definitions, and
assumptions required are described in Section 2.1. By taking
the asymmetric features described above into consideration,
a cost model for join and query processing in a mobile
computing system is devised in Section 2.2.

2.1 Notation, Definition, and Assumption

A mobile computing system consists of stationary servers
and mobile computers. Stationary servers include informa-
tion servers and the equipment of a mobile communication
system. As described above, mobile computers use small
batteries for their operations without connecting to any
power source directly and the bandwidth of wireless
communication is limited. With the emerging development
of the third generation of mobile system [19], [24], [28],
mobile computers can provide many powerful capabilities,
including the storage of a small database and the capability
of data processing. In this paper, we consider the query
processing in a mobile environment, which involves join
processing among different sites including static servers
and mobile computers.

As in most prior work [5], [6], we assume in this study
that a query is of the form of conjunctions of equi-join
predicates and all attributes are renamed in such a way that
two join attributes have the same attribute name if and only
if they have a join predicate between them. A join query
graph can be denoted by a graph G = (V, E), where V is the
set of nodes and F is the set of edges. Each node in a join
query graph represents a relation. Two nodes are connected
by an edge if there exists a join predicate on some attribute of
the two corresponding relations. We use |R;| to denote the
cardinality of a relation R; and |A| to denote the cardinality
of the domain of an attribute A. The notation R; > R; is used
to mean the join between R; and R;, and |R; > Rj| denotes
cardinality of the result relation of R; < R;. To determine
the effect of a join operation specified by a query graph, we
employ the results stated in the theorem developed in [5],
which is given in Appendix A for interested readers.

Let wy be the width of an attribute A and wg, be the
width of a tuple in R;. The size of the total amount of data in
R; can then be denoted by wg, | R;|. Define the selectivity p; ,
of attribute A in R; as ‘RL(:“)', where R;(A) is the set of
distinct values for the attribute A in R;. R, — A — R; means
a semijoin from R; to R; on attribute A and R; — R; means
a simple join from R; to R;. The reduction of a relation is
defined as the number of tuples of the relation reduced by
employed join operations. Similarly, the reduction of an
attribute is referred to as the number of tuples reduced by
employed join operations on that attribute. Note that the
reduction of the relation R; by the semijoin R; — A — R; is
proportional to the reduction of R;(A). The estimation of
the size of the relation reduced by a semijoin is thus similar
to estimating the reduction of projection on the semijoin
attributes. After the semijoin R; — A — Rj, the cardinality of
R; can be estimated as |R;|p;,. Also, ws|R;(A)| is used to
denote the cost of a semijoin R; — A — R;. We use R, to
denote the resulting relation after some joins or semijoins
are applied to an original relation R;. As in most prior work
[25], [31], it is assumed that the statistics in each site are
made known to a central scheduler for query scheduling.

Consider the relations in Table 1, for example. Suppose
|A| =10, |B| =10, and the width of each attribute is
one unit. We have p;; = 0.3 and py;, = 0.6. Also, |R;| =5,
|R2| = 7, and Rl(B) = {b17b37b4}.
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TABLE 1
An lllustrative Example for Semijoin Operation
R, R» R,
Al B B|C B|C
al bl b] C1 b] C1
a9 b] b1 Co b] Co
an b3 bQ C1
ag b4 b5 Co
as 1)3 bG Cyq
b7 Co
bs | c3

A semijoin Ry — B — Ry is called profitable if its cost,
wp| Ry (B)| = wg|B|p1y, is less than its benefit, wp,|Re| —
’sz|R2‘p]‘b = ’(UR2|R2|(]. — pr) [6], [25], where wR2|R2| and
wp,|R2|p1 are respectively the sizes of R, before and after
the semijoin. It can be shown that, for the example relations
in Table 1, Ry — B — Ry is profitable since wp|R;(B)| <
wp,|Ra|(1 — p1p) and Ry — B — R; is not profitable since
wp|Re(B)| > wg,|R1|(1 — pa2p). R, shows the reduced rela-
tion after the semijoin.

2.2 Cost Model for Join and Query Processing in a
Mobile Computing System

Table 2 shows the description of parameters in the cost
model for a mobile computing system. Energy consumption
in data receiving at a mobile computer, denoted by erc,
refers to the energy consumed in receiving data via wireless
communication. Energy consumption for receiving a rela-
tion R at a mobile computer, denoted by erc(R), is
formulated as e, x |R|, where e, is the receiving energy
coefficient, representing the energy consumed in receiving
one tuple of data." Also, energy consumption for sending a
relation R out from a mobile computer, denoted by esp(R),
refers to the energy required in transmitting the relation R
over wireless link. To capture the asymmetric feature of
energy consumption between data sending and receiving of
a mobile computer, we use the send-receive energy ratio rg
(i.e., £2) to represent the ratio of the energy consumption of
sending data to that of receiving data. The value of 75 is, in
general, larger than one and can more explicitly be
approximated to a value between two and 10 [1]. Hence,
esp(R) is formulated as rg e, * |R|, where e, xrg is the
sending energy coefficient. Similarly to most relevant works
[8], [16], the processing time required to perform the given
operations on the relation in a server is modeled as a
function of the input relations involved. For example, the
processing time of joining R; and R; in a server, denoted by
Ts(R; > Rj), can then be expressed byt * (|Ri| + |R;| +
|R; > R;|), where ty,. is the coefficient for the processing
time required per tuple.

To capture the asymmetric feature of computing cap-
ability between the server and a mobile computer, the
server-mobile processing ratio rgys represents the ratio of

1. e, is calculated by e * wg, where e is the energy consumption per byte
and wp, is the width of tuple in relation R. For brevity purpose, we assume
that each relation has the same wz whose value is set to one and the pricing
police is “charging per byte.”

the processing power of a server to that of a mobile
computer. Clearly, the value of rg), is larger than 1 and can
be obtained empirically. Hence, the processing time of
joining R; and R; at a mobile computer can be expressed by
rsu * Ts(R; > R;). The energy consumption at a mobile
computer in its idle mode while a join is performed in a
server can be estimated as 6 * Tg(R; >4 R;), where ¢ is an
idle coefficient. The idle coefficient 6 of mobile computers
can be approximated to a value between 0.02 and 0.5 and is,
in fact, system dependent [16], [17]. To reflect the asym-
metric feature of energy consumption between activeness
and idleness of a mobile computer, we define the ratio of
the energy consumed by a mobile computer in its idle mode
to that in its active mode as 6%, where 6§ is an idling
coefficient and k is able to empirically determined. Without
loss of generality, we assume, in this paper, that k is 2.
Similarly, an active coefficient of a mobile computer
represents the the energy consumption at a mobile
computer in its active mode per unit time. In accordance
with the ratio of activeness and idleness of a mobile
computer, it can be verified that given k = 2, we can have %
to represent the active coefficient to estimate the energy
consumed by a mobile computer in its active mode. As
mentioned before, the processing time of joining R; and R;
at a mobile computer can be formulated as rgy *
Ts(R; > Rj). As a result, the amount of energy consumed
in processing the join between R; and R; at a mobile
computer is devised as %* rsu * Ts(R; > R;). Note that all
these parameters can be estimated from the specifications of
mobile computers [2], [22]. Using the cost model developed,
we are able to evaluate the energy consumption and data
transmission costs (E. and d,, respectively) of the corre-
sponding join methods and query processing schemes in a
mobile computing system and develop an efficient solution
procedure for multijoin query processing accordingly.

3 JOIN PROCESSING IN A MoOBILE COMPUTING
SYSTEM

We now derive the solution procedure for minimizing the
cost of join methods in a mobile computing system.
Consider the scenario of join processing in Fig. 1, where
the server has relation R; and the mobile computer has
relation Ry. Suppose that the mobile user M; submits to
server S a query that performs a join operation of R; and R»
on their common attribute A. The resulting relation is
needed by M,. With this given model, we shall examine
three join methods. To simplify our presentation, d:(.J) is
used to represent the amount of data transmission and
E.(J) is used to represent the amount of energy consump-
tion by join method J. In what follows, we examine a join
method which performs the join at the server in Section 3.1.
Section 3.2 describes the join method which performs the
join at the mobile computer. The join method that utilizes an
MI profitable semijoin will be presented in Section 3.3.
Analysis of these join methods is given in Section 3.4.

3.1 Processing the Join at the Server

(Denoted by Jg)
We first consider the case of processing the join at the
server and returning the result to mobile unit M;.
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TABLE 2
Description of Symbols for the Cost Model in a Mobile Computing System
Description Symbol
Processing ratio of server to mobile, i.e., server/mobile rSa

Energy consumption ratio of data sending to data receiving | rg

Idling coeflicient for a mobile computer )
Energy consumption in data receiving at a mobile computer | egrc
Energy consumption in data sending at a mobile computer | egp
Processing time function at the server Tg
Amount of data transmission for query processing d;
Amount of energy consumption for query processing E.

Explicitly, M; sends Rs to the server, which incurs a data
amount of |R,| transmitted and an energy amount of
esp(Ry) consumed. While the server S performs the join
operation, M, is in its idle mode with an energy amount of
8 Tg(Ry >t Ry) consumed. After the join operation is
performed at the server, the resulting relation (ie., R; >
Ry) will be returned to M; while consuming an energy
amount of egc(|R; >4 Ry|). Then, we have the correspond-
ing costs as follows:

dt(JS) : |R2| + |R1 > R2‘7
EC(Js) : eSD(‘RQD + 6% TS(Rl > RQ) + 630(|R1 > Rgl)

3.2 Processing the Join at the Mobile Computer
(Denoted by J.)

We next consider the case that the server sends the relation
to the mobile computer for a join operation. The server S
sends R; to M, first. After receiving R; with an energy
amount of epc(|Ri|) consumed, M; performs the join
operation with an energy amount of } % 7y * Ts(Ry >< Ry).
Consequently, we have corresponding costs below:

di(Jo) = |Ril, o)

1
epc(|R1l) + 3 x 1oy * To(Ry >4 Ry).

3.3 Employing an MI Profitable Semijoin for Join
Processing (Denoted by Jg¢)

Note that the relation size at the mobile computer, i.e., | Rs|,

is likely to be smaller than that at the server, i.e., |R;|. In that

case, using a semijoin will be able to reduce the amount of

data transmission required. Explicitly, M; first projects its

EC(J()) :

semijoin attribute (e.g., attribute A with the corresponding

selectivity ps,) with an energy amount of raelsleaaldl) and

the resulting projection of the size ps,|A| is sent to the
server for a join with R;. The energy consumed in this
operation is E. =egsp(p24|A4|), and the amount of data

R2

o

WAP gateway M1

Fig. 1. A query scenario of join processing.

transmitted is d; = ps,4|A|. Then, the energy consumption of
M; in its idle mode is & * Ts((p2,4|A4|) < B;) while server S
performs the join operation. The resulting relation (ie.,
p2q|R1]) is next sent back to the mobile unit (i.e., d; =
p2.qa|R1| and E; = epc(p2,4|R1])) for the join operation at M;.
The amount of energy consumed in that join operation is
thus rga * Ts((p2,4/R1|) > R2). Consequently, we have the
following costs:

di(Jsc) : pa.alAl + p2,alRil,
1 1
E.(Jsc) : esp(p2.qlAl) + SHTSM * Ts(p2alAl) + <5 roux (3)

6
Tg(p2,a|R1| > RQ) + 8 * Tg(pg,a|A| D> Rl) + eRC(pQ,a‘Rl‘).

3.4 Analysis of Join Processing

With the above three join methods described, we now
examine the amount of data transmission and energy
consumption incurred by each of them. Specifically, the
criterion of identifying an MI profitable semijoin to reduce
the amount of data transmission and energy consumption is
derived. For better readability, proofs of some lemmas and
corollaries are given in the Appendix B for interested
readers. With the assumption that the number of data
tuples is larger than the cardinality of attributes, we have
the following lemma:

Lemma 1. The amount of data transmission incurred by join
method Jc is smaller than that by join method Js, ie.,
di(Jo) < di(Jg).

Lemma 2. With a given selectivity factor ps,, where ps, <

IRy | .. .
AT the amount of data transmission incurred by method

Jsc is smaller than that by method Jc, i.e., di(Jsc) < di(Je).

Note that the mobile computer performs the join in
method Jc. In contrast, the server takes over the join
processing in method Jg. The asymmetric feature of
computing capability between the server and a mobile
computer is reflected by Lemma 3 which can be derived
from the corresponding formulas of E.(J¢) and E.(Js).

Lemma 3. E.(J¢) > E.(Js).

Definition 1. A semijoin is called MI profitable if and only if
E.(Jsc) is smaller than E.(Jg).

With Definition 1, we can derive following theorem:

Theorem 1. A semijoin is MI profitable if and only if the
selectivity factor ps., is smaller than —%=2

rsmxtuple ©
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R1

Y
GO
O

Fig. 2. An illustrative query graph.

Proof. It follows from Section 3.3 that the amount of energy
consumed by method Jg¢ is

1 1
esp(p2.alAl) + 5 TSM* Ts(p2qlAl) + 5 s
Tg(pgﬁa|R1| > RQ) -+ (5 * Ts(pQ‘a|A| > Rl) + eRC(pQ‘a‘RlD.

From the cost model developed in Section 2.2, it can be
obtained that

1
E{t(JSC) =€ kT * PQa‘A| + 5 * TSk ttuple *

JRUIR
(pz,a\Al + po.a| Ri| + | Ra| + %) + 6%

tx (p2.al Al + |Ri| + paal Ril) + €0 % poa| Ral.

1|y
¢ &
EY

Without loss of generality, assume tha >> | A,

|Ri|, and |Ry|. Consequently, we have E.(Jsc) %%*

P2a| Rul[Ro|
TSM * ttuple * (W

we have E(
have E.(Js¢)

). Following the same procedure,
Js) ~ e, * (%), From Definition 1, we

< E¢(Jg). Accordingly,

EC(JS(;) — E(_(Js‘) <0

1 Ri||R Ry||R
<:>5*r5]\,1*tmple*(7p2’a| il 2|>—er*(—| il 2‘)<0

A A
||| Re (1
T 5 * TN * ttuple * p?,a —e | < 0.
Since |R;|, |Rs|, and |A| >0, we can obtain that
(3 % 7801 * Lruple * p2.a — €r) < 0, which implies that py, <
22— thus proving the theorem. ]

Ty *truple ”

Theorem 1 leads to the following corollary:

Corollary 1.1. Given a py,, a semijoin is MI profitable if and

only if 6 is larger than psq * rsn * ”C—”

Using the cost model devised in Section 2.2, one can
evaluate the amounts of energy consumption and data
transmission incurred by join methods described above
and select the one which is able to minimize the cost of
join processing. Note that, through having the minimal
amount of energy consumed due to its exploiting the
asymmetric feature of computing capability, method Jg
may incur a larger amount of data transmission than
others. It can be verified that by judiciously applying MI
profitable semijoins, method Jsc can reduce the amount of
data transmission and energy consumption as a whole. As
can be seen later, Theorem 1 and Corollary 1.1 derived

R1

R2 R3 R4 RS R

Fig. 3. An illustrative example for scheme QP.

above can be employed to determine the threshold for
whether method Jg or method Js¢ should be utilized.

4 QUERY PROCESSING IN A MOBILE COMPUTING
SYSTEM

In this section, we consider the processing of multijoin
queries that involves one server and many mobile compu-
ters. The destination mobile computer refers to the mobile
computer that issues the query and is expected to receive
the query result. A participating mobile computer refers to the
mobile computer that contains a relation involved in the
query processing. By utilizing the join methods derived in
Section 3, we develop efficient schemes for query proces-
sing. Explicitly, we first examine in Section 4.1 a query
processing scheme in which the destination mobile compu-
ter performs the query processing by itself (to be referred to
as scheme QP.). In light of the asymmetric feature of
computing capability between the server and a mobile
computer, we formulate the query processing as a two-
phase processing procedure that can minimize the energy
consumption of the destination and participating mobile
computers. Specifically, a two-phase query processing
scheme which employs a simple join operation (to be
referred to as scheme QPy) is devised in Section 4.2. Next,
we devise another two-phase query processing scheme that
can determine a join sequence with SI profitable semijoins
interleaved (to be referred to as scheme QPg;) to reduce
both the amounts of data transmission and energy
consumption in Section 4.3.

4.1 Query Processing at the Destination Mobile

Computer (Denoted by QP)

In scheme QP, while the destination computer M; submits
a query to the server, the server then informs those
participating mobile computers about the location of M;.
After receiving the location of M;, all participating mobile
computers and the server send their relations to the
destination mobile computer for query processing. Con-
sider the illustrative query graph in Fig. 2. Without loss of
generality, assume that the participating mobile computer
M; contains relation R;, the server S has relation R, and M;
is the destination mobile computer.

Fig. 3 shows the corresponding join sequence graph of
scheme QP., where each relation in a node is sent to M; for a
join operation. According to the cost model devised, we can
obtain the corresponding costs of energy consumption and
data transmission. Clearly, through minimizing the energy
consumption of participating mobile computers, scheme
QP results in a significant amount of energy consumption
at the destination mobile computer (i.e., receiving relations
from participating mobile computers and performing join
operations). As a consequence, we have,
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R2 R3 R4 R5

Fig. 4. An illustrative example for scheme QPg.

k

d(QPc) =) |Ri| + 1R,

2
where k = 5 for the example in Fig. 2,

5
Z esp(Ri) + Y erc(R;) (4)
k

1
+5 * Topg ok Ts(R > (Z > R,)),

E.(QPc)

where k = 5 for the example in Fig. 2.

4.2 Query Processing at the Server
(Denoted by QPg)

Clearly, despite its simplicity, scheme QP does not exploit
the asymmetric feature of computing capability between the
server and mobile computers and may thus consume much
valuable processing power at the destination mobile
computer. Explicitly, since the server is not strictly
constrained by energy consumption, one can fully utilize
the processing capability of the server. In view of this, we
decompose the processing of a query into two phases,
namely, the relation transfer phase, denoted by RT, and the
final phase, denoted by FP. In the relation transfer phase,
each participating mobile computer sends its own relation
to the server for a join operation. Thus, the server obtains
the resulting relation of the multijoin query among the
participating mobile computers. In the final phase, with the
join method properly selected from those devised in
Section 3, the join between S and M, is performed.

The cost of scheme QPg is the summation of the cost in
the RT phase and that in the FP phase. That is, d;(QPs) =
di(QPET) + dy(QPLT), where QPE" and QP%” represent the
scheme QP in the RT phase and the FP phase, respectively,
and E.(QPs) = E.(QPI) + E.(QPLT). Note that the values
of &,(QPLT) and E.(QPLT) can be determined in accor-
dance with the join method employed in the FP phase. With
the query graph in Fig. 2, the corresponding join sequence
of scheme QP is shown in Fig. 4, where each relation in a
node is sent to its parent node for a join operation in a
bottom up manner.

Note that, since the server in QPg takes over the query
processing which costs much energy of the destination
mobile computer in QP., the energy consumption of the
destination mobile computer in QPg is significantly
reduced. As will be validated by the experimental results

dt,(QPf;T) =

in Section 5, by exploiting the asymmetric feature of
computing capability between the server and mobile
computers, scheme QPg can save the energy consumption
of all the mobile computers.

With the query in Fig. 2, we have following costs in the
RT phase:

k
Z |R;|, where k = 5 for the example in Fig.2,
2

Z esp(R

QP;}T ), where k = 5 for the example in Fig.2.

()

It can be seen that, in scheme QPjg, each participating
mobile computer sends its own relation to the server
without considering the use of semijoins. As can be seen in
[5], judiciously interleaving a join sequence with semijoins
is able to reduce the amount of data transmission required.
Note, however, that without considering the asymmetric
features and energy consumption, the algorithm in [5] is not
applicable to the query processing in a mobile computing
system. As a result, we will devise in the following
subsection scheme QPg; to determine a proper join
sequence with semijoins interleaved in the RT phase for
further reducing both the amounts of data transmission and
energy consumption.

4.3 Query Processing with S| Profitable Semijoins
(Denoted by QPg)

As described in Section 3.4, an MI profitable semijoin is
helpful in reducing both energy consumption and data
transmission required. However, due to the asymmetric
features of a mobile computing system, MI profitable
semijoins cannot be directly applied to the query processing
in the RT phase of QPg. In view of this, we shall first derive
a theorem to identify SI profitable semijoins and, then, in
light of the theorem derived, develop a solution procedure
that can interleave a join sequence with SI profitable
semijoins for efficient query processing.

Definition 2. A semijoin R; — A — R;, where the server owns
relation R; and the mobile computer owns relation R;, is called
SI profitable if its energy consumption of the mobile computer
for performing this semijoin, i.e., erc(piq * |A|) + % * Topr *
Ts(R; > (piq * |Al)) + esp(pia|Rj|), is smaller than that for
sending R; to the server, i.e., esp(|R;|). Note that energy
consumption of an SI semijoin by the mobile computer consists
of the enerqy consumed in performing the semijoin and in
sending the resulting relation of that semijoin to the server for
a join operation.

With Definition 2, we can derive the following theorem:

Theorem 2. A semijoin R A — R; is SI profitable if and

(rpxe,—ker 9\[*fiupl(>
only if p; . is less than G

Proof. It follows from Definition 2 that egc(p;q * |A]) + 3 *
rsm * Ts(Rj < (pia * |A]) + esp(pial Rjl) < esp(|Rjl). Ac-
cordingly, we have

1
er* pig* [Al + 2k ron * tuple * ([ Rj] + pia * [Al + pia * | R)]))

)
+e xTp % pigRj| < e xrp* Ry
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Since p; o * |A| << |Rj|, we have

1
5 *TSMo* ttuplfi * |R/|(1 + pija) + epx
rE* piaR;| < e x g * |Rj|.

Since |R;| > 0, we have

1 1
5 *TSM ¥ ttuple + Pia * (5 *TSM * ttuple + e * 7’E) < €& *TE.

) > 1
(rE*er—gxrsarktiuplc)
IR T SM P uple ]
(resertgsrsartiplc) ’

Theorem 2 leads to the following corollary:

= Pia < thus proving the theorem. O

Corollary 2.1. An SI profitable semijoin, R; — A — R;, implies
that the amount of data transmission by performing this
semijoin (i.e., p;o(JA| + |R;|)) is smaller than that of sending
R; to the server (ie., |Rj|).

In the RT phase, by utilizing the server to perform the
multijoin query, the server site contains the resulting
relation. To facilitate our presentation, use E? to represent
the energy consumption of a join operation between R, and
R, where d is the destination site. The energy consumption
of an SI profitable semijoin, R; — A — R;, can be expressed
as E%I(SJ) and the corresponding data transmission cost
can be denoted by d//(S.J). The energy consumption of a
join R; — Ry can be expressed as E%/(J) and the corre-
sponding data transmission cost can be denoted by d”(.J).
Consider the query graph in Fig. 2, where the server S has
two edges (i.e., (S,M;3) and (S, M;)), meaning that there are
two possible joins, i.e., R < R3 or R <1 Ry, for S to start with.
Note that, when a join operation between R and R3 (or Rs)
is carried out, the resulting relation in site S will contain
those attributes of relation Rs (or Rj). In other words, the
selection of these two join operations (i.e., (R><R3) and
(R« Rj5)) will affect the costs of subsequent operations.
Thus, with the inclusion of SI profitable semijoins into a
proper join sequence, one can reduce the amount of data
transmission and energy consumption.

As described above, without considering the feature of
asymmetry, the algorithm for determining a join sequence
for a conventional distributed database is not applicable to a
mobile computing environment. Therefore, the design of a
solution procedure to determine a join sequence with SI
profitable semijoins interleaved is call for. First, we develop
a directed graph with proper weights in edges where
weights in edges represent the energy consumption of
performing join or Sl-semijoin operations at mobile com-
puters. Assume that the destination mobile computer in the
query graph (V, E) is denoted by d and the set of edges of
node d is represented as E;. The destination mobile
computer and its edges are omitted in the directed graph
since they will not be involved in the RT phase. The
resulting directed graph is thus (V —d, E — E;). An edge
connecting two nodes n; and n; is denoted by (n;,n;), and
the weight of edge (n;,n;), denoted by E./, can be set to
either the value of E'/(S.J) (meaning that an SI profitable
(rese,—txraarstipic)
o (rexe,+34rsar<tplc)
value of E'7(J) (meaning that a simple join ] will be
performed) otherwise. After constructing the directed
graph, the problem to reduce the energy consumption is

semijoin SJ will be performed) if p; < , or the

transformed to a graph program in which we shall
determine a traversal path with the purpose of minimizing
the summation of weights (i.e., minimize the energy
consumption consumed in mobile computers). By referring
to the Djikstra algorithm, algorithm M is designed and
applied to determine a join sequence with SI profitable
semijoins interleaved in the RT phase. Note that an edge
(S,n;) in a directed graph is being shrunken if (S,n;) is
removed from the graph and S and n; are merged together.
When a join operation between the two relations corre-
sponding to nodes S and n; in a given directed graph is
carried out, we can obtain the resulting query graph by
shrinking the edges between S and n;. Algorithm M is
outlined below.

Algorithm M. Determine the join sequence with SI profit-
able semijoins interleaved in the RT phase.

Input: A directed graph = (V —d, E — Ey).

Output: SEQ /* SEQ contains the resulting sequence of
joins semijoins */

1. begin

2. SEQ = ¢;

3. foreach vertex we V —d do

4. begin

5. w.mark = false; /* w.mark is used to indicate if
w has been visited or not */

6. w.ct == 00; /* w.ct is the cost of join operation
from S to w. */

7. w.op = J; /* w.op represents the join operation */

8. end

9. S.ct =0; /* The cost of join operation from S to itself is

set to zero */
10. while 3 an unmarked vertex do
11. begin
12. let w be an unmarked vertex such that w.ct is the
minimal among all the corresponding costs of
unmarked vertices;

13. if (w.p < m%) /* Determine if a
semijoin is SI profitable */

14. w.op =SJ;

15. SEQ=SEQ U w;

16. w.mark := true;

17. for all edges (w, z) with z is unmarked do

18. begin

19. if w.ct+weight(w, z) < z.ct then

20. z.ct := w.ct+weight(w, 2); /* Update the

weight of the edge (w,z) */

21. end

22. end

23. end

To show the execution of algorithm M, consider the
query graph in Fig. 2 whose profile is given in Table 3. The
corresponding directed graph is shown in Fig. 5. It can be

oy : (rpxe, —txrsarstipie)
verified that, since =05 < —r 2 — (0.6, the
’ PRG < (7‘E*8,‘+%*T51\1*t/uple) 4

weight of edge from S to M; in Fig. 5 is

s 1
ES5(SJ) =0.1%0.5%18 g * D 0.01x
(120 + 0.5 % 18 4 0.5 % 120) + 0.1 % 5 % 0.5 % 120 = 49.8.
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TABLE 3
A Profile for a Query Where |A| = 19, |B| = 15,
IC| = 17,|D| = 19, |E| = 16, |F| = 15, |G| = 18,
rTSM = 5,5 =0.5,e, =0.1,rg =5, and ttuple =0.01

Relation R; | |R;| | Attribute X | Selectivity p; ,
Ry 107 A 0.8
B 0.75
Rs 102 A 0.85
C 0.75
R3 106 C 0.8
D 0.7
B 0.4
Ry 100 B 0.8
F 0.95
Rs 120 F 0.8
G 0.85
R 131 D 0.9
G 0.5
@79.5 35.28 @
51 84.8
53 50
114
49.8
R RS

Fig. 5. A directed graph for a query graph in Fig. 2.

Also, since prp = 0.9 > % = 0.6, the weight of
edge from S to My is ES(J) = 0.1 % 5 % 106 = 53. Similarly,
the weights of other edges in the directed graph in Fig. 5 can
be obtained. Then, algorithm M is used to generate the
proper join sequence with SI profitable semijoins interleaved
in the RT phase. First, the costs from S to other vertices are
evaluated in the directed graph for initialization (from line 3

@795— M3 3528+ M4
51 84814
R2 R

53

0

S 49.8— M5
é}ﬁ\/
R ——— RS

wn

semijoin

join

(a)
R2 — R4
M2
79.5 88.28
104 848
s
R**

(c)

TABLE 4
An Execution Example of Algorithm M

Steps | My | M3 | My | M; | Operation included into SEQ
0 oo | B3| oo |49.8 o
1 oo | 53| 99.8 | 49.8 R—G—Rs;, R; —R
2 104 | 53 | 88.28 | 49.8 Rz —R*
3 104 | 53 | 88.28 | 49.8 R*-E—R4, Ry =R*
4 104 | 53 | 88.28 | 49.8 Ry —R™*

to line 8 in algorithm M). The execution scenario of
algorithm M is shown in Fig. 6 where R*, R**, and R**
denote the resulting relations in the end of each step. Note
that, since the cost of (S, M;) is the minimal (line 12 in
algorithm M), as can be seen in Step 0 from Table 4, the
vertex Mj is selected first. Also, it can be verified that the
semijoin operation R — G — Rj is SI profitable (line 13 in
algorithm M) since the corresponding selectivity factor (i.e.,
0.5) is smaller than lreseo—prrsutupte) () 6 The semijoin R —

(rg*e,.Jrl*rS“*tf,“],,(‘)
G — Rj is thus performedé. In Fig. 6a, Rs is selected for the
semijoin and sends the resulting relation to the server.
After the join with the relation at site M, the cost from S to
M, is derived (from line 17 to line 21 in algorithm M). It can
be seen that Fig. 6a leads to the configuration in Fig. 6b in
which the weight of the edge from S to My becomes 99.8 (i.e.,
49.8 + 50 = 99.8). Then, we shall determine the minimal cost
among all the edges connecting to those unvisited vertices
(line 12 in algorithm M) and perform the corresponding
operations. This procedure repeats until all the vertices of
the directed graph are visited (line 10 to in algorithm M).
From Table 4, it can be seen that M3 has the minimal cost in
Step 1 and is next to be selected. Since the semijoinR* — D —
Rj3 is not SI profitable according to Theorem 2, the simple join
from M; to S is executed in Fig. 6b, leading to the
configuration in Fig. 6¢c. Following the same procedure, the
sequence of joins and semijoins can be derived. Note that,
while having the same cost as QPg in the FP phase, scheme

C@iﬁf
R2

R3
join ﬂf3 99.8
Aﬁ 4114
S

N
M3 3528 M4
84.8— R4

Fig. 6. Execution scenario of algorithm M. (a) Step 1. (b) Step 2. (c) Step 3. (d) Step 4.
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TABLE 5

The Parameters Used in the Simulation
Notation | Definition Values
n Number of relations involved in query processing 4,5,6,7
0 Idling coefficient 0.1
buple Coefficient for the processing time required per tuple. 0.01
I'p Send-receive energy ratio 5
TSM Ratio of the processing power of a server to that of a mobile computer. | various value used
e, Receiving energy coefficient various value used

QP outperforms QP4 in the RT phase by incurring not only
a smaller amount of energy consumption, i.e., 49.8 + 53 +
35.28 + 51 = 189.08 < 60 4 53 + 50 + 51 = 214, but also a
smaller amount of data transmission, i.e., 69 4+ 106 + 46.4 +
102 = 323.4 < 120 4 106 + 100 + 102 = 428, showing the
very advantage of employing proper SI profitable semijoins
in scheme QPg;.

5 PERFORMANCE EVALUATION

Extensive performance studies are conducted in this section.
The simulation model built to evaluate the join and query
processing in a mobile computing system is described in
Section 5.1. In Section 5.2, performance of join methods,
including Jg, J¢, and Js¢, is empirically studied. Sensitivity
analysis on various parameters, including selectivity factor
and idling coefficient, are conducted. The corresponding
characteristic functions of MI profitable semijoins, which are
important in determining whether Jg or Jg¢ should be used,
are derived. Experimental results of query processing
schemes, including those of QP QPg, and QPg;, are
presented in Section 5.3. A characteristic function of SI
profitable semijoins is developed and is shown to be of
important use for efficient execution of QPg;.

5.1 System Model

Simulations were performed to evaluate the effectiveness
of join processing methods and query processing schemes.
The simulation program was coded in C++, and input
queries were generated as follows. The number of relations
in a query was predetermined. The occurrence of an edge
between two relations in the query graph was determined
according to a given probability. Without loss of general-
ity, only queries with connected query graphs were

§ 3000

@ R et REEE Fo RN
-gzsoo A Js

@ 2000 © Jc

b © Jsc

w 1500

©

S 1000

=

g 500| Lo gee--go--
<

0
0 0.10.20.3 0.40.50.60.70809 1
Selectivity factor

Fig. 7. The amounts of data transmission by Jg, J¢, and Jsc with the
selectivity factor varied.

deemed valid and used for our study. Based on the above,
the cardinalities of relations and attributes were randomly
generated from a uniform distribution within some
reasonable ranges. These settings are similar to those prior
works in query processing [6], [8]. For ease of exposition,
unless mentioned otherwise, the default value of each
parameter is given in Table 5. The number of relations
involved in query processing, denoted by n, is chosen to be
4,5, 6,7 and 8, respectively. In general, we set the value of
6 to 0.1, the value of t;,,. to 0.01, and the value of 75 to 5.

5.2 Experimental Results of Join Processing

The effectiveness of join processing is evaluated in this
section. We first examine the impact of selectivity factor to
both the amounts of data transmission and energy
consumption of Jg, Jo, and Js¢ in Section 5.2.1. The
derivation of characteristic function of an MI profitable
semijoin for selectivity factor with rgy; varied, denoted by
farr(-), is presented in Section 5.2.2. Then, the impact of
varying the value of an idling coefficient to the energy
consumption of Jg, J¢ and Jgc¢ is evaluated in Section 5.2.3.
The derivation of characteristic function of MI profitable
semijoin for idling coefficient with rg;; varied, denoted by
gyr(+), is given in Section 5.2.4. Given related parameters,
the characteristic functions fj;;(+) and g;,;(-) can be used to
determine whether join method Js or Jgc should be
utilized.?

5.2.1 Experiments of Selectivity Factor

As mentioned before, the selectivity p; , of attribute A in R;
is defined as %, where R;(A) is the set of distinct values
for the attribute A in R;. To conduct the experiments to
evaluate the impact of selectivity factor, we set the value of
rsu to 5, the value of 6 to 0.1, the value of ¢, to 0.01, the
value of e, to 0.1, and the value of 7 to 5. The amount of
data transmission and the corresponding amount of energy
consumed by Js, Jo and Jgo are examined with the
selectivity factor varied. Fig. 7 shows the amounts of data
transmission incurred by Jg, J¢, and Jgeo. It can be seen
from Fig. 7 that the amount of data transmission incurred
by Jg has the largest value among all methods, agreeing
with Lemma 1 and Lemma 2. Note that the amounts of data
transmission incurred by Jg and Jo remain constant for

2. Note that, since the spirit of our work is mainly to propose a
systematic procedure to derive the characteristic functions of an MI
profitable semijoin for selectivity factor and idling coefficient (that can be
employed by MI profitable semijoin for performance improvement), this
procedure is still applicable even in the presence of various parameter
values in different applications.
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Fig. 8. The amounts of energy consumption incurred by J¢, Jg, and Js¢ with the selectivity factor varied. (a) The energy consumption of J¢, Jg, and

Jsc with rgy, = 5 and the selectivity factor varied. (b) The energy consumption of J¢, Jg, and Jsc with r5y, = 3 and the selectivity factor varied.

different values of the selectivity factor. In contrast, the
amount of data transmission incurred by Jsc tends to
increase when the selectivity factor increases. In other
words, the join method Js¢ is favorable when the value of
the selectivity factor is small.

The amounts of energy consumption incurred by Jg, J¢,
and Jgc with the selectivity factor varied are shown in
Fig. 8a, where it can be seen that the amount of energy
consumption incurred by Jc¢ is larger than that by Jg,
agreeing with Lemma 3. Since the energy consumptions of
Js and J¢ are independent of the selectivity factor, both the
amounts of energy consumption for Jg and Jc remain
constant when the value of the selectivity factor varies. Note
that as the selectivity factor is smaller than that of the
intersection point of curve Jg and curve Jg¢ in Fig. 8a (ie.,
point a where the selectivity factor = 0.18), the energy
consumption of Jg¢ is smaller than that of Js. Clearly, the
selectivity factor of point a can be used as a threshold to
determine whether Jg or Jg¢ should be employed. It is
important to note that the selectivity factor of point a can be
estimated as m‘;;’;ipw =401 — 0.2 according to Theorem 1,
which is very close to the value of 0.18 that is empirically
determined from Fig. 8a.

Fig. 8b shows the amounts of energy consumed by Jg,
Jo, and Jgo with rgy = 3 and the selectivity factor varied.
Note that, compared with the selectivity factor in Fig. 8a
where rgyr =5, the decisive selectivity factor point (i.e.,
point b where the selectivity factor = 0.3) shifts to the right
in Fig. 8b. According to Theorem 1, the selectivity factor of
ot = St = 0.33, which is
also very close to the value of 0.3 empirically determined
from Fig. 8b.

point b can be estimated as

5.2.2 Characteristic Function of Ml Profitable Semijoin
for Selectivity Factor

To derive a characteristic function of an MI profitable
semijoin for the selectivity factor with rgy varied, we
conduct 10 experiments, which are analogous to the ones in
Section 5.2.1, and combine their results to construct Fig. 9.
Specifically, without loss of generality, we set the values of
rsu to be in the range from 1 to 10 and empirically obtain
the threshold points for the execution of Jgc. A complete
spectrum for the impact of rgy; to the value of the decisive

selectivity factor is shown as a function fj;;(-) in Fig. 9,
where the threshold selectivity factors collected from
experimental results are shown by line 1 and those
determined from the analytical model stated in Theorem 1
are shown by line 2. Explicitly, the values of line 1 are
determined from such points as the intersection point of
curve Jg and curve Jg¢ in Fig. 8a (i.e., point a) and that in
Fig. 8b (i.e., point b). It can be seen that the value of the
selectivity factor varies from 0.3 in Fig. 8b (with rgy = 3) to
0.18 in Fig. 8a (with rgyr = 5).

Note that the characteristic function fy;(-) is very
important in determining whether Jg or Jgc should be
used. Note that the left-lower half of Fig. 9 corresponds to
the operating region where method Jg¢ is favored and the
right-upper of Fig. 9 corresponds to the region where
method Jg should be used. Specifically, given a selectivity
factor being sl and rgy =71, if f37(r1) > s1, join method
Jsc should be utilized. Otherwise, join method Jg is used. It
can be seen that the difference between experimental results
in line 1 and analytic results in line 2 is almost negligible,
showing the good accuracy of the experimental studies
conducted.

5.2.3 Experiments of Idling Coefficient

With a given selectivity factor, the sensitivity of varying the
value of an idling coefficient (i.e., §) for join processing is
investigated in this subsection. Specifically, with a given
selectivity factor p = 0.6, we set the value of the rg;s to 5,
the value of e, to 0.08, the value of ¢, to 0.01, and the

1
0.9
0.8
0.7
0.6
0.5
0.4

03 N
02 b (3,0.3)

G Line 1: experimental
> Line 2: analytic

Using Js

Selectivity factor

0.1| Using Jsc
0

0 1 2 3 45 6 7 8 9 10 1
Performance ratio of a server to a mobile rsm

Fig. 9. The characteristic function of an Ml profitable semijoin, f,(-), for
the selectivity factor with rg,, varied.
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Fig. 10. The energy consumptions of Jg, Jo, and Js¢ with ¢ varied.
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Fig. 11. The characteristic function of an Ml profitable semijoin, g, (-),
for & with rg,, varied.

value of 7 to 5. With this setting, the experimental results
are shown in Fig. 10, where the amounts of energy
consumptions of Jg, Jo, and Jgc with the value of the
idling coefficient varied are given.

As can be seen from Fig. 10, the amount of energy
consumed by J¢ is larger than that by Jgs. Both the amounts
of energy consumed by J¢ and Js¢ tend to decrease as the
value of an idling coefficient increases. Note that, as the value
of theidling coefficient is larger than the one corresponding to
the intersection point of curve Jg and curve Jg¢ in Fig. 10 (i.e.,
point ¢ where the value of the idling coefficient is 0.4), the
amount of energy consumed by J ¢ is smaller than thatby Jg.
Clearly, with a given selectivity factor, the idling coefficient
can be used as a decisive parameter for the execution of Jg¢. It
is important to note that, according to Corollary 1.1, the
corresponding value at point c can also be estimated as p *
oM * “—“ = 0.6 %5 %% — (375, which is very close to the

e 0.08
value of 0.4 that is empirically determined from Fig. 10.

5.2.4 Characteristic Function of Ml Profitable Semijoin
for Idling Coefficient

Similarly to the procedure in Section 5.2.2, we conduct
eight experiments and combine their results to derive a
characteristic function of an MI profitable semijoin, denoted
by gu(-), for the idling coefficient with rgys varied.
Specifically, we set the values of rgy; to be in the range
from 1 to 8 and empirically determine the corresponding
points for the execution of Jg¢. A complete spectrum for the
impact of rgys to the value of the decisive idling coefficient
is shown as a function g,,;(-) in Fig. 11, where the decisive
idling coefficients collected from experimental results are
shown by line 1 and those determined from the analytical
model stated in Corollary 1.1 are shown by line 2. It can be
verified that the values of line 1 are determined from such
threshold points as the one which is intersected by curve Jg
and curve Jg¢ in Fig. 10 (i.e., point ¢ in Fig. 10). Note that,
similar to f//(+), g57(-) can also be employed to determine
whether Jgc or Jg should be used. The left-upper half of
Fig. 11 corresponds to the operating region where
method Jgc is used and the right-lower of Fig. 11
corresponds to the region where method Jg is used.
Specifically, given an idling coefficient being il and
Roym =11, if gy;(rl) <il, join method Jsc should be
utilized. Otherwise, join method Jg is used. Same as in
Fig. 9, it can be seen that the difference between experi-
mental and analytic results is negligible.

5.3 Experimental Results of Query Processing

In this section, we first evaluate the performance of an SI
profitable semijoin in Section 5.3.1. Then, the characteristic
function of an SI profitable semijoin for selectivity factor with
Rgyr varied, denoted by fg;(+), is derived in Section 5.3.2.
Performance studies of QPg and QPg; are conducted in
Section 5.3.3.

5.3.1 Experiments of S| Profitable Semijoin

In this experiment, we set the value of gy to 5, the value of
6 to be 0.5, the value of t,,. to 0.01, the value of e, to 0.1,
and the value of rg to 5. The amounts of data transmissions
and energy consumptions of an SI (server-initiated)
semijoin and a simple join are examined with the selectivity
factor varied. According to Definition 2, an SI semijoin is
called profitable if the amount of energy consumed is
reduced by including this semijoin. From Fig. 12a, it can be

90 § 140 -
580 £ Simple join é 120| Borm@o---B---B--fh
2_70 # Sl semijoin d 2 100| © Simple join
560 E----F----8-°>fB----4 s # Sl semijoin
2 s 80
S 50 T
> T 60
< 5,

0 30 £ 0
(<]

20 2 20

10 < 0

0 0.1020304 0506070809 1
Selectivity factor
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0 010203 040506070809 1
Selectivity factor
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Fig. 12. The performance of S| semijoins and simple joins with rg); = 5. (a) The energy consumption of Sl semijoin and simple join. (b) The amount

of data transmission of S| semijoin and simple join.
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seen that the amount of energy consumed by an SI
profitable semijoin is smaller than that by a simple join
when the value of the selectivity factor is smaller than the
corresponding value at point d (i.e., 0.63). Thus, the
corresponding value at point d can be used as a threshold
to identify SI profitable semijoins. Note that according to

Theorem 2, the corresponding selectivity factor at point d

. ( 54¢0.1—g=5+0.01
can be estimated as (rpver P vto) = 501754001 — 0.667,

which is very close to the value of 0.63 at point d that is
empirically determined from Fig. 12a. It is shown in Fig. 12b
the amount of data transmission incurred by an SI profit-
able semijoin is much smaller than that by a simple join, and
the corresponding selectivity factor at point e is larger than
that at point d, agreeing with Corollary 2.1.

1.
rEXer—g*Tsa*ttuple)

5.3.2 Characteristic Function of Sl Profitable Semijoin

To derive a characteristic function of an SI profitable
semijoin for the selectivity factor with rgy varied, we
conduct 10 experiments, similar to the one in Section 5.3.1,
and combine their results to obtain Fig. 13, where a
characteristic function of an SI profitable semijoin with the
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value of rg) varied, i.e., fg;(-), is given. In Fig. 13, the
decisive selectivity factors determined from experimental
results are shown by line 1 and those determined from the
analytical model stated in Theorem 2 are shown by line 2.
Again, the values of line 1 are collected from such
intersection points as the one which is intersected by curve
SI semijoin and curve simple join in Fig. 12a (i.e., point d).
Note that the left-lower half of Fig. 13 corresponds to the
operating region where SI profitable semijoins are used, and
the right-upper of Fig. 13 corresponds to the region where
simple joins are used.

5.3.3 Performance of QP4 and QPg;

As shown in Section 4.3, interleaving an appropriate join
sequence with SI profitable semijoins in the RT is able to
reduce the amounts of data transmission and energy
consumption. We now examine the performance of query
processing among one server and many mobile computers.
The number of relations in a query is set to 5 and 300 queries
are random generated. For each query, the three query
schemes, i.e., QP¢, QPg, and QPg; are performed. Without
loss of generality, we set the value of Rgys to 5, the value of ¢
to 0.5, the value of e, to 0.1, and the value of rg to 5. Fig. 14
shows the amounts of data transmission and energy
consumption incurred by QP., QPg, and QPy;.

From Fig. 14, it can be seen that scheme QP incurs the
largest amount of energy consumption among all schemes.
Also, as validated by the experimental results, by exploit-
ing the asymmetric feature of computing capability
between the server and mobile computers, scheme QP4
can save the energy consumption of the destination mobile
computer and participating mobile computers. Further-
more, through reducing the amount of energy consump-
tion, scheme QPg increases the amount of data trans-
mission required. Note that, by employing the character-
istic function in Fig. 13 to guide its execution, scheme QPg;
can further reduce both the amounts of data transmission
of energy consumption, showing the very advantage of
interleaving a join sequence with SI profitable semijoins in
the RT phase. To show the difference of QPg and QPg; for
different numbers of relations, both the amounts of data
transmission and energy consumption incurred by meth-
ods QP5 and QPg; in the RT phase are shown in Fig. 15. It
is noted that, owing to the advantage of employing SI
profitable semijoins, QPg; significantly outperforms QPg
by incurring smaller amounts of data transmission and
energy consumption.
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Fig. 15. The amounts of data transmission and energy consumption incurred by QP ¢ and QPg; in the RT phase with the number of relations varied.
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6 CONCLUSIONS

In this paper, we first explored three asymmetric features of
a mobile environment. Then, in light of these features, we
devised query processing methods for both join and query
processing. Explicitly, according to those asymmetric
features of a mobile computing system, we examined
three different join methods and devised some specific
criteria to identify MI/SI profitable semijoins. We also
proposed and investigated three query processing schemes
for the processing of multijoin queries in a mobile comput-
ing system. In particular, we formulated the query proces-
sing in a mobile computing system as a two-phase query
processing procedure that can determine a join sequence
and interleave that join sequence with SI profitable semijoins
to reduce the corresponding costs. Performance of these join
and query methods was comparatively analyzed and
sensitivity analysis on several parameters, including selec-
tivity factor and idling coefficient, was conducted. Further-
more, we developed a systematic procedure to derive the
characteristic functions of MI and SI profitable semijoins. It
was shown by our simulation results that, by exploiting the
three asymmetric features, these characteristic functions are
very powerful in reducing both the amounts of energy
consumption and data transmission incurred and can lead
to the design of an efficient and effective query processing
procedure for a mobile computing environment.

APPENDIX A

EXPECTED RESULTING CARDINALITIES OF JOINS

Theorem [5]. Let G = (V,E) be a join query graph. Gp =
(Vs, Ep) is a connected subgraph of G. Let Ry, Ry, ..., Ry, be
the relations corresponding to nodes in Vg, A1, Ag, ..., Ay be
the distinct attributes associated with edges in Ep, and m; be
the number of different nodes (relations) that edges with
attribute A; are incident to. Suppose R* is the relation
resulting from the join operations between relations in G g and
Nr(Gp) is the expected number of tuples in R*. Then,

[T, [R]

[T, 1A

B) = (6)

APPENDIX B
PROOFS OF LEMMAS AND COROLLARIES

Proof of Lemma 1. It follows from the theorem in [5] that

the size of |R; b< Ry is ‘Ri“f’” The value of d;(Js) can be
di(Je) =

expressed as |Rq| + |Rl|lf’z Note that d:(Jg) —
(|R» |+‘Rl”R2‘) |Ry| = |Ry| + BallRl=14]) ‘ﬁ‘l A) In general, we
assume that |R2| > |A| and all |Ry|, |Ro|, and |A| are

larger than zero. Thus, we have |Ry| +W > 0.
This lemma follows. O

Proof of Lemma 2. The amount of data transmission
incurred by method Jg¢ can be formulated as
p(JA| 4+ |R1]), where A is the join attribute with the
selectivity factor p. d;(J¢) can be expressed by |Ri|.

Generally speaking, since p < % and [Ri| > A, we

have p(|A| + |R1]) < |R1|, thus proving this lemma. O
Proof of Corollary 1.1. From Theorem 1, we have E.(Jsc) —
E.(Js) = ‘Rl‘ﬂf” (5 % Tgar * truple * p — €r). From Definition 1,
‘RIHRQ‘ (1 % rgar * tupie * p — €,) < 0. Then, we have 1 s* TSy
*tm,,,p * p — e, < 0, which implies that 6 > p* 7‘5M * “""‘ ,
thus proving the “only if” condition. Also, if 6 > p*
roM * t'(,—”, we have $x7gu * tuge * p— e, <0, which
implies that E.(Jsc) — E.(Js) < 0, thus proving the “if”
condition. This corollary follows. 0

Proof of Corollary 2.1. The data transmission of performing

semijoin is less than that of sending [R;] if pix < A} +||R It
follows from Theorem 2 that a semijoin is an SI profitable
(rp*e,—pxrsarstiupic)

semijoin if p;, < overhrrgareton) We now want to prove

1
(rexer—g+rsar*tiuple)

that 7F*F,7;¥Ts\[*f/upl«) ||
(rE*eﬂr;lg*TsM*tmpte)

. Assume that
(rirertorsatuge) ~ A+ R - £SSUME

< then we have

|R|
IAHIR I

(1Al + [R)]) <

1

(e %15 — 3 * T * Lhuple) *
1

(e, %rp + e trupte) * | Rjl.

We need to prove that 2 |Rj| (3% roas * trupie) + | Al
(é * Tgnr ¥ Lruple — €r % 7g) > 0. Since we have |R;| > |A|,
1>1, rgy > 1, and 0 < type < 1, it can be seen that

2 * |R | * ( * TSn * ttuple) + |A|>k

1
(5 * TN * ttuplc —€ep ¥k TE) > 07

(rese,—tsraartipic) |R)|
(re*er+rsartipic) [Al+]Ry] -
SI profitable semijoin, the corresponding amount of data

proving that

Thus, by using an

transmission is reduced. O
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