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Abstract

Energy saving is one of the most important issues
i wireless mobile computing. Among others, one vi-
able approach to achieving energy saving is to use an
wndexed data organization to broadcast data over wire-
less channels to mobile units. In this paper, we ez-
plore the issue of indezing data with skewed access for
sequential broadcasting in wireless mobile computing.
We propose methods to build index trees based on ac-
cess frequencies of datla records. To minimize the av-
erage cost of index probes, we consider two cases: one
for fized index fanouts and the other for variant indez
fanouts, and devise algorithms to construct index trees
for both cases. We show that the cost of index probes
can be minimized not only by employing an imbalanced
index tree that is designed in accordance with data ac-
cess skew, but also by explotting variant fanouis for
mdezr nodes.

1 Introduction

Mobile computing, referring to the activity of us-
ing personal digital assistances, such as palmtops and
notebook computers, to access a large number of
databases via wireless networks, has recently been
identified as an area with an emerging market [5]. A
significant amount of research effort has been elabo-
rated upon exploring several aspects of mobile com-
puting, including energy saving [6] [§], cache manage-
ment [1], query processing [4] and data allocation. As
reported in [3], the potential market for mobile com-
puting applications is estimated to be in billions of
dollars annually. Such applications as using palmtops
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to access airline schedules, stock activities, traffic con-
ditions and weather information on the road are ex-
pected to become increasingly popular. It is noted,
however, that several mobile computers, such as desk-
tops and palmtops, use small batteries for their op-
erations and are not directly connected to any power
source. As a result, energy saving is the key issue to
resolve before we can anticipate an even wider accept-
ability for mobile computers.

In general, a mobile server is expected to concur-
rently serve a large number of clients. Since the cost
of broadcasting is independent of the number of users,
periodic broadcasting is the prevalent method for in-
formation dissemination in a wireless communication
environment. When a palmtop is actively listening to
a channel, its CPU must be in an active mode to exam-
ine data packets so as to determine if they match the
predefined patterns. Such CPU operations for data
examination consume a significant amount of battery
power. Therefore, to achieve energy saving it is highly
desirable to let the palmtops stay in the doze mode
most of the time and only come to the active mode
when it is necessary. The ratio of power consumption
in active mode to that in doze mode is approximately
5000 {6]. As a consequence, it is advantageous to use
indexed data organization to broadcast data over wire-
less channels so that those mobile units can be guided
to the data of interest efficiently and only need to be
actively listening to the broadcasting channel when
the relevant information (indexes or data) is present.
The structure of an index tree determines the index
probing scenario for data access under such an indexed
broadcasting.
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Figure 1: Indexed broadcasting: (a) an example index
tree, and (b) index probing scenario to data record Rs.

A conventional index tree is given in Figure la,
and its corresponding broadcasting sequence is given
in Figure 1b. Suppose that record Rb is the record
to be accessed. Then, after being routed to the root
index, I, the request will probe I and ag, and then
reach Rb. Clearly, using this index tree, a request to
any record will take two index probes. Note that the
~ amount of time a mobile unit has to stay in the active
mode is proportional to the number of index probes it
has to make. Hence, reducing the average number of
index probes will result in a lower power consumption.
It is noted that in most databases the access frequen-
cies of different data records are usually different from
one another. This phenomenon is termed data access
skew. In view of the existence of data skew, an in-
dex tree can in fact be judiciously built in accordance
with data access frequencies in such a way that the
average cost of index probes for data access is mini-
mized. Notice, however, that most of the prior studies
do not consider exploiting the feature of data access
skew to minimize the number of index probes when an
index tree is constructed. Also, there is no attempt re-
ported to utilize variant index fanouts to minimize the
average cost of index probes. The absence of research
effort in these issues can be explained by the reason
that in the conventional file system, the cost of execut-
ing an index probe for data access is almost negligible
as compared to other CPU and I/O operations, thus
rendering little overall performance improvement by
minimizing the number of index probes. Therefore, a
sophisticated method to reduce the index probe cost,
such as employing an imbalanced index tree or allow-
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ing variant index fanouts, is not deemed very impor-
tant from a performance perspective. Furthermore,
the normal update activities in a file system will make
the maintenance/reconstruction of index trees with
variant fanouts very expensive. However, such a cost
model does not hold in the context of wireless mobile
computing. In wireless mobile computing, because lis-
tening to broadcast data is one of the major sources
for power consumption, it is very important to mini-
mize the cost of index probes to access the broadcast
data, which are mostly for read-only applications. The
importance and feasibility of employing sophisticated
index trees to minimize the cost of index probes is thus
justified in wireless mobile computing.

Consequently, we explore in this paper the issue of
indexing data with skewed access for sequential broad-
casting in wireless mobile computing. Specifically, we
propose methods to build index trees based on access
frequencies of data records. To minimize the aver-
age cost of index probes, we consider two cases: one
for fixed index fanouts and the other for variant in-
dex fanouts. For the case of fixed index fanouts, in
light of Huffman code [7], we derive an algorithm, CF'
(standing for constant fanout), for the optimal index
tree construction that minimizes the average number
of index probes. With C'F' derived, we then consider
a more sophisticated model in wireless mobile com-
puting that allows variant index fanouts in an index
tree. For the case of variant index fanouts, due to
the NP-Completeness of the corresponding optimiza-
tion problem, we devise an efficient greedy algorithm,
V F (standing for variant fanout), for suboptimal solu-
tions. We show that the average cost of index probes
can be significantly reduced not only by employing an
imbalanced index tree that is designed in accordance
with data access skew, but also by exploiting variant
fanouts for index nodes. Explicitly, by employing the
concept of variant index fanouts, one can obtain an in-
dex tree that requires, on the average, a smaller index
probe cost than optimal fixed fanout index trees.

This paper is organized as follows. Preliminaries
are given in Section 2. Algorithms for building index
trees for both the cases of fixed fanouts and variant
fanouts are derived in Section 3. This paper concludes
with Section 4.



2 Preliminaries

In this paper, a mobile client is assumed to use
selective tuning to listen to indexed sequential data
broadcasting. Note that if the data is broadcasted
without any index, the client will have to listen to the
channel, on the average, half of the total broadcasting
time for the whole file. As mentioned earlier, using
proper indexing in sequential broadcasting, selective
tuning allows mobile clients to stay active only when
the data of interest is present, thereby saving a lot
of battery resource. As in [6], we use the following
two parameters, tuning time and access time, to as-
sess the performance of a data broadcasting scheme.
Tuning time means the amount of time spent by a
client to listen to the channel. Access time means the
time elapsed from the time a client wants an identified
record to the time that record is downloaded by the
client. Listening to a channel requires the client to
be in the active mode [6]. Hence, tuning time deter-
mines the battery consumption. Access time further
consists of two components: probe wait and beast wazil,
where probe wait is the time to get the first index and
bcast wait 1s time duration from the point the first
index is reached to the point the required record is
obtained. For ease of discussion, our interest in this
study starts from the point that the first index is cap-
tured. Explicitly, we shall explore the approaches of
using imbalanced index trees as well as employing vari-
ant index fanouts to minimize the average index probe
cost (i.e., tuning time), thus minimizing the battery
consumption.

Denote the number of data records as n, and a data
record as R;, 1 < i < n. Let Pr(R;) be the access
probability of R;, i.e., > i c.c, Pr(R:)=1, Ly(R;) be
the number of index probes to reach R; in an index
tree. Also, a; is used to represent an index node in
an index tree and d(a;) represents the fanout of a;.
Path(R;) is the set of index nodes from the root to
data record R;. For example, we have I,;(R3)=2,
d(a1)=3 and Path(R3)={I, a1} in Figure la.

3 Index Allocation for Skewed Data
Access

3.1 Imbalanced Index Tree Construction

for Fixed Fanouts

In essence, the proposed method C'F will reduce
the number of index probes for hot (i.e., frequently ac-
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Figure 2: Illustration of an imbalanced index tree: (a)
an index tree T1§=3 built by CF, and (b) a correspond-
ing data broadcasting sequence.

cessed) data while allowing more probes for cold (less
frequently accessed) data. CF, which is devised in
light of Huffman code, is described below, where n is
the number of total data records and d is the fanout
of each index.

Algorithm CF': Use access frequencies to build an in-
dex tree with a fixed fanout d.

Step 1: Initially, we have a forest of n subtrees, each
of which is a single node labeled with the corre-
sponding access frequency.

Step 2: Attach the d subtrees with the smallest labels
to a new node. Label the resulting subtree with
the sum of all labels from its d child subtrees.

Step 3: n = n —d+ 1. (Then, n is the number of
remaining subtrees.) If n = 1 stop else goto Step

2.

To facilitate our presentation, the index tree in Fig-
ure la is denoted by Tdﬂ;3 and the corresponding im-
balanced tree built by algorithm CF is denoted by
T4_5. The superindexes of T2, and T_; stand for
“balanced” and “imbalanced,” respectively. For ex-
ample, given the profile in Table 1 and d = 3, algo-
rithm CF will build an imbalanced index tree in a
bottom up manner and lead to 7J_, as shown in Fig-
ure 2a. It can be verified from Table 1 that by using
the imbalanced tree T1_, the average number of index
probes for data access, i.e., 1 ;cg Pr(Ri)Ipp(R;), is



Data record

[RITR2TR3[R4 [R5 [ R6 | R7T | R8 | R9 ||

Pr(R;) 4 | 4 ]05].05].02].02].02].02].02
ILy(R)inTE . | 2 2 2 2 2 2 2 2 2
Lo(R)inTi _, | 1 1 2 3 3 3 3 3 3

Table 1: The access probability for each data record
and the number of index probes required to reach each
record by T2 ; and TZ_,.

reduced from 2 (i.e., using the index tree 72 , in Fig-
ure 1a) to 1.5 (i.e., using the index tree T7_, in Figure
2a), thus reducing the average power consumption. A
corresponding broadcasting sequence is given in Fig-
ure 2b. Consequently, by transforming the problem
of minimizing the number of index probes to the one
of determining the minimal weighted path length for
d-ary tree [7], it can be seen that algorithm CF is in
essence a generalized version of Huffman code algo-
rithm. Theorem 1 below thus follows.

Theorem 1: Given a fixed index fanout, the
average number of index probes, ie., > jc;i<n
Pr(R;)I,5(R;), is minimized by using the index tree
constructed by algorithm C'F.

Denote the cost of probing an index a; as f(a;).
Then, the average cost of locating a record by probing
indexes can be expressed as:

Z PT(Ri)

1<i<n

2

a;€Path(R;)

f(a;),

where Path(R;) is the set of index nodes from the root
to data record R;. Note that under sequential broad-
casting, the cost of probing an index is proportional
to the fanout of that index, i.e., f(a;)=g(d(a;)), where
g(+) is a monotonically increasing function. Without
loss of generality we shall use f(a;)=g(d(a;))= d(a;) in
our discussion below for ease of presentation. For ex-
ample, for the index tree in Figure 2a, f(a2)=d(a2)=3
and the index probe cost to reach data record Rs is
2ajepatn(rs) A(ai)= d(I)+d(ar)+d(ag)= 3+3+3=9.

Given this cost model, index trees built by algo-
rithm CF for different fanouts will lead to different
average cost of index probes. For example, index trees
built by algorithm C'F for d = 2 and d = 4 are given
in Figures 3 and 4, respectively. Let C(T1_;) be the
average cost of index probes for the index tree sz 5

Le., C(Tézj):z:gign Pr(Ri)EajePath(R,-)d(aj) for
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Figure 4: An index tree T({=4 built by algorithm CF.

the index tree szj. It can be obtained from Table
2 that C(T7_;)=6 * 0.4+16 x 0.05+ 54 x 0.02=4.05 <
C(T}_,)=4.12 < C(T1.,)=4.28, showing that there is
no monotonic relationship, neither increasing nor de-
creasing, for the values of C(TC{:].) along the fanout
j allowed. This fact, together with the hierarchical
nature of index construction, implies that by allowing
variant index fanouts within an index tree, one can fur-
ther minimize the average cost of index probes. This
important feature is explored next.

3.2 Employing Variant Index Fanouts to
Minimize Index Probes

Given the remarks on the nature of C'F' above, we
explore in this subsection the approach of using vari-



ant index fanouts to minimize the average cost of in-
dex probes. It is noted that unlike the conventional
file system where a simple data structure is usually
preferable, the approach of using variant index fanouts
can be easily implemented in the indexed broadcast-
ing environment to lead to performance improvement.
As can be seen later, by employing the concept of vari-
ant index fanouts, one can obtain an index tree that
requires, on the average, a smaller index probe cost
than optimal fixed fanout index trees. Note that such
an optimal partition problem associated with variant
index fanouts is known to be NP-Complete in nature
[2]. In view of this, we shall develop in the following
an efficient heuristic algorithm V F to build an index
tree with variant fanouts.

Basically, algorithm V' F' is greedy in nature and
builds the index tree in a top down manner. V F' starts
with attaching all data records to the root node. Then,
after some evaluation, V F' groups nodes with small ac-
cess frequencies and moves them to one level lower so
as to minimize the average index probe cost. Figure b
shows the scenario of grouping a set of nodes and mov-
ing them to a lower level. It can be seen from Figure
5 that while the cost of index probes is increased for
those nodes moved down to the next level (i.e., the
index probe cost for each node among h;41, hit2, -\
and hy, is increased from m to (i + 1) + (m — )=
m + 1), the index probe cost for the other nodes will
be greatly reduced (i.e., the index probe cost for each
node among hi, hs, ..., and h; is reduced from m to
i+ 1), thereby resulting in an overall reduction on the
average index probe cost. Formally, the criterion of
determining if a group of nodes should be moved to
the next level can be formulated by the lemma below.

Lemma 1: Suppose that node » has m child nodes,
hi, ha, ..., hyy, which are sorted according to descend-
ing order of Pr(h;), 1 < j <m, ie., Pr(h;) > Pr(hy)
iff j < k. Then, the average cost of index probes can
be reduced by grouping nodes h;41, hit2, ..., hy and
attaching them under a new child node if and only if

(m—i=1) > Pr(h;)> Y. Pr(h).

1< <i i+1<j<m

In light of Lemma 1, we devise algorithm VF be-
low which contains a recursive procedure Partition to
identify the group of nodes to be moved downward in
each execution level.
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Figure 5: Group a set of nodes and move them to a
lower level to reduce the average index probe cost.

Algorithm V F:

Step 1: Assume that R1, Ro, ..., R, have been sorted
according to descending order of Pr(R;), 1 < j <
n, ie., Pr(R;) > Pr(Ry) iff j <k.

Step 2: Partition (Ry, Ry, ..., Ry).

Step 3: Report the resulting index tree.

Procedure Partition first starts with a configura-
tion where all nodes are attached to the root, and uses
Lemma 1 to determine if the average index probe cost
can be reduced by moving a set of nodes to the next
level. If there are many candidate sets of nodes whose
movements are beneficial, the one with the maximal
reduction on the index probe cost is chosen (i.e., op-
eration (1) in Partition). When such a set of nodes is
identified and moved to the next level, those nodes will
be evaluated by themselves to see if any further down-
ward movement for some of them is necessary (i.e., op-
eration (4) in Partition). In addition, in the original
level, by replacing those nodes moved downward with
a new index node (e.g., h; in Figure 5) and assign-
ing that node with an access frequency equal to the
aggregate frequency of its child nodes, procedure Par-
tition is called for again to see if any further downward
movement for some nodes in the new list is necessary
(i.e., operation (6) in Partition). Procedure Partition
partitions the nodes recursively with the objective of
minimizing the average index probe cost. The index
tree is then constructed in a top down manner.
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Procedure Partition (hy, ha, ..., by ):

1. Let  y(3d) (m — ¢ ~ l)zlstiPr(hj)—
> is1<j<m Pr(hj).  Determine i* such that
y(i* )= maxvie{1,m-23 { ¥(?) }-

2. If y(¢*) < 0 then return.

3. Attach nodes h;«i1, hj«ia, ..., Ay under a new
index node Az in the index tree.

s hm).

5. Insert hz into the ordered list (hi, ha, ..., hs)
and relabel them as (h1, ha, ..., hj=41) according
to descending order of Pr(h;), 1 < j < ¢ +1.

4. Partition (h,’t.{_l, hit+2,

6. Partition (hi, hg, ..., hieg1).
7. Return.

For example, consider the profile in Table 3. The
initial index tree configuration in shown in Figure 6a,
where all data records are attached to the root. Pro-
cedure Partition then determines the optimal group
of nodes to be moved to the next level. From the
calculations shown in Table 4, we obtain i* = 4, and
therefore group nodes Rs, Rs,..., and R1; together and
move them to the next level, resulting in the config-
uration shown in Figure 6b. Nodes Rs, Rs,..., and
Ry; under the index node a; are then partitioned re-
cursively as shown in Figure 7. Also, in the original
level, nodes Rs, Rs,..., and R;; are now replaced with
a; which is assigned with an access frequency of 0.12.
We next determine if a further partition for the new
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Figure 8: The resulting index tree T (with variant
fanouts) from algorithm VF.

list of child nodes under the root (i.e., By, Rz, R3, Ra
and @) is necessary. Following the calculations shown
in Table 5, we obtain Figure 6¢, which in turn leads to
Figure 6d. Consequently, by combining Figures 6 and
7, we obtain the resulting index tree T} in Figure 8.
For cémparison purposes, we obtain from algorithm
CF the optimal index trees with fixed fanouts T}_,
and Ta{=3, shown in Figure 9, for the same data pro-
file. It can be verified from Figure 9 and Table 3 that
C(T¢f=z): Zlgigu P"(Ri) EajePath(Rg) d(aj)=5~2
and C(TI_;)=5.625, both larger than C(T%)=5.08,
showing that the index tree with variant fanouts ob-
tained by V F requires a smaller average index probe
cost than optimal fixed fanout index trees.
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Figure 9: (a) T)_, and (b) TL_, for the profile in Table
3.

As mentioned before, the assumption for f(a;)=
d(a;) we have used is made for ease of discussion, and
by no means required for the applicability of VF. It
can be verified that VF is valid as long as f(a;) is
a monotonically increasing function with d{a;) (i.e.,
an index with a larger number of fanouts requires a
higher probe cost), which is reasonable in practice.
By denoting f(a;)= g(d(a;)) in general, we can re-
formulate y(7) in operation (1) of procedure Partition
as:

y(3) = (9(m) — g(i + 1))

> Pr(hj)—(g(i+1)+g(m—i)—g(m))

1<5 < i+1<j<m

4 Conclusion

In this paper, we explored the issue of indexing
skewed data for sequential broadcasting in wireless
mobile computing. We proposed methods to build in-
dex trees based on access frequencies of data records.
Two cases, one for fixed index fanouts and the other
for variant index fanouts, were considered for the min-
imization of the average cost of index probes. We
devised algorithms C'F' and V F for constructing in-
dex trees for both cases. We showed that the average
cost of index probes can be minimized not only by
employing an imbalanced index tree that is designed
in accordance with data access skew, but also by ex-
ploiting variant fanouts for index nodes. Explicitly, by
employing the concept of variant index fanouts, V F'

> Pr(hy).
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can lead to an index tree that requires a smaller av-
erage cost of index probes than optimal fixed fanout
index trees obtained by C'F. Examples and remarks
were given to illustrate our results.
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Table 2: The index probe cost required to reach each record by different index trees built by CF.
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Table 3: The index probe cost required to reach each record by different index trees.

[ i | L [ 2 [ 38 [ 4 [ 5 [ 6 [ 7 [ 8 [9 |
(10— 4) 3 1<;<; Pr(h;) | 928 | 8%.48 | 77.68 | 67.88 | 5%.02 | 4*.06 | 3*.08 | 2%.085 | .09
S i< <1 Pr(R;) 72 | 52 | 32 | 12 | 08 | 04 | 02 | 015 | 01
(i) 18 | 332 | 444 | 5.16 | 452 | 3.8 | 2.92 | 1.955 | 0.98

Table 4: Determining the set of nodes to be grouped together in Figure 6a, where m = 11.

i 1 2 3 ]
(4—12)) 1¢;<; Pr(h;) | 3%.28 | 2*.48 | 68
Litici<s Pr(hy) 72 52 | .32
y(?) 12 | 44 | 32

Table 5: Determining the set of nodes to be grouped together in Figure 6b, where m = 5.
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