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In the current research inclination, hiring of biological
solutions to solve and optimize different aspects of artificial
systems’ problems has been shaped into an important field
with the name of bioinspired computing [1]. The ultimate
ideological convergence of scientists to this perfect creation
of living beings from the one for finding the relevant traces
of problems and their solutions is in fact moving to the
best. Tough biological systems exhibit complex, intelligent,
and organized behavior, yet they are comprised of simple
elements governed by simple rules. It is highly cost effective
to hire the complex and networked processing-based simple
rules in man-made systems [2]. The real effort that comes
in this synergistic solution is finding the similar patterns of
issues in artificial (man-made) and real (natural) creation and
later their solutions.This invites the interdisciplinary research
which is an essential driver for innovation.

Many complete research fields inspired by the con-
stituents of biological system have been established, which
have their key roles in optimizing the solution for various
problems in nonbiological systems. Among these, a notice-
able increase is observed in the interaction of wireless net-
work devices and physical world in numerous ways at various
scales from the global Internet down to micro- and nan-
odevices. Because of the multifaceted nature of these minia-
ture devices solutions from various domains are hired to
ameliorate the overall network performance. Wireless sensor
network as one of the most emergent miniature technologies
with long list of applications in various fabrics of life has been
targeted to resolve various issues and to optimize the perfor-
mance through the solutions of bioinspired domain [3–5].

This special issue aims to emphasize the latest achieve-
ments to identify the biological methodologies and their
applications to technical solutions in the new research
domain of wireless ad hoc and sensor network [6]. These
research papers exploit connectionism, social behavior, and
emergence of biological systems in various problem solving
methods in wireless ad hoc and sensor networks. It may also
outline essential challenges, proof of the concept studies with
direct and simulated comparison to technical solutions, and
mathematical models of biological principles in the same
domain.

The research project titled “An Asynchronous Periodic
Sequential Pattern Mining Algorithm with Multiple Min-
imum Item Supports for Ad Hoc Networking” applies a
divide-and-conquer strategy to divide the problem of mining
asynchronous periodic sequential patterns into a series of
mutually disjoint subproblems progressively and then to
mine the patterns in such subdatabases. During the process
of dividing the database, growing asynchronous periodic
sequential patterns and their valid contained segment queues
are generated. The algorithm can mine the regular pattern
of entity movement trajectory data and predict the future
movement.

In the article titled “An ID/Locator Separation-Based
Group Mobility Management in Wireless Body Area Net-
work,” the sensor node and PMDhave globally unique device
identifiers (GDIDs). Each GDID contains the information of
the associated home network domain. For handover support,
each access gatewaymaintains its homeGDID register and its
visiting GDID register. In addition, only the coordinator can
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exchange RS/RA messages with PMD instead of each sensor.
The numerical analysis shows that the proposed scheme
can reduce the registration delay, packet delivery delay, and
the handover delay significantly, compared to the existing
mobility schemes.

In the article titled “Heuristic Approach to Select
Opportunistic Routing Forwarders (HASORF) to Enhance
Throughput for Wireless Sensor Networks,” the authors
analyzed OR schemes in WSNs while focusing on forwarder
selection and intuited that a node midway between the
previous and next forwarders is a good choice. Inspired by
this intuition, they proposed a heuristic forwarder selection
scheme, called HASORF, for chain networks. The optimized
number of forwarders for a given network is still an open
research issue. This research problem is NP-hard and still
there is no foundation for analytic thinking; but it is really
an interesting problem. Thus the authors intend to dig into
this compulsive and strenuous problem in the future.

In the research article titled “A Novel Bioinspired Mul-
tiobjective Optimization Algorithm for Designing Wireless
Sensor Networks in the Internet of Things,” the authors have
extended a chaotic ant swarm (CAS).This approach however
turns out to be a failure since its outcomes are not even
close to the true Pareto front. Then the authors redefined the
concept of “neighbors” and “neighbor-selecting” rules and
incorporated an “archive-based” approach into the algorithm
allowing the resulting Multiobjective CAS (MOCAS) algo-
rithm to converge fast to the true Pareto front with an evenly
distributed set of solutions. By testingMOCAS on some well-
knownmultiobjective optimization problems and comparing
the results with that produced by the state-of-the-art peer
algorithms MOPSO and NSGA-II, this scheme has proven
worthwhile to consider for real-time implementation.

In the research article “Bicriteria Optimization in Wire-
less Sensor Networks: Link Scheduling and Energy Con-
sumption,” the authors investigate the challenging problem
of joint optimization on link scheduling and energy con-
sumption for wireless sensor networks. By considering route
selection and link scheduling together, we have carried out
the analysis of energy consumption and link scheduling for
wireless sensor network and formulated it as a bicriteria-
objective integer problem. Considering the specific many-
to-one nature of WSNs, we have proposed an efficient opti-
mization scheme based on NSGA-II to solve this problem. In
order to ensure the individual validity and fast convergence,
the routing tree based representation scheme as well as the
corresponding crossover and mutation rules is also designed
to satisfy the constraints in the problem. Through extensive
simulations, they have demonstrated that their optimization
framework based on NSGA-II is quite promising for solving
complex multiobjective design models for WSNs.
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The original sequential pattern mining model only considers occurrence frequencies of sequential patterns, disregarding their
occurrence periodicity. We propose an asynchronous periodic sequential pattern mining model to discover the sequential patterns
that not only occur frequently but also appear periodically. For this mining model, we propose a pattern-growth mining algorithm
to mine asynchronous periodic sequential patterns with multiple minimum item supports. This algorithm employs a divide-and-
conquer strategy to mine asynchronous periodic sequential patterns in a depth-first manner recursively. We describe the process
of algorithm realization and demonstrate the efficiency and stability of the algorithm through experimental results.

1. Introduction

Ad hoc networking has become a hot issue recently as large-
scale nodes exhibit in the network. Heterogeneous devices
and heterogeneous environments deepen the difficulty of
ad hoc networking. The sequential pattern mining model is
used to discover all sequential patterns that occur frequently
in a sequence database; the target database is shown in
Table 1. The spatiotemporal sequence mining model is used
to discover all frequent spatiotemporal sequential patterns
in a spatiotemporal sequence database; the target database
is depicted in Table 2. The periodic pattern mining model is
used to discover all periodic patterns in a temporal sequence
database; the target database is shown in Table 3.

According to the three mining models, the time property
of a sequence can be divided into two levels. (1) Fine-grained
time property is as follows: the fine-grained time property
is used to annotate each item set of each sequence, such
as the subscript 𝑡

𝑖
of every item set in Table 4. (2) Coarse-

grained time property is as follows: the coarse-grained time
property is used to annotate each sequence, such as tid in
Table 4. The fine-grained time property is a further division
of the coarse-grained time property. The sequential pattern
mining model only uses the fine-grained time property to

sort items and ignores the coarse-grained time property of
a sequence. The fine-grained time property is utilized in the
spatiotemporal sequence mining model. This model uses the
temporal annotation as a criterion to judge whether two
sequences are equal, and deviations of the annotation can
be tolerated. Nevertheless, both models only concentrate on
the frequency of sequences but ignore the characteristics of
the distribution of sequences in a database. The periodic
patternminingmodel takes the fine-grained time property as
a criterion to discover periodic patterns, and it uses periodic
patternswithin the fine-grained timeproperty to calculate the
patterns within the coarse-grained time property. However,
the restrictions of the temporal annotations of item sets
are too strict (the fine-grained time property should be
divided into unit time intervals); besides, frequent deviations
of annotations of item sets would not be permitted while
mining. In addition, a myriad of sparse periodic patterns
with little meaning will be generated by the periodic pattern
mining model when the time series is sparse.

The original sequential pattern mining model only con-
siders the occurrence frequencies of sequential patterns
and disregards their occurrence periodicity. Therefore, we
propose an asynchronous periodic sequential patternmining
model, and, for this model, we propose a pattern-growth
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Table 1: Symbolic sequence database.

ID Sequence
0 ⟨𝑎 (𝑎𝑏𝑐) (𝑎𝑐) 𝑑 (𝑐𝑓)⟩

1 ⟨(𝑎𝑑) 𝑐 (𝑏𝑐) (𝑎𝑒)⟩

2 ⟨(𝑒𝑓) (𝑎𝑏) (𝑑𝑓) 𝑐 𝑏⟩

3 ⟨𝑒 𝑔 (𝑎𝑓) 𝑐 𝑏 𝑐⟩

Table 2: Spatiotemporal sequence database.

ID Sequence
0 ⟨𝑎

𝑡0
(𝑎𝑏𝑐)
𝑡1
(𝑎𝑐)
𝑡2
𝑑
𝑡3
(𝑐𝑓)
𝑡4
⟩

1 ⟨(𝑎𝑑)
𝑡0
𝑐
𝑡1
(𝑏𝑐)
𝑡2
(𝑎𝑒)
𝑡3
⟩

2 ⟨(𝑒𝑓)
𝑡0
(𝑎𝑏)
𝑡1
(𝑑𝑓)
𝑡2
𝑐
𝑡3
𝑏
𝑡4
⟩

3 ⟨𝑒
𝑡0
𝑔
𝑡1
(𝑎𝑓)
𝑡2
𝑐
𝑡3
𝑏
𝑡4
𝑐
𝑡5
⟩

Table 3: Temporal sequence database.

Temporal sequence
𝑎
𝑡00

(𝑎𝑏𝑐)
𝑡01

(𝑎𝑐)
𝑡02

𝑑
𝑡03

(𝑐𝑓)
𝑡04

(𝑎𝑑)
𝑡10

𝑐
𝑡11

(𝑏𝑐)
𝑡12

(𝑎𝑒)
𝑡13

(𝑒𝑓)
𝑡20

(𝑎𝑏)
𝑡21

(𝑑𝑓)
𝑡22

𝑐
𝑡23

𝑏
𝑡24

𝑒
𝑡30

𝑔
𝑡31

(𝑎𝑓)
𝑡32

𝑐
𝑡33

𝑏
𝑡34

𝑐
𝑡35

Table 4: Fine and coarse grained temporally annotated sequence
database.

tid Sequences with temporal annotations
𝑡𝑖𝑑
0

⟨𝑎
𝑡0
(𝑎𝑏𝑐)
𝑡1
(𝑎𝑐)
𝑡2
𝑑
𝑡3
(𝑐𝑓)
𝑡4
⟩

𝑡𝑖𝑑
1

⟨(𝑎𝑑)
𝑡0
𝑐
𝑡1
(𝑏𝑐)
𝑡2
(𝑎𝑒)
𝑡3
⟩

𝑡𝑖𝑑
2

⟨(𝑒𝑓)
𝑡0
(𝑎𝑏)
𝑡1
(𝑑𝑓)
𝑡2
𝑐
𝑡3
𝑏
𝑡4
⟩

𝑡𝑖𝑑
3

⟨𝑒
𝑡0
𝑔
𝑡1
(𝑎𝑓)
𝑡2
𝑐
𝑡3
𝑏
𝑡4
𝑐
𝑡5
⟩

mining algorithm to mine asynchronous periodic sequential
patterns with multiple minimum supports. The algorithm is
a recursive algorithm that uses a divide-and-conquer strategy
to mine the patterns, and the search is depth-first.

The remainder of this paper is organized as follows.
Section 2 gives a brief overview of recent related research
on sequential pattern mining and periodic sequential pattern
mining. In Section 3, definitions of related concepts are
introduced. In Section 4, the asynchronous and synchronous
periodic sequential pattern mining models are presented.
Section 5 proposes a pattern-growth mining algorithm to
mine asynchronous periodic sequential patterns with multi-
ple minimum item supports. In Section 6, the experimental
results show the efficiency and stability of the algorithm. We
present the conclusions of our study in Section 7.

2. Related Work

Traditional sequential pattern mining algorithms, such as
FreeSpan, PrefixSpan [1], and SPADE [2], discover frequent
subsequences as patterns in a sequence database.These tradi-
tional algorithms are described in detail in [3]. A spatiotem-
poral sequencemining algorithm is a special type of sequence
mining algorithm. Deviations of temporal annotation and
spatial location of a sequence should be considered in this
method. In [4], a spatiotemporal sequence mining algorithm

based on PrefixSpan is proposed. In this algorithm, temporal
annotations not only are used to sort the location or status
but also are involved in mining the spatiotemporal sequence
directly. However, the complexity of the algorithm would
increase dramatically as the spatial dimension aggrandizes.

Traditional periodic pattern mining algorithms discover
periodic patterns in time-related databases, and these algo-
rithms can be divided into several categories as follows by
different characteristics:

(1) the full periodic pattern mining method and partial
periodic pattern mining method: full periodic pat-
terns [5] are those in which all items of the time
series take part in the periodic behaviour patterns,
whereas there are almost no such patterns due to
fairly strict constraints; in partial periodic patterns
[6], only a portion of the items of the time series
reflects the periodicity; compared with full periodic
patterns, partial periodic patterns are more loose and
realistic;

(2) the synchronous periodic pattern mining method
and asynchronous periodic pattern mining method:
synchronous periodic patterns [6] are those in which
if one pattern appears at time 𝑡

𝑖
, it would definitely

appear at 𝑡
𝑖
+ 𝑝𝑒𝑟𝑖𝑜𝑑 ∗ 𝑛 (𝑛 > 0), where period

represents the length of the period, and the patterns,
which do not happen at such fixed times, would be
taken as irrelevant patterns; asynchronous periodic
patterns [7] are those in which if one pattern appears
at time 𝑡

𝑖
, instead of just taking place at 𝑡

𝑖
+𝑝𝑒𝑟𝑖𝑜𝑑∗𝑛

(𝑛 > 0), the pattern would appear at any time of
the time series; synchronous periodic patterns are a
special case of asynchronous periodic patterns, and
the latter is more realistic.

The full periodic pattern mining method has been widely
studied in the field of signal analysis. Fast Fourier transforms
and Wavelet analysis are often used to find the full peri-
odic patterns in time series data. In [8], a partial periodic
pattern mining algorithm based on the downward closure
property is proposed. To improve efficiency, this algorithm
builds a max-subpattern tree to separate partial periodic
patterns. The authors in [9] proposed a convolution-based
algorithm employing the improved fast Fourier transform to
mine the partial periodic patterns and discover all possible
synchronous periodic patterns. Time series are divided into
intensive intervals in [10], and then the synchronous periodic
patterns are mined. [7, 11] propose an asynchronous periodic
sequential pattern mining algorithm called LSI to find the
longest periodic subsequence, in which some sequences
whose lengths are less than the threshold value can exist.
However, the algorithm is not suitable for the condition
of multievents, and only the longest subsequence of the
asynchronous periodic patterns can be found, with other
subsequences being ignored. Aiming to address these short-
comings, an improved algorithm, SMCA, based on a hash
table and enumeration, is proposed by [12]. This algorithm
not only implements all functions of LSI but also corrects the
defects and improves the efficiency. Reference [13] proposes
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an algorithm for mining periodic patterns that utilizes the
method of [3] to preprocess trajectory sequences and uses
the max-subpattern tree proposed by [8] to discover periodic
patterns. Reference [14] proposes amethod tomine periodic-
frequent item sets with approximate periodicity using an
interval transaction-ids list tree, and it is extended by [15] to
fulfill the requirement of mining periodic-frequent patterns
in transactional databases. Reference [16] proposes a HACE
theorem that characterizes the features of the Big Data
revolution and proposes a Big Data processing model, from
the data mining perspective.This data-drivenmodel involves
demand-driven aggregation of information sources, mining
and analysis, user interestmodeling, and security and privacy
considerations. Reference [17] proposes a trajectory predic-
tion approach for mobile objects by combining semantic
features through pattern mining in the geographic trajectory
data of user. Reference [18] focuses on dynamic networks to
study the related pattern mining method and its applications
in biological and social networks. Reference [19] proposes
a pattern mining algorithm which is called Multiconstraint
Closure Conditional Tree. The algorithm sets different limit-
ing conditions to solve the combinatorial explosion problem
and the rare item problem. And, to prevent noise and other
uncertainties, this paper introduces similarity-based pattern
matching method, making the pattern mining method more
robust.

3. Basic Concept and Definition

Before talking about the asynchronous periodic sequential
pattern mining algorithm, some basic concepts will be
defined.

At first, we assume that 𝐼 = {𝑖
1
, 𝑖
2
, . . . 𝑖
𝑛
} is the set of all

items, and each item is the nonempty subset of 𝐼. A sequence
is a sequential list of item sets, and it can be expressed as 𝑠 =
⟨𝑠
1
, 𝑠
2
, . . . , 𝑠

𝑙
⟩, where 𝑠

𝑗
is an item set and also en element of

𝑠, which can be expressed as 𝑠
𝑗
= (𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑚
), where 𝑥

𝑘

is an item. To simplify the expression, the parentheses can be
omitted if an item only consists of one element; for example,
“(𝑥)” can be expressed as “𝑥.” One item can appear merely
once or less in one element of a sequence, but more than one
item can exist in different elements of a sequence. In general,
the elements are sorted lexically, and the number of elements
is the length of the sequence. A sequence of length 𝑙 is called
an 𝑙-sequence.

The target database of asynchronous periodic sequential
pattern mining is defined as follows.

Definition 1 (temporal symbolic sequence database). The
temporal symbolic sequence database is a set of tuples; that
is, TDB = {𝑡

0
, 𝑡
1
, . . . 𝑡
|𝑇𝐷𝐵|−1

}, where |𝑇𝐷𝐵| is the number of
tuples and 𝑡

𝑖
represents the tuple (𝑡𝑖𝑑, 𝑠), where tid is the time

when symbolic sequence 𝑠 takes place. In general, tuples of
TDB are sorted in ascending order, and each tid is evenly
spaced. Figure 1 shows a temporal symbolic sequence that
consists of 23 tuples.

Definition 2 (subsequence and supersequence). Sequence
𝛼 = ⟨𝑎

1
𝑎
2
⋅ ⋅ ⋅ 𝑎
𝑛
⟩ is a subsequence of sequence 𝛽 =

⟨𝑏
1
𝑏
2
⋅ ⋅ ⋅ 𝑏
𝑚
⟩, and 𝛽 is the supersequence of 𝛼, which can be

expressed as 𝛼 ⊑ 𝛽 if there exists a set of integers 1 ≤ 𝑗
1
<

𝑗
2
< ⋅ ⋅ ⋅ < 𝑗

𝑛
≤ 𝑚, where 𝑎

1
⊆ 𝑏
𝑗
1

and 𝑎
2
⊆ 𝑏
𝑗
2

, . . . , 𝑎
𝑛
⊆ 𝑏
𝑗
𝑛

.

Definition 3 (containment and appearance). 𝑡 = (𝑡𝑖𝑑, 𝑠) is
one of the tuples of TDB, and 𝛼 is a sequence. We can say that
𝑡
 contains 𝛼 or 𝛼 appears at 𝑡 only if 𝛼 is a subsequence of 𝑠.

For instance, as is shown in Figure 1, ⟨(𝑎𝑏)𝑎𝑑𝑓⟩ appears
at the tuple (0, ⟨a(abc)(ac)d(cf )⟩).

Definition 4 (prefix). Sequence 𝛽 = ⟨𝑒
1
𝑒
2
⋅ ⋅ ⋅ 𝑒
𝑚
⟩ is the prefix

of sequence 𝛼 = ⟨𝑒
1
𝑒
2
⋅ ⋅ ⋅ 𝑒
𝑛
⟩ (𝑚 ≤ 𝑛) only if these three

requirements are all met: (i) 𝑒
𝑖
= 𝑒
𝑖
, where (𝑖 ≤ 𝑚 − 1).

(ii) 𝑒
𝑚

⊆ 𝑒
𝑚
. (iii) All items of (𝑒

𝑚
− 𝑒
𝑚
) are after 𝑒

𝑚
by

lexicographic order.

Definition 5 (postfix). Sequence 𝛽 = ⟨𝑒
1
𝑒
2
⋅ ⋅ ⋅ 𝑒
𝑚−1

𝑒
𝑚
⟩ is the

prefix of sequence 𝛼 = ⟨𝑒
1
𝑒
2
⋅ ⋅ ⋅ 𝑒
𝑛
⟩ (𝑚 ≤ 𝑛), and sequence

𝛾 = ⟨𝑒
𝑚
𝑒
𝑚+1

⋅ ⋅ ⋅ 𝑒
𝑛
⟩ is called the postfix of 𝛼 with regard to

prefix𝛽, denoted as 𝛾 = 𝛼/𝛽 or𝛼 = 𝛽⋅𝛾, where 𝑒
𝑚
= (𝑒
𝑚
−𝑒
𝑚
).

Definition 6 (periodic projected database). Construct a tem-
poral symbolic sequence database TDB, and specify a preset
parameter of maximum period max per, max per ≪(𝑡𝑖𝑑

𝑓
−

𝑡𝑖𝑑
𝑙
), where tidf is the first time stamp of TDB and tidl is

the last time stamp. The periodic projected data of TDB that
starts at time 𝑙 with a period 𝑝 is composed by the tuple
(𝑡𝑖𝑑
𝑙+𝑖∗𝑝

, 𝑠
𝑙+𝑖∗𝑝

) (0 ≤ 𝑖 ≤ 𝑚), where 𝑙 < 𝑝, 1 ≤ p ≤ max per,
and 𝑚 = ⌈(𝑡𝑖𝑑

𝑙
− 𝑙)/𝑝⌉, and these data can be expressed as

𝑝𝑟𝑗
𝑝,𝑙
(𝑇𝐷𝐵).

For instance, as is shown in Figure 1, the tuples of
prj
3,1
(TDB) are as follows: 1: ⟨(𝑏𝑑)𝑐(𝑏𝑐)(𝑎𝑑)⟩, 4: ⟨𝑏𝑐(𝑏𝑐)(𝑎𝑑)⟩,

7: ⟨𝑐(𝑏𝑐)𝑎𝑏(𝑎𝑏𝑑)⟩, 10: ⟨𝑎𝑐(𝑎𝑏𝑐)(𝑎𝑑)⟩, 13: ⟨(𝑎𝑐)(𝑎𝑏𝑒)𝑐𝑏⟩, 16:
⟨(𝑐𝑒𝑓)𝑎(𝑎𝑏)𝑑𝑑𝑏⟩, and 19: ⟨𝑏(𝑎𝑐)(𝑎𝑏𝑑)⟩.

Definition 7 (prefix projected databases). If sequence 𝛼 is an
asynchronous periodic sequential pattern in TDB, then the
prefix projected database is the subdatabase that is composed
of all of the prefixes of 𝛼 with regard to the postfix of 𝛼,
denoted as 𝑆|

𝛼
.

Definition 8 (contained segments). Sequence 𝛼with a period
of 𝑝 in TBD contains a segment L, which is a time list
including consecutive tuples of 𝛼 in 𝑝𝑟𝑗

𝑝,𝑙
(𝑇𝐷𝐵), where

the timestamp 𝑙 is the remainder of the division of the
starting position by 𝑝. The contained segment 𝐿 consists
of a quaternion (𝛼, 𝑝, 𝑟𝑒𝑝, 𝑏𝑒𝑔𝑖𝑛), where 𝛼 is the target
sequence, p is the period, rep is the number of times in
which 𝛼 appears, and begin is the starting position where the
repeated appearance of 𝛼 starts. L can be called themaximum
contained segment if 𝛼 is not contained in the two directions
of L.

As is shown in Figure 1, themaximum contained segment
𝐿
2
is expressed as (⟨𝑎(𝑎𝑏)⟩, 3, 5, 7), which means that ⟨𝑎(𝑎𝑏)⟩

starts at tid 7 and appears repeatedly a total of 5 times with
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Figure 1: Temporal symbolic sequence database.

a period of 3 and the tids at which ⟨𝑎(𝑎𝑏)⟩ appears are 7, 10,
13, 16, and 19. Similarly, 𝐿

1
is expressed as (⟨𝑎(𝑎𝑏)⟩, 3, 3, 0),

𝐿
3
is expressed as (⟨𝑎(𝑎𝑏)⟩, 3, 3, 14), and both of them are the

maximum contained segments with a period of 3.

Definition 9 (valid contain segments). A maximum con-
tained segment𝐿 = (𝛼, 𝑝, 𝑟𝑒𝑝, 𝑏𝑒𝑔𝑖𝑛) is valid only if the repeat
count of 𝐿 is not less thanmin rep; that is, L.rep ≥min rep.

As is shown in Figure 1, we assume thatmin rep = 3; then,
themaximumcontained segments𝐿

1
,𝐿
2
, and𝐿

3
are the valid

contained segments of ⟨𝑎(𝑎𝑏)⟩ with a period of 3 because the
repeat counts of 𝐿

1
, 𝐿
2
, and 𝐿

3
are 3, 5, and 3, respectively,

which are not less than 3.

Definition 10 (distance between contained segments). Given
two contained segments, 𝐿 and 𝐿 (L.begin < 𝐿.begin), the
distance, dis, between them is the difference between the
starting time of 𝐿 and the ending time of 𝐿; that is, dis =
𝐿.begin − [𝐿.𝑏𝑒𝑔𝑖𝑛 + 𝑝 ∗ (𝐿.𝑟𝑒𝑝 − 1)]. If dis < 0, we can say
that 𝐿 and 𝐿 intersect; otherwise, they do not.

As is shown in Figure 1, the distance between 𝐿 and 𝐿 is
1 (7−6), the distance between 𝐿

1
and 𝐿

3
is 8 (14−6), and the

distance between 𝐿
2
and 𝐿

3
is −5 (14−19).Therefore, we can

safely draw the conclusions that (𝐿
1
, 𝐿
2
) and (𝐿

1
, 𝐿
3
) are not

intersecting, while (𝐿
2
, 𝐿
3
) is intersecting.

Definition 11 (sequences of contained segments). The seq-
uence of contained segments is the sequence that meets the
following requirements: (i) contained segments come from
the same database and are of the same sequencewith the same
period; (ii) contained segments must be valid; (iii) contained
segments are sorted by increasing starting time; (iv) any two
contained segments are not intersecting. The sequence of
contained segments of sequence 𝛼 with a period of 𝑝 can be
expressed as follows:

𝑄
𝑝 (𝛼) = (𝐿1

𝑑𝑖𝑠
1

→ 𝐿
2

𝑑𝑖𝑠
2

→, . . . ,
𝑑𝑖𝑠
𝑛−1

→ 𝐿
𝑛
) , (1)

where 𝐿
𝑖
is a valid segment, 𝐿

𝑖
.𝑏𝑒𝑔𝑖𝑛 < 𝐿

𝑖+1
.𝑏𝑒𝑔𝑖𝑛 (1 ≤

𝑖 ≤ 𝑛 − 1) and the distance disi between two consecutive
segments can be expressed by the following equation: 𝑑𝑖𝑠

𝑖
=

𝐿
𝑖+1
.𝑏𝑒𝑔𝑖𝑛 − [𝐿

𝑖
.𝑏𝑒𝑔𝑖𝑛 + 𝑝 ∗ (𝐿

𝑖
.𝑟𝑒𝑝 − 1)].

Definition 12 (valid sequences of contained segments). The

sequence of contained segments 𝑄
𝑝
(𝛼) = (𝐿

1

𝑑𝑖𝑠
1

→ 𝐿
2

𝑑𝑖𝑠
2

→

, . . . ,
𝑑𝑖𝑠
𝑛−1

→ 𝐿
𝑛
) is valid when disi ≤ max dis ∗ p and

∑
𝑛

𝑖=1
𝐿
𝑖
.𝑟𝑒𝑝 ≥ 𝑚𝑖𝑛 𝑠𝑢𝑝, where max dis indicates the preset

maximum distance coefficients and min sup is the preset
minimum support of the asynchronous period.

Figure 1 shows that, in the symbolic database, if min rep
= 3, max dis = 3, and min sup = 6, then we can say that
(𝐿
1

→ 𝐿
2
) and (𝐿

1
→ 𝐿

3
) are valid sequences of the

contained segments of ⟨𝑎(𝑎𝑏)⟩ with a period of 3.

4. Periodic Sequential Pattern Mining Model

4.1. Synchronous Periodic Sequential Pattern Mining Model.
In a temporal symbolic sequence database TDB, the syn-
chronous periodic support of sequence 𝛼 with a period 𝑝

starting at tid 𝑙 is the number of tuples that 𝛼 contains.This is
shown as follows:

support 𝑝,𝑙
𝑇𝐷𝐵

(𝛼)

=

{(𝑡𝑖𝑑, 𝑠) | ((𝑡𝑖𝑑, 𝑠) ∈ 𝑝𝑟𝑗𝑝,𝑙 (𝑇𝐷𝐵)) ∧ (𝛼 ⊑ 𝑠)}


.

(2)

Given a minimum support min sup (0 < min sup ≤ 1)
and a maximum period max per (0 < max per ≪ |𝑇𝐷𝐵|),
sequence 𝛼 in TBD, which starts at time 𝑙, is frequent with
the period 𝑝 if support 𝑝,𝑙

𝑇𝐷𝐵
(𝛼) ≥ 𝑚𝑖𝑛 𝑠𝑢𝑝 and 0 < 𝑝 ≤

max per. A synchronous periodic-frequent sequence is called
a synchronous periodic sequential pattern. The goal of a
synchronous periodic sequential pattern mining algorithm
is to discover all synchronous periodic sequential patterns
whose periods are from 1 tomax per.

4.2. Asynchronous Periodic Sequential Pattern Mining Model.
In many applications, the periodicity of a sequence is usually
not perfect and precise, and there may exist noise between
segments of a sequence. However, only the noise of a
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“sequential deficiency,” not the noise of a “sequential offset,”
can be recognized by this model; as a result, many sequential
patterns with high value cannot be discovered. To some
degree, the interruption of noise can be tolerated by the
periodic sequential mining algorithm. In addition, “system
behaviour” occurs repeatedly, and, then, it disappears or
changes. The sequential patterns with such uncertainty only
appear periodically in a portion of TDB.

Based on the analysis above, this paper proposes an
asynchronous periodic sequential pattern mining model
that can discover the patterns that appear periodically in
various time periods of the TDB; also, certain noise can
be tolerated in this model. The main idea of the model is
as follows. At first, to judge if a sequence is a potential
asynchronous periodic sequential pattern, the sequencemust
appear repeatedly, which means that this sequence has
significant periodic trends. Then, the time interval within
which the sequence appears periodically would be examined
to determine whether the time interval is “random noise” or
“the change of system behaviour.” Finally, on the premise that
the noise is tolerated, the time periods at which the sequence
appears periodically would be linked to obtain the maximum
periodic time range.

Concretely, an asynchronous periodic sequential pattern
and its mining model are defined as follows.

Definition 13 (asynchronous periodic sequential pattern).
Sequence 𝛼 is one asynchronous periodic sequential pattern
in the temporal symbolic database TDB. If there exists more
than one valid sequence of contained segments relating to
𝛼, then the period of such sequences is that of 𝛼. It is not
difficult to find that one asynchronous periodic sequential
pattern may have several periods, and each period may
involve several valid sequences of contained segments.

Definition 14 (asynchronous periodic sequential patternmin-
ing model). Given the minimum support, the maximum
distance coefficients, the minimum repeat count, and the
maximum period, the purpose of asynchronous periodic
sequence mining is to discover all asynchronous periodic
sequential patterns and their valid sequences of contained
segments in TDB.

5. AP-PrefixspanM Mining Algorithm

To use the one and only minimum support, we must assume
that all the items in the database have the same proper-
ties and a similar frequency of occurrence. However, this
assumption conflicts with the actual application situation,
which leads to the result that the sequential patterns with
few but important items are omitted. A perfect asynchronous
periodic sequential patternmining algorithm should support
multiple minimum item supports, which means users can
identify each item with minimum support, and different
requirements of minimum supports can be met by different
sequences with different items.Withmultiple minimum item
supports, not only can we prevent the generation of a myriad
of meaningless asynchronous periodic sequential patterns,

but we can also discover the sequential patterns with few
items.

In this paper, we propose a pattern-growth mining
algorithm tomine asynchronous periodic sequential patterns
with multiple minimum item supports; this algorithm is
called AP-PrefixspanM (asynchronous periodic prefix pro-
jected sequential patterns with multiple minimum item
supports).

5.1. Relationship betweenAlgorithmParameters. Let𝑀𝑖𝑛𝐼𝑆(𝑖)

represent the minimum support of item 𝑖. The minimum
support of the sequential pattern 𝑃 is the lowest minimum
support of all items of 𝑃; for example, if the item set of 𝑃 is
𝑖
1
, 𝑖
2
, . . . , 𝑖

𝑘
, then the equation of minimum support of 𝑃 is

𝑚𝑖𝑛 𝑠𝑢𝑝 (𝑃)

= 𝑚𝑖𝑛 (𝑀𝑖𝑛𝐼𝑆 (𝑖
1
) ,𝑀𝑖𝑛𝐼𝑆 (𝑖

2
) , . . . ,𝑀𝑖𝑛𝐼𝑆 (𝑖

𝑘
)) .

(3)

Let 𝑀𝑖𝑛𝑅𝐸𝑃(𝑖) be the minimum repeat count of item 𝑖;
the minimum repeat count of 𝑃 is the lowest repeat count of
all items; that is

𝑚𝑖𝑛 𝑟𝑒𝑝 (𝑃)

= 𝑚𝑖𝑛 (𝑀𝑖𝑛𝑅𝐸𝑃 (𝑖
1
) ,𝑀𝑖𝑛𝑅𝐸𝑃 (𝑖

2
) , . . . ,𝑀𝑖𝑛𝑅𝐸𝑃 (𝑖

𝑘
)) .

(4)

Additionally, let 𝑀𝑎𝑥𝐷𝑖𝑠(𝑖) be the maximum interfer-
ence distance of item 𝑖, which represents a reasonable bound
of disturbance between two valid sequences of contained
segments; the maximum interference distance of 𝑃 is the
largest maximum interference distance of all items; that is

𝑚𝑎𝑥 𝑑𝑖𝑠 (𝑃)

= 𝑚𝑎𝑥 (𝑀𝑎𝑥𝐷𝑖𝑠 (𝑖
1
) ,𝑀𝑎𝑥𝐷𝑖𝑠 (𝑖

2
) , . . . ,𝑀𝑎𝑥𝐷𝑖𝑠 (𝑖

𝑘
)) .

(5)

To reduce the workload of user settings, we assume
that there is a function relationship between the maximum
interference distance, the minimum repeat count, and the
minimum support. Specifically, the relationship between
the minimum repeat count of item 𝑖, 𝑀𝑖𝑛𝑅𝐸𝑃(𝑖), and the
minimum support of item 𝑖, 𝑀𝑖𝑛𝐼𝑆(𝑖), is linear increasing,
and it can be expressed as follows:

𝑀𝑖𝑛𝑅𝐸𝑃 (𝑖) = ⌈𝜆 ∗𝑀𝑖𝑛𝐼𝑆 (𝑖)⌉ (0 < 𝜆 ≤ 1) . (6)

The relationship between the maximum interference
distance of item 𝑖,MaxDis(i), and the minimum support of
item 𝑖, 𝑀𝑖𝑛𝐼𝑆(𝑖), is exponential decreasing, and it can be
expressed as follows:

𝑀𝑎𝑥𝐷𝑖𝑠 (𝑖) = ⌈
𝜂 ∗max (𝑀𝑖𝑛𝐼𝑆)

𝑀𝑖𝑛𝐼𝑆 (𝑖)
⌉ , (7)

where 𝜂 is the preset constant of interference distance and
max (MinIS) is the largest minimum support ofMinIS.

If MinIS(𝑖
1
) ≤ MinIS(𝑖

2
) ≤ ⋅ ⋅ ⋅ ≤ MinIS(𝑖

𝑘
), then

MinREP(𝑖
1
) ≤ MinREP(𝑖

2
) ≤ ⋅ ⋅ ⋅ ≤ MinREP(𝑖

𝑘
), MaxDis(𝑖

1
)

≥MaxDis(𝑖
2
) ≥ ⋅ ⋅ ⋅ ≥MaxDis(𝑖

𝑘
).
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Figure 2: The framework of database division in the AP-
PrefixspanM algorithm.

5.2. The Main Idea and Steps of the Algorithm. For the pur-
pose of reducing the search space of asynchronous periodic
symbolic sequential pattern mining, the downward closure
property is used in the asynchronous periodic sequential
pattern mining model with single minimum support.

Property (DownwardClosure Property). If the sequence𝛼 is an
asynchronous periodic sequential pattern and its set of valid
sequences of contained segments isQSet, thenwe can say that
all the nonempty subsequences of 𝛼 are also asynchronous
periodic sequential patterns, and the set of valid sequences of
contained segments of these subsequences is the superset of
QSet.

However, because the minimum item support of an
asynchronous periodic sequential pattern may be less than
its subsequence’s with multiple minimum item supports, the
downward closure property cannot be used directly to prune
the search space.

The main idea of the PrefixspanM algorithm is based
on the divide-and-conquer strategy. The problem of asyn-
chronous periodic sequential pattern mining is divided pro-
gressively into a series of subproblems that are not intersect-
ing. The framework of database division in the PrefixspanM
algorithm is as shown in Figure 2. Two dividing methods can
be adopted: (1) prune the search space with the downward
closure property: at level 1, the database is divided into a
series of subdatabases by the minimum support vectors and
(2) generate asynchronous periodic sequential patterns with
pattern-growth: below the second level, the prefix projected
database is generated recursively by the prefix.

Firstly, the AP-PrefixspanM algorithm divides the
database based on minimum support vectors. Then, a series
of subdatabases are generated and mined by the single
minimum support. Each division is based on a frequent item

called a key item. The single minimum support utilized is
called the minimum support of the key item. The downward
closure property will not be destroyed while mining, and the
specific splitting steps of data are described as follows.

Step 1. Scan the database TDB and obtain item 𝑥
𝑖
, whose real

support is at leastMinIS(𝑥
𝑖
). Such items 𝑥

𝑖
are called frequent

items, and they are placed in ascending order according to
theirMinIS to obtain 𝑙𝑖𝑠𝑡 = 𝑥

1
, 𝑥
2
, . . . , 𝑥

𝑛
, (𝑥
𝑖
≤ 𝑥
𝑖+1

).

Step 2. The complete set of sequential patterns of asyn-
chronous period in TDB can be divided into the following
𝑛 mutually disjoint subsets, among which some subsets may
be empty:

(1) sequential patterns that contain sequence 𝑥
1
,

(2) sequential patterns that contain sequence 𝑥
2
but do

not contain 𝑥
1
,

...

(𝑖) sequential patterns that contain sequence 𝑥
𝑖
but do

not contain {𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑖−1
},

...

(𝑛) sequential patterns that only contain 𝑥
𝑛
.

Divide TDB by these 𝑛 subsets, and then mine the 𝑛
subdatabases to obtain the subsets of these 𝑛 asynchronous
periodic sequential patterns:

(1) TDB
1
(key item 𝑥

1
): delete the infrequent items of

tuples and the tuples that do not contain 𝑥
1
;

(2) TDB
2
(key item 𝑥

2
): delete the infrequent items of

tuples, 𝑥
1
, and the tuples that do not contain 𝑥

2
;

...

(𝑖) TDBi (key item 𝑥
𝑖
): delete the infrequent items of

tuples, {𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑖−1
}, and the tuples that do not

contain 𝑥
𝑖
;

...

(𝑛) TDBn (key item 𝑥
𝑛
): delete all the infrequent items of

tuples except for 𝑥
𝑛
and the tuples that do not contain

𝑥
𝑛
.

Mine the asynchronous periodic sequential patterns in
the TDBi with the minimum support of MinIS(𝑥

𝑖
). This

problem can be divided into a series of mutually disjoint
subproblems.

(1) Let {⟨𝑦
1
⟩, ⟨𝑦
2
⟩, . . . , ⟨𝑦

𝑚
⟩} be the complete set of

length-𝑙 asynchronous periodic sequential patterns in
TDBi, and this complete set can be divided into 𝑚

mutually disjoint subsets. The subset 𝑗 (1 ≤ 𝑗 ≤ 𝑚) is
the set of asynchronous periodic sequential patterns
whose prefix is ⟨𝑦

𝑗
⟩.

(2) Let 𝛼 be the asynchronous periodic sequential length-
𝑙 pattern. {𝛽

1
, 𝛽
2
, . . . , 𝛽

𝑡
} is the set of asynchronous
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Figure 3: Division of a subset of asynchronous periodic sequential
patterns.

periodic sequential patterns whose prefix is 𝛼 and
length is 𝑙 + 1. Apart from 𝛼, the complete set
of asynchronous periodic sequential patterns whose
prefix is 𝛼 can be divided into 𝑘 mutually disjoint
subsets. The subset k (1 ≤ 𝑘 ≤ 𝑡) is the subset
of asynchronous periodic sequential patterns whose
prefix is 𝛽

𝑘
, as is shown in Figure 3.

Based on the descriptions above, the problem of asyn-
chronous periodic sequential pattern mining can be divided
recursively, which suggests that each subset can be further
divided.Thus, a divide-and-conquer framework is composed.
To mine the subsets of asynchronous periodic sequential
patterns, we can construct corresponding prefix projected
databases and mine each database recursively. The main step
is shown as follows:

Step 1 (generate parameters). Regarding MinIs as the min-
imum support vector, generate the minimum repeat count
vector,MinREP, and the maximum interface distance vector,
MaxDis.

Step 2 (find the length-1 sequential patterns). Scan the
database once and generate all length-1 asynchronous peri-
odic sequential patterns. The length of all patterns will be
increased by 1 when the prefix is extended by those length-
1 sequential patterns.

Step 3 (divide the search space). Divide the complete set of
asynchronous periodic sequential patterns into the subsets
whose prefixes are the patterns whose lengths have been
increased by 1.

Step 4. Construct the prefix projected databases, and, then,
discover the subsets of each asynchronous periodic sequen-
tial pattern recursively. Specifically, repeat the steps above
until no length-1 asynchronous periodic sequential patterns
can be generated.

In the mining process described above, only the asyn-
chronous periodic sequential patterns will be added to the
mining result. Other patterns will be deleted after mining.

5.3. Implementation of the Algorithm. Thepseudocode ofAP-
PrefixspanM is described in Algorithm 1. Firstly, regarding

MinIS as the minimum support vector, generate the mini-
mum repeat count MinREP and the maximum interference
distance MaxDIS (as is described in steps (1) and (2) of
Algorithm 1).

Then, scan the TDB once and find all the frequent items
𝑥
𝑖
for which the real support is more than MinIS(𝑥

𝑖
). Such

items are the potential asynchronous periodic sequential
patterns whose lengths are 1 (as is described in step (4) of
Algorithm 1). Obtain the list SPF

1
by sorting the frequent

items in ascending order based on the minimum support
vector MinIS (as is described in step (5) of Algorithm 1).
Finally, obtain the |SPF

1
| divided subdatabases, and, for each

sub database, call the function MAPPrefixSpan to mine the
asynchronous periodic sequential patterns (as is described in
steps (6)–(10) of Algorithm 1).

The function MAPPrefixSpan discovers all synchronous
periodic sequential patterns by the method of depth-first
search (as is described inAlgorithm 2). First, we define a hash
map hash item ⟨item id, (count, tids)⟩ to record each frequent
item’s frequency and its time slot (as is described in step (1)
of Algorithm 2), where item id is the key of the hash map,
two-tuples (count, tids) is the value, count is the frequency
of item id, and tids is the time slot queue of item id. Each
item 𝑥 has two possible ways to be extended to the prefix
and obtain a new sequential pattern: (1) join 𝑥 to the last
item set of the prefix and item id of 𝑥 is expressed as “ x,”
and (2) join 𝑥 independently to the prefix, and item id of 𝑥
is expressed as “x.” Scan the projected database TDB, and
record the frequency and the time slot queues of the two
extended ways by the hash map (as is described in steps (2)–
(8) of Algorithm 2). Delete the items for which the frequency
is less than min sup in the hash map (as is described in steps
(9)–(11) of Algorithm 2). At this time, the frequent items
of hash item may be extended to the current prefix, and
a new asynchronous periodic sequential pattern would be
generated. For each item, call the function ASPDetector to
calculate the possibility of frequent items being extended to
the prefix to generate new patterns. If there would be new
patterns, then all the valid contained segment queue set of the
new patternwould be generated (as is described in step (13) of
Algorithm 2). If frequent items can be extended to the prefix,
then generate the new prefix after extension (as is described
in step (15) of Algorithm 2); meanwhile, call the function
Projectdatabase to generate the prefix projected database𝐷𝐵|

𝑐

of the current item. If c item is not included in the prefix,
delete the tuple inwhich the key item c item is not included in
𝐷𝐵|
𝑐
(as is described in steps (16)–(18) of Algorithm 2). If the

number of tuples in the filtered𝐷𝐵|
𝑐
is not less thanmin sup,

then call the functionMAPPrefixSpan recursively to discover
the items that can be extended to the prefix in the smaller
prefix projected database, and discover the asynchronous
periodic sequential patterns that are growing progressively
(as is described in steps (19)-(20) of Algorithm 2). In the
process of the recursion above, all the asynchronous periodic
sequential patterns and their valid contained segment queues
can be discovered.

The function ASPDetector is used to judge whether the
current item can be extended to the prefix, obtain a new
growing asynchronous periodic sequential pattern (a new



8 Journal of Sensors

Input: target database TDB, minimum support vectorMinIS and the maximum periodmax per.
Output: all the asynchronous periodic sequential patterns and valid contained segments queue.
(1) MinREP← generateREP(MinIS);
(2) MaxDis← generateDIS(MinIS);
(3) 𝐿 ← init pass(M, TDB);
(4) 𝑃𝐹

1
← {⟨𝑥⟩|𝑥 ∈ 𝐿, 𝑥.𝑐𝑜𝑢𝑛𝑡 ≥ 𝑀𝑖𝑛𝐼𝑆(𝑥)};

(5) 𝑆𝑃𝐹
1
← sort (𝑃𝐹

1
, ASCEND);

(6) FOR each ⟨𝑥
𝑖
⟩ in 𝑆𝑃𝐹

1
DO

(7) //𝑏𝑒𝑓𝑜𝑟𝑒𝑃𝐹⟨𝑥𝑖⟩
1

is the 1-pattern before ⟨𝑥
𝑖
⟩ of 𝑆𝑃𝐹

1
.

(8) 𝑆𝑈𝐵 𝑇𝐷𝐵
⟨𝑥𝑖⟩

← {𝑡|𝑡 ∈ 𝑇𝐷𝐵 ∧ ⟨𝑥
𝑖
⟩ ∈ 𝑡} delete 𝑏𝑒𝑓𝑜𝑟𝑒𝑃𝐹⟨𝑥𝑖⟩

1
;

(9) MAPPrefixSpan(null, 𝑆𝑈𝐵 𝑇𝐷𝐵
⟨𝑥𝑖⟩

, ⟨𝑥
𝑖
⟩,MinIS(𝑥

𝑖
),MaxREP(𝑥

𝑖
),MaxDis(𝑥

𝑖
));

(10)ENDFOR

Algorithm 1: AP-PrefixspanM (TDB,MinIS, andmax per).

Input: prefix prefix, temporal symbolic sequence databases TDB, key item c item, minimum supportmin sup, minimum
repeat countmin rep, maximum periodmax per, maximum interference distancemax dis.
(1) hash item ⟨item id, (count, tids)⟩;
(2) FOR each tuple 𝑡 in𝐷𝐵 DO
(3) IF ⟨𝑥⟩ ∈ 𝑡.𝑠, 𝑥 ∈ 𝐿 THEN
(4) hash item[𝑥].count++; hash item[𝑥].tid← ∪ 𝑡.𝑡𝑖𝑑;
(5) IF ⟨{𝑝𝑒𝑟𝑓𝑖𝑥.𝑙𝑖𝑡𝑒𝑚𝑠𝑒𝑡, 𝑥}⟩ 𝑜𝑟 ⟨ 𝑥⟩ ∈ 𝑡.𝑠, 𝑥 ∈ 𝐿 THEN
(6) //prefix.litemset is the last item of prefix
(7) hash item[ 𝑥].count++; hash item[ 𝑥].tid← ∪ 𝑡.𝑡𝑖𝑑;
(8) ENDFOR
(9) FOR each key 𝑐 in hash item DO
(10) IF ℎ𝑎𝑠ℎ 𝑖𝑡𝑒𝑚[𝑐].𝑐𝑜𝑢𝑛𝑡 < 𝑚𝑖𝑛 𝑠𝑢𝑝 THEN delete hash item[𝑐];
(11) ENDFOR
(12) FOR each key c in hash item DO
(13) ASPDetector (𝑐, hash item[𝑐], 𝑐 item, prefix,min sup,min rep,max per,max dis);
(14) IF 𝑐 can be extended to prefix THEN
(15) newprefix← extend(𝑐, prefix);
(16) 𝐷𝐵|

𝑐
← Projectdatabase (𝑐,𝐷𝐵);

(17) IF prefix notcontain 𝑐 item THEN
(18) delete tuples in𝐷𝐵|

𝑐
which not contain 𝑐 item;

(19) IF min sup ≤ |𝐷𝐵|
𝑐
| THEN

(20) AP-PrefixspanM(newprefix,𝐷𝐵|
𝑐
, 𝑐 item,min sup,min rep,max per,max dis);

(21) ENDFOR

Algorithm 2:MAPPrefixSpan (prefix, DB, c item,min sup,min rep,max per, andmax dis).

pattern for short), and discover the new pattern’s valid
contained segment queue. The judgment of pattern growth
consists of three stages: (1) potential period detection (PPD),
(2) valid segment detection (VSD), and (3) valid segment
mergence (VSM).

The PPD stage (as is described in steps (3)–(9) of
Algorithm 3) is responsible for detecting all the possible
periods of a new pattern. The hash map hash period ⟨p,
count⟩ (initialize count’s value to 1) is used to record the
frequency of a period. Scan the time slot queue of the
parameter occur. Start with the first time slot and establish a
sliding window of which the length ismax per, and calculate
the time intervals between the first time slot in the sliding
window and other time slots behind it. At an arbitrary time
slot tidi, calculate the interval 𝑝

𝑖𝑗
= |𝑡𝑖𝑑

𝑖
− 𝑡𝑖𝑑
𝑗
| between

tidi and tidj, where 𝑖 + 1 ≤ j ≤ min(max per-i, |𝑜𝑐𝑐𝑢𝑟|). If

𝑝
𝑖𝑗
≤ max per, then increase the count of the period 𝑝

𝑖𝑗
of

hash period by one (as is described in step (4) and step (5)
of Algorithm 3). Otherwise, stop calculating and slide the
window to the time slot tidi+1 before tidi, and repeat the
calculation process. The requirement for generating a new
pattern, for which the period is 𝑝

𝑖
(1 ≤ 𝑝

𝑖
≤ 𝑚𝑎𝑥 𝑝𝑒𝑟),

is that the frequency 𝑝
𝑖
be not less than min rep; that is,

hash period[𝑝
𝑖
] ≥min rep.

The VSD stage is responsible for discovering all the valid
contained segments of the new pattern. Firstly, for each
potential period 𝑝

𝑖
, define a hash map hash segment ⟨pos,

(rep, last)⟩ to record the contained segments (as is described
in step (10) of Algorithm 3), where the key pos is the pattern’s
offset, and the value (rep, last) is used to record the repeat
count and the new time slot of the contained segments.
At an arbitrary time slot tidi, tidj-hash segment[posi].last
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Input: frequent items fitem, time slot table occur, key item 𝑐 item, prefix prefix, minimum supportmin sup, minimum
repeat countmin rep, maximum periodmax per, maximum interference distancemax dis
(1) hash period ⟨𝑝, count ← 1⟩;
(2) FOR each 𝑡𝑖𝑑

𝑖
in occur.tids DO

(3) FOR each 𝑡𝑖𝑑
𝑗
in occur.tids, 𝑖 < 𝑗 DO

(4) IF(|𝑡𝑖𝑑
𝑗
− 𝑡𝑖𝑑
𝑖
|) ≤max per THEN

(5) hash period [𝑡𝑖𝑑
𝑗
− 𝑡𝑖𝑑
𝑖
].count++;

(6) ELSE break;
(7) ENDFOR
(8) ENDFOR
(9) FOR each key 𝑝

𝑖
that hash period [𝑝

𝑖
] ≥min rep DO

(10) hash segment ⟨pos, (rep, last)⟩;
(11) vs set (patten, period, rep, start) ← ⌀;
(12) FOR each 𝑡𝑖𝑑

𝑖
in occur.tids DO

(13) 𝑝𝑜𝑠
𝑖
← 𝑡𝑖𝑑

𝑖
mod 𝑝

𝑖
;

(14) IF (𝑡𝑖𝑑
𝑖
− ℎ𝑎𝑠ℎ 𝑠𝑒𝑔𝑚𝑒𝑛𝑡[𝑝𝑜𝑠

𝑖
].𝑙𝑎𝑠𝑡) == 𝑝

𝑖
THEN

(15) hash segment [𝑝𝑜𝑠
𝑖
].rep++;

(16) hash segment [𝑝𝑜𝑠
𝑖
].last← 𝑡𝑖𝑑

𝑖
;

(17) continue;
(18) IF hash segment [𝑝𝑜𝑠

𝑖
].rep ≥min rep THEN

(19) pattern← extend(prefix, fitem);
(20) vs set← vs set ∪ (pattern, 𝑝

𝑖
, hash segment[𝑝𝑜𝑠

𝑖
].rep, hash segment[𝑝𝑜𝑠

𝑖
].𝑙𝑎𝑠𝑡 − 𝑝

𝑖
∗ (hash segment[𝑝𝑜𝑠

𝑖
].𝑟𝑒𝑝 − 1));

(21) hash list[𝑝𝑜𝑠
𝑖
].rep ← 1;

(22) hash list[𝑝𝑜𝑠
𝑖
].last ← 𝑡𝑖𝑑

𝑖
;

(23) ENDFOR
(24) FOR each key 𝑝𝑜𝑠

𝑖
that hash list[𝑝𝑜𝑠

𝑖
] ≥min rep DO

(25) pattern← extend(prefix, fitem);
(26) vs set← vs set ∪ (pattern, 𝑝

𝑖
, hash list[𝑝𝑜𝑠

𝑖
].rep, hash list[posi].𝑙𝑎𝑠𝑡 − 𝑝

𝑖
∗ (hash list[𝑝𝑜𝑠

𝑖
].𝑟𝑒𝑝 − 1));

(27) ENDFOR
(28) svs set← sort(vs set);
(29) FOR each V𝑠

𝑖
in svs set DO

(30) IF (V𝑠
𝑖
.rep ≥min sup) && (𝑐 item ∈ pattern) THEN

(31) Output(V𝑠
𝑖
);

(32) MergeSeg(V𝑠
𝑖
, svs set, V𝑠

𝑖
.rep,min sup,max dis);

(33) ENDFOR
(34) ENDFOR

Algorithm 3: ASPDetector (fitem, occur, c item, prefix,min sup,min rep,max per, andmax dis).

(posi = tidi%𝑝𝑖) is the time interval of two simultaneous
occurrences. If tidi, tidj-hash segment[posi].last is equal to
𝑝
𝑖
, which means that those two occurrences are consecu-

tive in the same contained segment. hash segment[posi].rep
records the repeat count of a contained segment. The current
contained segment, for which the offset is posi, is valid
when hash segment[posi].rep ≥min rep. Specifically, for each
period 𝑝

𝑖
, the time slot queue should be scanned once, and,

for each time slot tidi, the offset posi = tidj%𝑝𝑖 needs to be
calculated (as described in step (13) of Algorithm 3). If tidj-
hash segment[posi].last is equal to 𝑝𝑖, the current contained
segment is growing; increment hash segment[posi].rep by
one, update hash segment[posi].last to tidi (as described in
steps (15) and (16) of Algorithm 3), and then process the
next time slot. Otherwise, the current contained segment is
interrupted; at that time, if hash segment[posi].rep ≥min rep,
the current contained segment is valid. It would be recorded
as a tetrad in vs set (as described in steps (18)–(20) of
Algorithm 3). After the interruption, hash segment[posi].rep
would be reset to 1, and hash segment[posi].last would

be updated to tidi (as described in steps (21) and (22)
of Algorithm 3). After the time slot queue is detected,
hash segment would be detected again to judge whether a
valid contained segment exists (as described in steps (24)–
(27) of Algorithm 3). Sort all valid contained segments for
which the period is 𝑝

𝑖
in ascending order by their start

time slot (as described in step (28) of Algorithm 3). For
each contained segment, call the functionMergeSeg to merge
all contained segments, and generate a valid contained
segment queue, for which the period is 𝑝

𝑖
; start with the

current contained segment (as described in steps (28)–(31) of
Algorithm 3), then print the valid contained segment queue
for which the key items are included.

TheVSM stage is responsible for generating the valid con-
tained segment queue. FunctionMergeSeg adopts the depth-
first enumerationmethod tomerge all possible contained seg-
ments into the queue. Generate a different contained segment
queue with different initial contained segments, and, for each
contained segment, use the divide-and-conquer strategy to
find the segment that can bemergedwith the initial segments.
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Input: prefix segments prefix segs, contain segments set svs set, repeat count of prefix segments prefix sum, minimum support
min sup, maximum interference distancemax dis
(1) VSQ← ⌀;
(2) FOR each V𝑠

𝑖
in svs set 𝑖 > 1 DO

(3) tail← V𝑠
1
.start + V𝑠

1
.𝑝𝑒𝑟𝑖𝑜𝑑 ∗ (V𝑠

1
.𝑟𝑒𝑝 − 1);

(4) IF ((V𝑠
𝑖
.𝑠𝑡𝑎𝑟𝑡 − 𝑡𝑎𝑖𝑙) > 𝑚𝑎𝑥 𝑑𝑖𝑠 ∗ 𝑝) THEN break;

(5) ELSE IF (tail > V𝑠
𝑖
.start) THEN continue;

(6) ELSEVSQ←VSQ ∪V𝑠
𝑖
;

(7) ENDFOR
(8) FOR each V𝑠

𝑖
in VSQ DO

(9) newprefix segs← prefix segs∪ V𝑠
𝑖
;

(10) newprefix sum← prefix sum + V𝑠
𝑖
.rep;

(11) newsvs set← svs set delete segments before V𝑠
𝑖
;

(12) IF (newprefix sum ≥min sup) && (𝑐 item ∈ pattern) THEN
(13) Output(newprefix segs);
(14) MergeSeg (newprefix segs, newsvs set, prefix sum,min sup,max dis);
(15) ENDFOR

Algorithm 4:MergeSeg (prefix segs, svs set, prefix sum,min sup, andmax dis).

Input: parameters and their meaning are shown in Table 5
Output: simulation data set
(1) FOR 𝑖 = 1 to 𝐶 do
(2) p.period = GaussianDist(𝑃,MAXPER);
(3) p.pattern = GenPattern(p.period, 𝑇, 𝐼);
(4) position = UniformDist(𝑁/5);
(5) WHILE (1)DO
(6) p.local = GeometricDist(𝑅, MAX =𝑁/𝑃);
(7) IF (𝑁-position < p.local * p.period) THEN break;
(8) FOR 𝑗 = 1 to p.local DO
(9) position+=p.period;
(10) insert p.pattern into TIDS[position];
(11) ENDFOR
(12) p.disturbance = p.period * GeometricDist(𝐷, MAXDIS);
(13) postion+=p.disturbance;
(14) ENDWHILE
(15) ENDFOR
(16) FOR 𝑖 = 1 to𝑁 DO
(17) 𝑡 = PoissonDist(𝐼, MAX =𝑁);
(18) 𝑘 = 𝑡 − |𝑇𝐼𝐷𝑆[𝑖]|;
(19) random generate 𝑘 symbols with 𝑇𝐼𝐷𝑆[𝑖];
(20) ENDFOR

Algorithm 5: DataGenerator (𝑁, 𝑆,𝐻𝑖𝑔ℎ,𝑀𝑒𝑑𝑖𝑢𝑚, 𝐿𝑜𝑤, 𝐶, 𝑃, 𝑇, 𝐼, 𝑅, and 𝐷).

Then, regard these segments as the initial segments to find
other segments that can be merged recursively. Repeat this
process until no segments can be merged. Specifically, if the
repeat count of an initial segment is not less than min sup,
print this segment (as described in steps (29) and (30) of
Algorithm 3). For any initial segment, scan svs set once and
find the segment set into which the segment can be merged
directly (as described in steps (2)–(7) of Algorithm 4). For the
segments of such set, call the function MergeSeg recursively
(as described in step (14) ofAlgorithm 4) to generate a smaller
segment set (as described in step (11) of Algorithm 4), and
various longer segment queues can be generated (as described
in step (9) of Algorithm 4). Once the sum of the segments’

repeat counts is not less than min sup and key items are
included in the pattern while merging, print that segment
queue (as described in steps (12) and (13) of Algorithm 4).

6. Experimental Analysis

This paper first proposes an asynchronous periodic sequen-
tial pattern mining model, and, to confirm the validity and
stability of the algorithm, we also design a synthetic dataset
generation algorithm, which is shown in Algorithm 5.

At first, C possible asynchronous periodic sequential pat-
terns would be generated by the algorithm, and their periodic
lengths are generated by a P-expectation normal distribution.
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Table 5: Parameters of synthetic dataset generation algorithm.

Parameters Meaning Value
𝑁 Scale of temporal symbolic sequences 5000
𝑆 Total number of items 300
High Proportion of high frequency items 1/3 (60%)
Medium Proportion of medium frequency items 1/3 (30%)
Low Proportion of low frequency items 1/3 (10%)
𝐶 Possible number of asynchronous periodic sequential patterns 5
𝑃 Average periodic length of sequential patterns 5
𝑇 Average number of item sets of sequential patterns 8
𝐼 Average number of items 2
𝑅 Average repeat count of contained segments 25
𝐷 Average ratio of random disturbance to period 8

Table 6: Experimental results (length : number).

Support Length Period Length of valid contained segment queue

0.3
(1 : 94), (2 : 553), (3 : 2132)

(4 : 4994), (5 : 7306), (6 : 6567)
(7 : 3330), (8 : 729)

(5 : 25705)
(1 : 1), (2 : 5)

(3 : 18526), (5 : 2)
(4 : 7170), (6 : 1)

0.35
(1 : 61), (2 : 380), (3 : 1510)

(4 : 3567), (5 : 5178), (6 : 4572)
(7 : 2268), (8 : 486)

(5 : 18022) (2 : 3), (3 : 10849)
(4 : 7169), (5 : 1)

0.4
(1 : 37), (2 : 248), (3 : 1014)

(4 : 2544), (5 : 4014), (6 : 3888)
(7 : 2106), (8 : 486)

(5 : 14337) (2 : 2), (3 : 7168)
(4 : 7167)

0.5 (1 : 1) (5 : 1) (3 : 1)

0.5
|0.5
|0.1

(1 : 5927), (2 : 2902)

(4 : 636)
(5 : 2209)
(8 : 126)
(10 : 4278)
(12 : 251)
(15 : 735)
(16 : 108)
(20 : 486)

(1 : 27), (2 : 162)
(3 : 572), (4 : 921)
(5 : 962), (6 : 914)
(7 : 858), (8 : 870)
(9 : 924), (10 : 909)
(11 : 723), (12 : 453)
(13 : 264), (14 : 162)
(15 : 81), (16 : 24)

(17 : 3)
0.4
|0.3
|0.2

(1 : 59), (2 : 265), (3 : 1018)
(4 : 2544), (5 : 4014), (6 : 3888)

(7 : 2106), (8 : 486)

(5 : 14377)
(10 : 3)

(2 : 8), (3 : 7202)
(4 : 7170)

The average number of items is generated by a T-expectation
normal distribution. The appearance probability consists of
three levels,High,Medium, and Low, and the starting position
of patterns is determined by an (N/5)-expectation normal
distribution.Then, for each asynchronous periodic sequential
pattern, a set of contained segments is generated until the end
of the time slot is reached. Also, according to the contained
segments, the pattern would be inserted into the correspond-
ing time slot.The repeat counts of the contained segments are
generated by an R-expectation normal distribution. Finally,
scan this time slot; some items will be compensated for in the
sequences, and the total number of items is generated by a
(𝑇 ∗ 𝐼)-expectation Poisson distribution.

A synthetic dataset is generated by the dataset generation
algorithm, and this algorithm is as shown in Table 5. The
AP-PrefixspanM algorithm is used to mine asynchronous

periodic sequential patterns of the synthetic dataset. The
maximum period is 20, 𝜆 is 0.2, and 𝜂 is 10.

The mining results of the AP-PrefixspanM algorithm are
shown in Table 6.When theminimum support is between 0.2
and 0.4, the mining results contain 5 asynchronous periodic
sequential patterns that are preset in the dataset generation
algorithm. The insert mode of the largest valid contained
segment queue corresponds to these 5 sequential patterns,
which means that the AP-PrefixspanM algorithm can pre-
cisely discover asynchronous periodic sequential patterns
and their valid contained segment queue.

Figure 4 shows the distribution of lengths of asyn-
chronous periodic sequential patterns with different mini-
mum supports.The results show that the scale and number of
sequential patterns will increase when the minimum support
increases. There will only be one length-1 asynchronous



12 Journal of Sensors

1 2 3 4 5 6 7 8
0

1000

2000

3000

4000

5000

6000

7000

8000

A
m

ou
nt

Lengths of asynchronous periodic sequential pattern

min_sup = 0.3

min_sup = 0.35

min_sup = 0.4

min_sup = 0.5

min_sup = 0.5 | 0.5 | 0.1
min_sup = 0.4 | 0.3 | 0.2

Figure 4: Distribution of lengths of asynchronous periodic sequen-
tial patterns.

0 2 4 6 8 10 12 14 16 18 20 22
0

5000

10000

15000

20000

25000

30000

A
m

ou
nt

Periods of asynchronous periodic sequential pattern

min_sup = 0.3

min_sup = 0.35

min_sup = 0.4

min_sup = 0.5

min_sup = 0.5 | 0.5 | 0.1
min_sup = 0.4 | 0.3 | 0.2

Figure 5: Distribution of periods of asynchronous periodic sequen-
tial patterns.

periodic sequential pattern when the minimum support
reaches 5%. When the minimum supports of high frequency
items and medium frequency items are set very high, such
as 5%, but the minimum supports of low frequency items
are set very low, such as 1%, a myriad of length-1 or length-
2 asynchronous periodic sequential patterns will appear,
which suggests that even low frequency items are focused
on. Many meaningless sequential patterns would still appear
if the minimum support was set very low, which means
that the AP-PrefixspanM algorithm can effectively mine the
asynchronous periodic sequential patterns with sparse items
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Figure 6: Distribution of valid contained segment queues of
asynchronous periodic sequential patterns.

and also can avoid the generation of many meaningless
patterns.

Figure 5 shows the distribution of periodic lengths of
asynchronous periodic sequential patterns with different
minimum supports. The results show that, except for when
the minimum supports of high, medium, and low items are
set as 5%, 5%, and 1%, the periodic lengths of asynchronous
periodic sequential patterns are all nearly 5, which corre-
sponds to the preset parameter 𝑃 = 5. However, under
the condition that the minimum supports of high, medium,
and low items are set as 5%, 5%, and 1%, periodic lengths
are random, which means that there are a great number of
meaningless sequential patterns.

Figure 6 shows the distribution of lengths of valid con-
tained segment queues of asynchronous periodic sequen-
tial patterns with different minimum supports. The results
show that, except for when the minimum supports of high,
medium, and low items are set as 5%, 5%, and 1%, the lengths
of most valid contained segment queues are 3 or 4. Although
the preset parameter 𝑅 of the dataset generation algorithm
is 25, because of the independent insertion and the random
supplement of sequential patterns, the repeat counts of many
short sequential patterns are larger than 25; therefore, the
lengths of most valid contained segment queues are 3 or 4.

These experiments show that the AP-PrefixspanM algo-
rithm is stable and efficient formining asynchronous periodic
sequential patterns.

7. Conclusions

In this paper, an asynchronous periodic sequential pattern
mining model was proposed to discover sequential patterns
that not only occur frequently but also appear periodically
and to recognize the time range of their occurrences. Based
on this mining model, we further propose a pattern-growth
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mining algorithm named the AP-PrefixspanM algorithm
to mine asynchronous periodic sequential patterns with
multiple minimum item supports. This algorithm applies a
divide-and-conquer strategy to divide the problem of mining
asynchronous periodic sequential patterns into a series of
mutually disjoint subproblems progressively and then to
mine the patterns in such subdatabases. During the process
of dividing the database, growing asynchronous periodic
sequential patterns and their valid contained segment queues
are generated. This is exactly what the algorithm targets.
Experimental results show the efficiency and stability of the
algorithm. The data which can be applied in this algorithm
are those regular and frequent happening data, such as
entity movement trajectory data. The algorithm can mine
the regular pattern of entity movement trajectory data and
predict the future movement.

The next work is to extend theAP-PrefixspanM algorithm
and make it possible to mine asynchronous periodic spa-
tiotemporal sequential patterns in spatiotemporal sequential
databases with multiple minimum item supports.
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Link scheduling is important for reliable data communication in wireless sensor networks. Previous works mainly focus on how to
find the minimum scheduling length but ignore the impact of energy consumption. In this paper, we integrate them together and
solve them by multiobjective genetic algorithms. As a contribution, by jointly modeling the route selection and interference-free
link scheduling problem, we give a systematical analysis on the relationship between link scheduling and energy consumption.
Considering the specific many-to-one communication nature of WSNs, we propose a novel link scheduling scheme based on
NSGA-II (Non-dominated Sorting Genetic Algorithm II). Our approach aims to search the optimal routing tree which satisfies the
minimum scheduling length and energy consumption for wireless sensor networks. To achieve this goal, the solution representation
based on the routing tree, the genetic operations including tree based recombination and mutation, and the fitness evaluation
based on heuristic link scheduling algorithm are well designed. Extensive simulations demonstrate that our algorithm can quickly
converge to the Pareto optimal solution between the two performance metrics.

1. Introduction

A wireless sensor network usually consists of a large number
of tiny sensor nodes with sensing, data processing, and
communication components. In general, it is formed by
these sensor nodes in a self-organized manner [1]. Recently,
wireless sensor network is playing an increasingly important
role in many application fields, such as medicine, outer space
exploration, volcano surveillance, intelligence applications,
intrusion detection, and border surveillance [2, 3].

MAC access is one of the key issues in designing wireless
sensor networks [4]. Many performance metrics, such as
network lifetime, the accuracy of information perception, the
delay of transmission, and location accuracy, are all closely
related to the MAC technology [5]. Generally speaking,
Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA) and Time Division Multiple Access (TDMA)
are two widely used MAC access technologies for wireless
networks [6]. As to the former one, due to its competitive
channel accessmode, the access fairness cannot be supported.

In addition, some strategies applied in the technology, such
as idle channel listening and communication conflict avoid-
ance, consume additional energy, which cannot satisfy the
demands of large-scale applications. In contrast, in TDMA
basedMACaccess technology, by allocating time slot for each
wireless terminal, we can eliminate collisions, guarantee link
bandwidthwith scheduled access, and support amore reliable
data transmission for WSNs. In addition, sensor nodes in
TDMA protocols can operate in a low duty cycle if their
allocated time slots is not come, thus to save energy and
extend network lifetime [7]. For example, in a traffic moni-
toring application, sensor nodes with TDMA technology can
achieve a lifetime of 1,200 days compared with ten days using
CSMA/CA technology [8].

How to efficiently allocate time slots to satisfy all routing
requirements is the main task in designing TDMA schedule
forWSNs. Since the number of scheduling periods is limited,
some sensor nodes close to each other may be assigned to
the same time slot by random slot allocation. This will cause
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Figure 1: Primary interference and secondary interference in TDMA wireless networks.

interference and capacity reduction. Therefore, interference-
free link scheduling algorithm should be designed. Besides,
since transmission latency depends on the scheduling period,
the longer scheduling period, the larger transmission latency.
TDMA scheduling algorithm therefore should minimize the
number of time slots required. In addition, due to the power-
constrained batteries in each sensor node, link scheduling
algorithmwith energy consumption optimization should also
be considered, thus to prolong network survival time.

Recently, link scheduling for wireless networks has
received a great attention [9–12]. As wireless conflicts can
be modeled as interference (conflict) graphs [9, 10], with the
assumption that each node has the same packet arrival rate,
some works use graph coloring based heuristic algorithms
[11, 12] to find the interference-free link scheduling schemes.
However, because of the relay characteristics in WSN, each
sensor node has to transmit its own packet as well as to
forward its children’s; thus the above-mentioned scheduling
mechanism with the same slot demands cannot be directly
applied to WSN applications. The time complexity in finding
an interference-free link scheduling solution for wireless
multihop networks is analyzed in [13], and a graph color-
ing solution with polynomial time complexity is proposed.
In order to reduce the message load caused by acquiring
the entire network topology, literatures [14, 15] propose a
distributed scheduling mechanism based on local topology.
However, these scheduling algorithms both are based on
the assumption that there are some independent point-to-
point routing sessions among the network. In [16], fast slot
allocation for linear duty-cycled wireless sensor networks is
researched, and centralized optimal as well as distributed
scheduling algorithms are proposed. InWSNs, however, data
are often transferred from some sensor nodes to one sink
node; therefore, the specific many-to-one communication
nature is not considered. For this reason, scheduling and
routing mechanisms are designed together in some litera-
tures. In [17], the authors used AODV routing protocol to
generate multiple paths satisfying the demands of all routing
sessions, and the scheduling algorithm is executed only on the
best route. Similarly, the literature [18] first used the existed
routing algorithm to determine the traffic demand of each
node, and then the genetic algorithm and particle swarm
algorithm are hybridized to find the optimal slot allocation.
However, the route optimization is not considered in their
approach. In literature [19], the tree based link scheduling
algorithm combined with power control is proposed, which
can improve the communication reliability as well as reduce
data gathering latency. In literature [20], the authors have

established a cross layer optimization model including phys-
ical layer, MAC layer, and the network layer problems, and
a convex optimization method is proposed. In [21], link
scheduling for a converge-cast routing tree is researched, and
a slot allocation algorithm joint with channel assignment is
proposed. However, these algorithms discussed above did not
take energy consumption into account, whichmay easily lead
to shorter network survival time than expected.

The original contributions of this paper are shown as
follows: First, we formulate the joint optimization of sensor
network scheduling problem including both route selection
and energy consumption as a multiobjective optimization
problem. Second, by coding the specificmany-to-one routing
tree as an individual for evolution, we propose a novel
link scheduling scheme based on NSGA-II (Non-dominated
Sorting Genetic Algorithm II). Third, with the given routing
tree and link slot requirement, we propose a heuristic slot
allocation algorithm to evaluate the fitness of each individual.
Finally, we conduct extensive simulations to demonstrate the
effectiveness of our proposed method. The rest of the paper
is organized as follows. Section 2 presents the assumptions,
network model, and design considerations. NSGA-II based
link scheduling algorithm is proposed in Section 3. Section 4
gives the simulation results, and Section 5 concludes our
paper.

2. Network Model and Problem Formulation

2.1. Network Model. Assume a WSN is composed of a single
sink node and𝑁−1 sensor nodes which periodically generate
data with different rate. The sink node and sensor nodes
are labeled as 𝑖 = 1, . . . , 𝑁. Without loss of generality, each
node in the network has a fixed communication radius 𝑅

𝑐
.

The entire network can be represented as a directed topology
graph 𝐺(𝑉, 𝐸), where 𝑉 = {𝑖 | 1 ≤ 𝑖 ≤ 𝑁} is the set of
nodes, 𝐸 = {(𝑖, 𝑗) | 1 ≤ 𝑖, 𝑗 ≤ 𝑁, 𝑑

𝑖𝑗
≤ 𝑅
𝑐
} is the directed

edge set, and 𝑑
𝑖𝑗
represents the distance between nodes 𝑖 and

𝑗. Due to the broadcast transmission nature of the wireless
radio, a pair of nodes twithin interference rangemay interfere
with each other’s communication, even if they cannot directly
communicate. To schedule two links at the same time slot,
we must ensure that the schedule will avoid the interference.
Two different types of interference have been imported in
the literature, namely, primary interference and secondary
interference [22], as shown in Figure 1.

Primary interference happens when a node transmits
and receives packets at the same time, as shown in Figures
1(a), 1(b), and 1(c). The transmitter-transmitter (t-t) inter-
ference is caused by two parallel transmissions that garble
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each other at the same receiver, while a single transmitter
cannot separate packets intended for two different receivers,
which will result in the receiver-receiver (r-r) conflict; the
transmitter-receiver (t-r) conflict occurs because the nodes
cannot transmit and receive at the same time. Secondary
interference, such as transmitter-receiver-transmitter (t-r-t)
interferencemodel, occurs when a node receives two ormore
separate transmissions, but only one transmission is intended
for this node, as shown in Figure 1(d). Here, we should
note that another secondary interferencemodel, the receiver-
transmitter-receiver (r-t-r) interference model, can cause
unnecessary delay of transmission in RTS/CTS handshake in
802.11 protocols. However, in TDMA based MAC protocols,
by assigning different time slot for each link, the r-t-r conflict
does not exist.

We employ a𝑇×𝐿matrixY to represent link schedule for
all the links in 𝐸, where 𝑇 is the total number of slots and 𝐿 is
the total number of links in 𝐸. For each element 𝑦𝑡

𝑖,𝑗
in matrix

Y, we have

𝑦
𝑡

𝑖,𝑗
=

{

{

{

1, if 𝑒
𝑖𝑗
is active in time slot 𝑡

0, otherwise.
(1)

Let 𝐼
𝑒
denote the sets of linkswhichwill cause interference

with 𝑒. In order to achieve conflict-free scheduling, these
mutual interference links should be assigned to different time
slots, and we have

∑

𝑒𝑖𝑗∈𝐼𝑒

𝑦
𝑡

𝑖,𝑗
≤ 1. (2)

Define ⟨𝑠
𝑞
, 𝑟
𝑞
⟩ as the routing sessions, where 𝑠

𝑞
and 𝑟
𝑞

represent the source sensor node and slot demand of session
𝑞 ∈ [1, 2, . . . , 𝑄] (𝑄 ≤ 𝑉), respectively. Define 𝑓

𝑞,𝑡

𝑖,𝑗
(and 𝑓

𝑞,𝑡

𝑗,𝑖
)

as the traffic flow traveling from 𝑖 to 𝑗 (and from 𝑗 to 𝑖) for
session 𝑞 on slot 𝑡, and we have

𝑓
𝑞,𝑡

𝑖𝑗
=

{

{

{

1, if 𝑞 is transmitting on link 𝑒
𝑖𝑗
in slot 𝑡

0, otherwise.
(3)

When 𝑓
𝑞,𝑡

𝑖𝑗
= 1, 𝑦𝑡

𝑖,𝑗
= 1, thus we get

𝑓
𝑞,𝑡

𝑖𝑗
≤ 𝑦
𝑡

𝑖𝑗
. (4)

In order to achieve conflict-free scheduling, we have

∑

𝑒𝑖𝑗∈𝐼(𝑒)

𝑓
𝑞,𝑡

𝑖𝑗
≤ 1. (5)

Let ⟨𝑠
𝑞
, 𝑟
𝑞
⟩ denote the end-to-end routing session 𝑞 ∈

[1, 2, . . . , 𝑄], to sink node, where 𝑠
𝑞
, 𝑟
𝑞
represent the source

sensor node and its slot demand, respectively. Define
𝑓
𝑞

𝑖,𝑗
(and𝑓𝑞

𝑗,𝑖
) as the flow travelling from node 𝑖 to node 𝑗

A B C Sink

rt rt + rr rt + rr

Figure 2: The length of path and energy consumption.

(and fromnode 𝑗 to node 𝑖) for session 𝑞, where 𝑖, 𝑗 ∈ 𝑉, 𝑖 ̸= 𝑗.
And the routing constraints can be defined as follows:

∑

𝑡∈𝑇

𝑘 ̸=sink
∑

(𝑘,𝑖)∈𝐸

𝑓
𝑞,𝑡

𝑘𝑖
= ∑

𝑡∈𝑇

𝑗 ̸=𝑠(𝑞)

∑

(𝑖,𝑗)∈𝐸

𝑓
𝑞,𝑡

𝑖𝑗
,

(𝑖 ̸= 𝑠
𝑞
, 𝑖 ̸= sink, 𝑖 ∈ 𝑉, 𝑞 ∈ 𝑄) ,

(6)

∑

𝑡∈𝑇

∑

(𝑖,𝑗)∈𝐸

𝑓
𝑞,𝑡

𝑖𝑗
= 𝑟
𝑞
, (𝑖 = 𝑠

𝑞
, 𝑖 ∈ 𝑉, 𝑞 ∈ 𝑄) , (7)

∑

𝑡∈𝑇

∑

(𝑗,𝑖)∈𝐸

𝑓
𝑞,𝑡

𝑗𝑖
= 𝑟
𝑞
, (𝑖 = sink, 𝑖 ∈ 𝑉, 𝑞 ∈ 𝑄) , (8)

∑

𝑡∈𝑇

∑

𝑞∈𝑄

𝑓
𝑞,𝑡

𝑗𝑖
≤ ∑

𝑡∈𝑇

𝑦
𝑡

𝑖𝑗
, (9)

where (6) states that the amount of incoming flow in all slots
is equal to the amount of outgoing flow for each node, except
the source and sink node; (7) represents that the outgoing
flow in all slots from the source is equal to its traffic demand;
(8) states that the incoming flow in all slots to the sink node
is equal to its traffic demand; and (9) states that the sum of
the flows over all sessions traversing a link cannot exceed the
total allocated slots on this link.

On the basis of the scheduling period 𝑇, the variable
𝑓
𝑞,𝑡

𝑖,𝑗
and the length of routing path of session 𝑞, Γ

𝑞
can be

calculated as

Γ
𝑞
= ∑

𝑡∈𝑇

∑

(𝑖,𝑗)∈𝐸

𝑓
𝑞,𝑡

𝑖𝑗
. (10)

Assume that the energy consumption is only dominated
by communication costs, as opposed to sensing and process-
ing costs. A sensor consumes 𝑒

1
units of energy when sending

data in one slot, while it depletes 𝑒
2
units of energy when

receiving data in one slot. If we ignore the energy consumed
in the sink node, therefore, for each routing session 𝑞, given
its length of routing path Γ

𝑞
, its energy consumption can be

calculated as

𝐸
𝑞
= 𝑟
𝑡
Γ
𝑞
+ 𝑟
𝑟
(Γ
𝑞
− 1) . (11)

Figure 2 shows a simple example of network energy
consumptionwhen nodeA transmits one unit of sensing data
to sink node. According to Figure 2, we can get the length
of the route path as 3. Based on the energy consumption
model defined in (11), the route has to send the data 3
times and receive the data twice; we can get the total energy
consumption of this route as 3𝑟

𝑡
+ 2𝑟
𝑟
.
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2.2. Problem Formulation. Now we are ready to define the
joint optimization problem: given the topology graph𝐺(𝑉, 𝐸)

and the number of routing sessions 𝑄, our goal is to find an
interference-free link scheduling scheme to satisfy all routing
requirements, and the scheduling length and the total energy
consumption are minimized. Formally, this problem can be
expressed as the following multiobjective problem:

min
{{{

{{{

{

𝑇

∑

𝑞∈𝑄

𝐸
𝑞
,

𝑦
𝑡

𝑖,𝑗
=

{

{

{

1, if 𝑒
𝑖𝑗
is active in time slot 𝑡

0, otherwise,

∑

𝑒𝑖𝑗∈𝐼𝑒

𝑦
𝑡

𝑖,𝑗
≤ 1,

𝑓
𝑞,𝑡

𝑖𝑗
=

{

{

{

1, if 𝑞 is transmitting on link 𝑒
𝑖𝑗
in slot 𝑡

0, otherwise,

𝑓
𝑞,𝑡

𝑖𝑗
≤ 𝑦
𝑡

𝑖𝑗
, ∑

𝑒𝑖𝑗∈𝐼(𝑒)

𝑓
𝑞,𝑡

𝑖𝑗
≤ 1,

∑

𝑡∈𝑇

𝑘 ̸=sink
∑

(𝑘,𝑖)∈𝐸

𝑓
𝑞,𝑡

𝑘𝑖
= ∑

𝑡∈𝑇

𝑗 ̸=𝑠(𝑞)

∑

(𝑖,𝑗)∈𝐸

𝑓
𝑞,𝑡

𝑖𝑗
,

(𝑖 ̸= 𝑠
𝑞
, 𝑖 ̸= sink, 𝑖 ∈ 𝑉, 𝑞 ∈ 𝑄) ,

∑

𝑡∈𝑇

∑

(𝑖,𝑗)∈𝐸

𝑓
𝑞,𝑡

𝑖𝑗
= 𝑟
𝑞
, (𝑖 = 𝑠

𝑞
, 𝑖 ∈ 𝑉, 𝑞 ∈ 𝑄) ,

∑

𝑡∈𝑇

∑

(𝑗,𝑖)∈𝐸

𝑓
𝑞,𝑡

𝑗𝑖
= 𝑟
𝑞
, (𝑖 = sink, 𝑖 ∈ 𝑉, 𝑞 ∈ 𝑄) ,

∑

𝑡∈𝑇

∑

𝑞∈𝑄

𝑓
𝑞,𝑡

𝑗𝑖
≤ ∑

𝑡∈𝑇

𝑦
𝑡

𝑖𝑗
,

Γ
𝑞
= ∑

𝑡∈𝑇

∑

(𝑖,𝑗)∈𝐸

𝑓
𝑞,𝑡

𝑖𝑗
,

𝐸
𝑞
= 𝑟
𝑡
Γ
𝑞
+ 𝑟
𝑟
(Γ
𝑞
− 1) ,

(12)

where 𝑟
𝑞
(𝑞 = 1, 2, . . . , 𝑄) are input parameters. Note

that 𝑦
𝑡

𝑖,𝑗
and 𝑓

𝑞,𝑡

𝑖𝑗
are optimization variables to determine

network slot allocation and route selection. By convention,
the optimization problem is in the form of bicriteria-objective
integer programming (MOIP) problem, which is NP-hard [13]
in general and cannot be solved by CPLEX. In the next
section, we will develop a nested optimization framework
based on NSGA-II to solve this problem.

3. Multiobjective Optimization
Based on NSGA-II

In this section, we first briefly review the fundamentals of
multiobjective optimization.Then, we give the description of
our approach based on NSGA-II. The mathematical descrip-
tion of multiobjective optimization can be given as

min
𝑥∈𝐹

[𝑓
1
(𝑥) , 𝑓

2
(𝑥) , . . . , 𝑓

𝑚
(𝑥)]
𝑇

,

𝐹 : {𝑥 : ℎ (𝑥) = 0, 𝑔 (𝑥) ≤ 0, 𝑎 ≤ 𝑥 ≤ 𝑏} ,

(13)

where 𝑥 is a solution to theMOP and the number of objective
functions 𝑛 ≥ 2. 𝐹 is the feasible set, which is subjected to
the equality and inequality constraints denoted as ℎ(𝑥) and
𝑔(𝑥) and explicit variable bounds [𝑎, 𝑏]. In a multiobjective
minimization problem, a solution 𝑥

1
dominates another

solution 𝑥
2
(𝑥
1
≽ 𝑥
2
) if and only if

𝑓
𝑢
(𝑥
1
) ≤ 𝑓
𝑢
(𝑥
2
) ∃𝑢 ∈ {1, 2, . . . , 𝑚} ,

𝑓V (𝑥1) < 𝑓V (𝑥2) ∃V ∈ {1, 2, . . . , 𝑚} .

(14)

For such a multiobjective optimization problem, a solu-
tion 𝑥

∗ is called a Pareto optimal solution if and only if there
is no 𝑥 ∈ 𝐹 that dominates 𝑥

∗. A well-known technique for
solving MOPs is the weighting method, which converts the
originalMOP into a single optimization problem for forming
a linear combination of the objectives

min
𝑥∈𝐹

𝑤
1
𝑓
1
(𝑥) + 𝑤

2
𝑓
2
(𝑥) + ⋅ ⋅ ⋅ + 𝑤

𝑚
𝑓
𝑚

(𝑥) ,

𝐹 : {𝑥 : ℎ (𝑥) = 0, 𝑔 (𝑥) ≤ 0, 𝑎 ≤ 𝑥 ≤ 𝑏} ,

(15)

where 𝑤
𝑖
, 𝑖 ∈ [1, 𝑛], is the weight for the 𝑖th objective 𝑓

𝑖
.

Usually, 0 < 𝑤
𝑖

< 1 and ∑
𝑚

𝑖=1
𝑤
𝑖

= 1. However, the
weighting method in solving MOP suffers from two main
disadvantages [23]. First of all, it cannot find Pareto optimal
solutions in MOPs with a nonconvex Pareto optimal front,
which may reduce the number of design alternatives. As
shown in Figure 3, the weighting method can only find the
Pareto optimal solutions of point A and point D; however,
other three solutions B, C, and E cannot be found. Second,
it needs to choose appropriate weights for each optimization
function in priori; the decision on preferences may not be
clear to the user until the solution is generated.

Recently,multiobjective genetic algorithms (MOGAs) are
recognized to be better qualified to tackle multiobjective
optimization problems. Compared with weighting method,
MOGA can capture multiple Pareto optimal solutions in a
single run and exploit similarities of solutions by genetic
operation. In addition, MOGA is less susceptible to the shape
of continuity of the Pareto optimal front. Therefore, in our
paper, we apply the most popular studied MOGA, Non-
dominated Sorting Genetic Algorithm II (NSGA-II) [24], to
find the Pareto optimal solution.

MOGA algorithms cannot deal with the variables of the
optimization problemdirectly.Theyworkwith chromosome-
like codes representing the solutions. Thus, the first issue
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Figure 3: Graphical interpretation of the weighting method for
solving multiobjective problems.
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Figure 4: Illustration of the array representation of the routing tree.

is how to represent solutions of the problem, that is, how
to use a data structure that is appropriate for the problem
[25]. From the description of the optimization problem
described in (12), we could notice that the difficulty of the
optimization problem comes from the determination of the
routing tree. Specifically, if the routing tree can be obtained
by some techniques, the energy consumption can also be
obtained. Therefore, in our paper, we use the routing tree
as the problem representation. In this representation, the
path of each routing session is coded as a string of positive
integers. Since there are 𝑄 routing paths and the many-to-
one communication nature, these routing paths are further
combined to a reverse multicast tree and are represented as
an integer array, in which row 𝑖 lists node IDs routing from
𝑠
𝑖
(1 ≤ 𝑖 ≤ 𝑄) to sink node. Figure 4 illustrates an example of

3 routing paths and their chromosome representation, where
the sink node is denoted as node 0. In order to explore the
genetic diversity, the routing path for any routing session
𝑞 is randomly generated. For each source node 𝑠

𝑞
, we first

randomly select a node V
1
from 𝑁(𝑠

𝑞
), the neighborhood

of 𝑠
𝑞
. Then we randomly select a node V

2
from 𝑁(V

1
). This

process is repeated until the sink node is reached. Thus, we
get a random path 𝑃(𝑠

𝑞
, sink) = {𝑠

𝑞
, V
1
, V
2
, . . . , sink}. Since no

loop is allowed on the reverse multicast tree, the nodes that
are already included in the tree should be excluded, thereby
avoiding reentry of the same node.

Generally, MOGA begins with an initial population,
which is composed of𝑁 randomly generated channel assign-
ment schemes. This initial population will execute selection,

crossover, and mutation operators to generate new individu-
als in a search space. For each channel assignment scheme
in the population, namely, an individual, a fitness value is
applied to reflect the goodness degree for solving the problem.
During each cycle of genetic evolution, chromosomes with
better fitness values will have a higher chance of surviving
in the subsequent generations, emulating the survival-of-the-
fittest phenomenon in nature. Therefore, the first important
aspect in designing MOGA is how to calculate the individ-
ual fitness. In our algorithm, the fitness is defined as the
minimum scheduling period and total energy consumption.
When the routing tree is represented in a chromosome, we
can calculate its total length of all routing paths. Therefore,
the total energy consumption of a chromosome can be
directly calculated. Since finding the minimum scheduling
periodwith the given chromosome representation isNP-hard
[14], a heuristic based link scheduling algorithm for fitness
evaluation is proposed, as shown in Algorithm 1.

From Algorithm 1, we can see that our heuristic link
scheduling algorithm mainly includes two parts, the link
scheduling order selection and time slot allocation. In the
link scheduling order selection part, one link with the least
interference degree will be served first, as shown in line (2)∼
line (6). In the slot allocation part, we first allocate as many
as possible time slots in scheduling period 𝑇 to satisfy its slot
demands for each being served link, as shown in (8) to (16);
if we cannot allocate enough slots to meet its slot demands,
the scheduling period of the network 𝑇 will be updated, and
more (𝑇 − 𝑟

𝑒𝑘
+ 𝑎(𝑒
𝑘
), 𝑇] will be allocated to this link, which

can be shown in lines (17) to (20).
Crossover and mutation are two other fundamental

operations involved in the evolution process of GA. The
purpose of crossover operation is to generate offspring chro-
mosomes (new individuals) by performing certain genetic
recombination on parent chromosomes. These offspring
chromosomes share genetic similarities with their parents but
from a different generation. As to the crossover operation,
considering that the chromosomes are expressed by tree data
structure, we adopt single-point crossover to exchange partial
chromosome, as shown in Figure 5. For two chromosomes
𝑃𝑎
1
and 𝑃𝑎

2
for crossover, we first find at least one common

node (node 11) between these two chromosomes of the same
source node (node 7). And then one common node, denoted
as V, is randomly selected. For example, in 𝑃𝑎

1
, there is a path

consisting of two parts: (𝑝𝑎
1

1
: 𝑟 → V) and (𝑝𝑎

2

1
: V → sink).

In 𝑃𝑎
2
, there is also a path consisting of two parts: (𝑝𝑎

1

2
:

𝑟
𝑖

→ V) and (𝑝𝑎
2

2
: V → sink). The crossover operation

then exchanges the paths (𝑝𝑎
1

1
: 𝑟
𝑖

→ V) and (𝑝𝑎
1

2
: 𝑟
𝑖

→

V) with the crossover probability 𝑝
𝑐
. The population will

undergo themutation operation after the crossover operation
is carried out. With the mutation probability 𝑝

𝑚
, each time

we select one chromosome Ch
𝑖
in which one source node 𝑟

𝑖

is randomly selected. On the path (𝑟
𝑖

→ sink) one node is
selected as the mutation point, denoted as V. The mutation
will replace the path (𝑟

𝑖
→ V) by a new random path.

Since the new generated chromosomes after crossover and
mutation may be infeasible, an additional repair execution to
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Input: Routing graph 𝐺


(𝑉


, 𝐸


), and the slot demands 𝑟
𝑘
of the 𝑘th link (𝑘 = 1, . . . , 𝑚)

Output:The scheduling period T and slot allocation
(1) Construct the conflict graph 𝐺



𝑐
(𝑉
𝑐
, 𝐸


𝑐
) from 𝐺



(𝑉


, 𝐸


)

(2) while 𝐺


𝑐
is not empty do

(3) find the vertex with the smallest degree in 𝐺


𝑐
;

(4) remove this vertex from 𝐺


𝑐
and all its incident edges;

(5) Let 𝑒
𝑘
denote the (𝑚 − 𝑘 + 1)th removed vertex.

(6) end while
(7) Let 𝑇 = 1;
(8) for each link 𝑒

𝑘
∈ 𝐸


, 𝑘 = 1 : 𝑚

(9) let assign = false and 𝑎(𝑒
𝑘
) = 0;

(10) for slot 𝑡 = 1 : 𝑇

(11) if 𝑒
𝑘
do not conflict its neighbors in 𝐺



𝑐
in slot t

(12) assign 𝑒
𝑘
with slot t;

(13) if (𝑎(𝑒
𝑘
) ++ == 𝑟

𝑒𝑘
)

(14) assign = true;
(15) break;
(16) end for
(17) if assign == false
(18) 𝑇 = 𝑇 + 𝑟

𝑒𝑘
− 𝑎(𝑒
𝑘
);

(19) assign 𝑒
𝑘

𝑎
slot (𝑇 − 𝑟

𝑒𝑘
+ 𝑎(𝑒
𝑘
), 𝑇];

(20) end for

Algorithm 1: Heuristic Link Scheduling Algorithm.
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Figure 5: Illustration of the crossover operation.

eliminate the loops will be executed, which can help to speed
up the convergence.

Unlike traditional GA, NSGA-II is built on nondom-
ination in each front. Each individual in the population
is assigned two fitness evaluations (scheduling length and
energy consumption). In addition, if two solutions have the
same fitness values, they will further be measured by the
crowding distance, which can be calculated by the distance
between its neighboring solutions along each of the objectives
(see [24] for details). Algorithm 2 describes the detailed
procedures of NSGA-II link scheduling algorithm. From
Algorithm 2, we can see that after the generation of initial
population𝑃 (shown in step 1), the fast nondominated sorting
operation is executed first to generate nondominated fronts of
the initial generation 𝑃, as shown in step 2. Then, the initial
population is combined with new generated population 𝑃

,
and controlled elitism operation is executed, which can
update 𝑃 by selecting the solutions starting from the first
front. If the number of solutions in the remaining allowable
front is larger than the available places in the population, then

the solutions with larger crowding distance are selected first.
These procedures can be seen in step 3. Finally, similar to
link GA, crossover and mutation operation is also applied to
generate new population 𝑃

, as shown in step 4. After several
iterations, the entire population only containing the solutions
near or at the Pareto optimal front will be selected.

4. Performance Evaluation

In this section, we present the simulation results of our
algorithm. All simulations are executed in Matlab 7.0. Two
metrics, including the total energy consumption and schedul-
ing length, are imported to evaluate the performance of our
proposed algorithm. For all the simulations, we set the energy
consumption for receiving and transmitting one unit data 𝑟

𝑟

and 𝑟
𝑡
as 1 and 2, respectively.The size of the population is set

as 100; the crossover probability 𝑝
𝑟
and mutation probability

𝑝
𝑚

are set as 0.9 and 0.1. The controlled elitism 𝜌 is set
as 0.5. In our simulations, two types of node distributions
are adopted: random distribution and hotspot distribution,
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Input: Routing graph 𝐺


(𝑉


, 𝐸


), the slot demands 𝑟
𝑘
of the 𝑘th link (𝑘 = 1, . . . , 𝑚), the given number of generation 𝐺, the

population size 𝐾, the recombination probability 𝑝
𝑟
, the mutation probability 𝑝

𝑚
, and the reduction rate of the controlled

elitism 𝜌

Output: Non-dominated solutions in 𝑃

(1) Step 1. (initialization)
(2) Set 𝑔 = 0, 𝑃 = 𝜙;
(3) Generate an initial population 𝑃 using coding and initialization strategy;
(4) Calculate 𝑇 using Algorithm 1 and ∑

𝑞∈𝑄
𝐸
𝑞
for each individual;

(5) Step 2. (Non-dominated sorting)
(6) 𝑃 = 𝑃 ∪ 𝑃

;
(7) Do fast non-dominated sorting algorithm, resulting non-dominated fronts (𝐹

1
, 𝐹
2
, . . . , 𝐹

𝑅
)

(8) Step 3. (controlled elitism)
(9) Set 𝑟 = 1, 𝑃 = 𝜙;
(10)While |𝑃| < 𝐾 do
(11) Calculate 𝑛

𝑟
according to the controlled elitism scheme;

(12) Sort 𝐹
𝑟
in descending order using crowded comparison;

(13) Put the first 𝑛
𝑟
members of 𝐹

𝑟
in 𝑃, that is, 𝑃 = 𝑃 ∪ 𝐹

𝑟
[1 : 𝑛
𝑟
];

(14) 𝑟 = 𝑟 + 1;
(15) Step 4. (Reproduction)
(16) Generate an offspring 𝑃

 (with size of 𝐾) from 𝑃 according crossover and mutation operation;
(17) Calculate 𝑇 and ∑

𝑞∈𝑄
𝐸
𝑞
for each individual in 𝑃

;
(18) Step 5. (Termination)
(19) 𝑔 = 𝑔 + 1;
(20) if 𝑔 ≥ 𝐺 or the required 𝑇 and ∑

𝑞∈𝑄
𝐸
𝑞
are met then terminate;

(21) else go to Step 2

Algorithm 2: NSGA-II based link scheduling.
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Figure 6: Two different sensor node distributions.

as shown in Figure 6. In random distribution, all nodes
are randomly scattered in the target area, while in hotspot
distribution, all nodes are scattered in a Gaussian random
distribution.

First, 50 nodes are randomly deployed in a 120 ∗ 120

target area, as shown in Figure 9. The sink node (with ID 37)
is located in the center of the area.The transmission range 𝑅

𝑐

and interference range 𝑅
𝐼
of each sensor node are equal to

20. Assume each sensor node has a unit slot demand routed
to sink node. Figure 7 shows the initial solution distribution

of the randomly generated population. Figure 8 shows Pareto
optimal solutions obtained after running the algorithm for
a number of generations. From Figures 7 and 8, we can see
that many more nondominated solutions are found after 30
generations. And after 600 generations, we can find the Pareto
optimal solution with the minimum scheduling length and
energy consumption. Figure 9 shows the topology graph of
the routing tree in the last generation, where the number
beside each link is the link number. The final slot allocation
of each link is shown in Table 1. From the description of
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Figure 9: Topology of the optimal routing tree in the last generation.

Table 1: Time slot allocation table.

Link No. Slot allocation
1 4, 8
2 10, 11, 13, 16, 17, 18, 19, 20
3 2, 5, 9
4 1, 5, 9
5 2, 3, 4, 8, 21
6 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32
7 4, 6, 8
8 3
9 1, 10, 11, 13, 16, 19
10 3, 4
11 1, 2
12 4
13 5
14 3, 4
15 6
16 6, 8, 10, 11, 13
17 33, 34, 35, 36, 37, 38, 39, 40
18 1, 6
19 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52
20 3, 7
21 4
22 5, 9, 12, 14
23 53, 54, 55, 56, 57, 58
24 1
25 6, 7
26 1, 2
27 10, 11, 13, 16, 19
28 2, 6, 12, 14
29 1
30 2
31 1, 5, 7, 9
32 3
33 1
34 2
35 5
36 15, 17, 18
37 12, 14, 15, 17, 18, 20
38 5
39 7, 12, 14, 15
40 2
41 6, 59, 60, 61, 62, 63, 64
42 7, 8, 15
43 5
44 3, 4, 9
45 2
46 3
47 1
48 7, 8
49 2

routing tree and the slot allocation, we can get the conclusion
that any mutual interference links in the routing tree are
assigned different time slots, and the total number of slots
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Figure 10: Comparison of energy consumption with different number of nodes deployed in different distributions.
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Figure 11: Comparison of scheduling period with different number of nodes deployed in different distributions.

assigned to any link also satisfies its routing requirement,
which demonstrate the effectiveness of our algorithm.

Further, we test the performance of our algorithm under
various node densities and compare the performance of
the proposed algorithms with existing routing trees com-
bined with link scheduling algorithm proposed in [14]. The
comparison is executed with different node densities, where
the number of sensor nodes is increased from 10 to 100.
For each deployment, we have generated 10 instances and
applied our algorithm on each instance with 20 independent

tests. The simulation results of random hotspot distribution
are shown in Figures 10 and 11, which record the average
solution of these 20 tests. In this simulation, the routing tree
generation and link scheduling algorithms are performed
jointly in our algorithm. Since the routing optimization is
not considered in [14], first the routing tree is generated
by Dijkstra and MST algorithms separately, and then the
scheduling algorithm is applied with the given routing tree.
As shown from Figures 10 and 11, it is clear to see that more
traffic loads lead to an increase in scheduling period and



10 Journal of Sensors

energy consumption as expected. And we also can see that
the Dijkstra routing algorithm can achieve the minimized
energy consumption, which is mainly because when the
Dijkstra routing algorithm is applied, the minimized length
of the routing tree can be achieved. However, the largest
node degree in the routing tree of Dijkstra routing algorithm
results in the longest scheduling period. Compared with the
above two algorithms, our algorithm can achieve the shortest
scheduling period, and the energy consumption is almost the
same as that of Dijkstra routing algorithm, regardless of the
node distribution, which further testifies the effectiveness of
our algorithm.

5. Conclusion and Future Work

In this paper, we have investigated the challenging problem
of joint optimization on link scheduling and energy con-
sumption for wireless sensor networks. By considering route
selection and link scheduling together, we have carried out
the analysis of energy consumption and link scheduling for
wireless sensor network and formulated it as a bicriteria-
objective integer problem. Considering the specific many-to-
one nature of WSNs, we have proposed an efficient opti-
mization scheme based on NSGA-II to solve this problem. In
order to ensure the individual validity and fast convergence,
the routing tree based representation scheme as well as the
corresponding crossover and mutation rules is also designed
to satisfy the constraints in the problem. Through extensive
simulations, we have demonstrated that our optimization
framework based on NSGA-II is quite promising for solving
complex multiobjective design models for WSNs.
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Biological schemes provide useful resources for designing adaptive routing protocols for wireless sensor networks (WSNs). The
key idea behind using bioinspired routing is to find the optimal path to the destination. Similarly, the idea of opportunistic routing
(OR) is to find the least number of hops to deliver the data to the destination. Numerous routing schemes have been proposed in
WSNswhile targeting various performance goals, such as throughput, delay, and link quality. Recently, OR schemes have come onto
the scene in comparison with the traditional routing algorithms.The performance of OR schemes, however, highly depends on the
selection of forwarder nodes. In this paper, we consider a chain network topology, where nodes are separated by an equal distance.
The throughput of the chain network is analyzedmathematically, and based on the analysis results, a heuristic algorithm is proposed
to choose the forwarder nodes. We evaluate the performance of the proposed Heuristic Approach to Select Opportunistic Routing
Forwarders (HASORF) by using the ns-2 simulator and compare it with previous schemes, such as random routing, Extremely
Opportunistic Routing (ExOR), and SimpleOpportunistic Adaptive Routing (SOAR).The empirical results show that our proposed
scheme achieves the best performance among them.

1. Introduction

Biological systems have intrinsic appealing characteristics [1].
These characteristics lead to different levels of motivation
from the biological system toward the origin of different
approaches and algorithms. Opportunistic routing (OR) is
similar to a bioinspiredmechanism [2], where one of the goals
is to reach the destination using the shortest path.The advent
of bioinspired systems has generated many contributions
and inspired systems instigated from natural systems and
their application in WSNs. Applications for WSNs include
wildlife monitoring, cold chain monitoring, glacier monitor-
ing, rescue of avalanche victims, cattle herding, geographical
monitoring, monitoring of structures, vital sign monitoring,
ocean water and ocean bed monitoring, monitoring of fresh
water quality, tracking vehicles, sniper localization, volcano
monitoring, and tunnel monitoring. The underwater sen-
sor network, normally built on ultrasound, is also one of

the applications for WSNs [3, 4]. Examples of real-world
projects with wireless sensor networks are bathymetry [5],
ocean water monitoring [6], ZebraNet [7], cattle herding [8],
bird observation on Great Duck Island [9], grape monitoring
[10], rescue of avalanche victims [11], and neuRFon [12].

OR is vigorous and well suited to WSNs. In WSNs,
nodes have irregular connectivity and accessibility to the
neighbor nodes for packet forwarding is disrupted. The
neighbor sensors can be exploited as opportunistic elements
for packet forwarding. OR is based on the idea of geographic
routing. It exploits location information, but the selection
of the forwarder nodes may vary according to the protocol
used. In WSNs, one of the challenges is to design a routing
protocol to meet the communication demands in less time.
Moreover, in WSNs, forwarding packets to the intended
destination is in multihop fashion, where intermediate nodes
help packets reach the destination. One of the key applica-
tions of sensors is the wireless personal, or body, network for
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healthmonitoring. It aims to improve existing healthcare and
monitoring services. In a short time, there has been immense
development in the number of various wearable health mon-
itoring devices, ranging from simple pulse monitors, activity
monitors, portable Holter monitors, and cardiac monitors
[13, 14].

In traditional routing, packets are forwarded on a hop-
by-hop basis via predetermined intermediate nodes to the
destination, based on previously established routes and statis-
tics. The next-hop node can be selected by a simple shortest-
path algorithm, or by more complicated optimizations, such
as considering the channel conditions and the performance
of the network links. The wireless channel is inherently
broadcast in nature, and all the nodes within range of the
sender can overhear the transmission. OR [15–20] takes
advantage of this by choosing intermediate nodes as helper
nodes to transmit data to the destination. Therefore, they
are called forwarders in opportunistic routing. The selection
of the forwarder nodes is the most important task in OR.
The literature [17, 19–22] has proven that OR enhances
throughput in multihop wireless networks.

The packets can be received by multiple nodes within
range. Among the nodes that receive the packet, the node
closest to the destination should be the one that forwards the
packet. OR can choose multiple forwarders from among the
intermediate nodes. However, in denser networks, there is a
cost penalty from choosing toomany forwarders. Choosing a
small number of forwarders can minimize the potential cost
of intra- and interpath collisions. However, if the number of
forwarders is large, collisions can become frequent [19, 23].

The existingOR schemes leverage the forwarder selection
mechanism of expected transmission (ETX) count [24].
Choosing the forwarder(s) is critical to overall performance
of the network. The routing protocol can be subdivided into
three parts: route discovery, packet forwarding, and route
maintenance. In OR, selection of forwarding nodes is part
of route discovery. The wrong selection of the forwarder
nodes severely impacts the overall performance of OR. The
impact on multihop transmission is much more devastating
than for single-hop transmission. In this research, we focus
on the first task, that is, route discovery, and specifically
on forwarder selection. The selection of the intermediate
nodes as forwarders is still an unexplored research area. The
main objective of our study is to enhance system throughput
and devise a new approach to selecting forwarders. For this
purpose, we first analyze and evaluate equal, or uniform,
distance node placement in the network and then determine
the impact of forwarder selection on throughput. Thereafter,
on the basis of the system model, we propose a heuristic
approach to selecting the forwarders. We then compare
the results with Extremely Opportunistic Routing (ExOR),
random routing, and SimpleOpportunistic Adaptive Routing
(SOAR) forwarder selection schemes. The results indicate
improvement in system throughput.

The rest of the paper is organized as follows. Section 2
briefly explains the related work. Section 3 presents the sys-
tem model. In Section 4, we describe our proposed Heuris-
tic Approach to Select Opportunistic Routing Forwarders
(HASORF). Section 5 provides the details of the simulation

environment and discusses the results. Finally, Section 6
concludes the paper.

2. Related Work

In this section, we discuss the different opportunistic routing
protocols while focusing on the forwarder selection method-
ology employed therein. Biswas and Morris [16] proposed
ExOR. It is the most popular opportunistic routing protocol
and a pioneer in exploiting the broadcast nature of wireless
communications. In ExOR, the sender must include in the
header of each packet the forwarder list, prioritized by
closeness to the destination. Thus, a candidate forwarder
set is predetermined by each sender. Simple Opportunistic
Adaptive Routing [18] tries to solve the lack of support
for multiple simultaneous flows in ExOR by introducing an
explicit forwarding responsibility. Similar to ExOR, SOAR
has a predetermined list of candidate forwarders based on
the ETX metric. The forwarder list is included in the packet
header and is also prioritized by closeness to the destination.
SOAR performs better than ExOR. However, that is not due
to the forwarder selection algorithmbut the implicit duplicate
transmission avoidancemechanism based on diverging route
prevention. Furthermore, it also implements a selective and
piggybacked acknowledgement mechanism for higher per-
formance.

Chachulski et al. [22] presented media access control-
(MAC-) independent opportunistic routing and encoding
(MORE), which resembles ExOR in many ways. Both proto-
cols implement a predetermined candidate selection process
based on the ETXmetric.Moreover, both include a forwarder
list in the packet header, prioritize the forwarder nodes by
the distance to the destination, and limit the candidate size
to reduce overhead. The main difference between MORE
and ExOR is that each packet sent by MORE is a coded
packet. Yuan et al. [25] presented the resilient opportunistic
mesh routing (ROMER) protocol, which introduces a credit-
based forwarding scheme similar to that of SOAR. The
assigned credits are equal to the minimum cost from source
to destination, that is, the shortest-path cost. Thus, ETX is
the de facto standard employed in all opportunistic routing
protocols explained above. However, frequent ETXmeasure-
ment involves significant overhead in networks, and the links
with a lower ETX may lead to a higher loss rate, yielding
low throughput. In this paper, we propose a new forwarder
selection scheme that does not include any extra overhead
but substantially increases overall system throughput. Our
scheme uses distance as a selection metric for forwarder
nodes and maintains higher throughput compared to the
other schemes.

3. System Modeling

In this section, we consider a chain network shown in
Figure 1, where 𝑁 + 1 nodes are separated by the same
distance. Node 0 acts as the source s, and node 𝑁 becomes
destination 𝑑. The nodes from 1 to 𝑁 − 1 are intermediate
nodes and can be potential forwarders𝑓. Forwarders can help
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Figure 1: System model.

the packets from the source reach the destination.We assume
that one or more nodes can play the role of forwarder node.

The key metric to choose the forwarder nodes is ETX
from previous schemes, which prioritizes the nodes by
closeness to the destination, because successful transmission
probability decreases with a greater distance. When the
distance between transmitter and receiver is long, it is likely
to have more packet loss and more retransmissions. Thus,
if we choose a node close to the destination as a forwarder
node, we will experience poor performance in transmissions
from the source to the forwarder, whereas transmissions from
the forwarder to the destination are successful with high
probability. This forwarder selection scheme is inefficient at
fully utilizing bandwidth and achieving greater throughput.
In the sequel, we analyze the chain network to obtain some
intuition into how to choose the best forwarder to attain
optimal throughput.

We begin our analysis from the definition of throughput
in the considered system; that is,

Throughput := 𝑀 × 𝑆

𝑄
1
+ 𝑄
2
+ ⋅ ⋅ ⋅ + 𝑄

𝑀

, (1)

where 𝑀 is the number of total transmitted packets, 𝑆 is
the packet size, and 𝑄

𝑖
is delivery time for the 𝑖th packet

to reach the destination. We assume that the next packet
is not transmitted from the source node until the current
packet reaches the destination successfully. We can further
simplify the equation by the law of large numbers [26] since
𝑄
𝑖
are independent and identically distributed (i.i.d) random

variables:

Throughput = 𝑀 ⋅ 𝑆

𝑄
1
+ 𝑄
2
+ ⋅ ⋅ ⋅ + 𝑄

𝑀

=
𝑆

(𝑄
1
+ 𝑄
2
+ ⋅ ⋅ ⋅ + 𝑄

𝑀
) /𝑀

=
𝑆

𝐸 [𝑄]
,

(2)

where 𝐸[𝑄] denotes the expectation of random variable 𝑄.
Since the packet size 𝑆 is constant, throughput is inversely
proportional to the number of transmissions from source to
destination of an arbitrary packet; that is,

Throughput ∝ (Expected delivery time of each packet)−1 .
(3)

We can decouple the total delivery time of a packet as the
sum of two partial delivery times, that is, 𝑇

𝑠→𝑓
, from source

to any forwarder, and 𝑇
𝑓→𝑑

, from the forwarder with the
packet to the destination, that is,

Delivery time of a packet = 𝑇
𝑠→𝑓

+ 𝑇
𝑓→𝑑

. (4)

1 20 N − 1

DestinationSource i

N

i-hop (N − i)-hop

· · ·

Figure 2: Single-forwarder network topology.

By taking expectations on both sides, we can obtain the
expected delivery time as

Expected delivery time of each packet = 𝐸 [𝑇
𝑠→𝑓

]

+ 𝐸 [𝑇
𝑓→𝑑

] .

(5)

We are now prepared to derive the throughput of the
considered network. We consider two cases here: in Case 1,
the number of forwarders is one, and in Case 2, the number
of forwarders is two. However, our analysis can be extended
to more forwarders in a straightforward manner.

3.1. Single/One Forwarder. We denote the forwarder node as
node 𝑖. So, the hop distance from source to forwarder is 𝑖, and
the hop distance from forwarder to destination is 𝑁 − 𝑖, as
shown in Figure 2.

We first introduce some notations. Given distance 𝑥

between transmitter and receiver, 𝑝(𝑥) denotes packet suc-
cess probability, which is assumed to be differentiable and
monotonically decreases with 𝑥. Note that the assumptions
on 𝑝(𝑥) are reasonable and practically mild. It is straightfor-
ward to see that when packet success probability is 𝑝(𝑥), the
average delivery time or the average number of transmissions
is given as 1/𝑝(𝑥). So, recalling that the forwarder is located
at the 𝑖th position, we can see that

𝐸 [𝑇
𝑠→𝑓

] =
1

𝑝 (𝑖)
, 𝐸 [𝑇

𝑓→𝑑
] =

1

𝑝 (𝑁 − 𝑖)
. (6)

If every packet is delivered to the destination via the
forwarder node, the average delivery time is 1/𝑝(𝑥)+1/𝑝(𝑁−

𝑥). However, we notice that packets reach the destination
without the help of the forwarder nodewith probability𝑝(𝑁).
So, in the single forwarder case, the average delivery time
from source to destination is written as

𝑇 (𝑖) = 𝑝 (𝑁) ⋅ 1 + (1 − 𝑝 (𝑁)) (
1

𝑝 (𝑖)
+

1

𝑝 (𝑁 − 𝑖)
) (7)

and throughput is given as

Throughput ∝ (𝑇 (𝑖))
−1

. (8)

We temporarily relax hop count 𝑖 as real numbers. Let us
take the differentiation of 𝑇(𝑖) with respect to 𝑖 and set it to
zero to find the minimum value. It is easy to find that 𝑇(𝑖)
is minimized (or throughput is maximized) at 𝑁/2; that is,
the optimal forwarder is the node midway between source
and destination. This intuition is crucial to developing the
forwarder selection algorithm in the next section.



4 Journal of Sensors

10 N − 1

Destination
Source

i j N

i-hop (N − i)-hop
j-hop (N − j)-hop

· · · · · · · · ·

Figure 3: Two-forwarder network topology.

3.2. Two Forwarders. In this scenario, we select two interme-
diate nodes as forwarders (Figure 3). Let node 𝑖 and node 𝑗

be designated as the forwarders. We can calculate expected
delivery time from source 𝑠 to forwarder 𝑓 as

𝐸 [𝑇
𝑠→𝑓

] =
1

1 − (1 − 𝑝 (𝑗)) (1 − 𝑝 (𝑖))
. (9)

Then, we calculate the delivery time from forwarder 𝑓 to
destination 𝑑. We here need to consider two cases. To that
end, we define the term “effective forwarder” as the node that
successfully receives a packet.

(1) Node 𝑗 is the effective forwarder, which happens with
probability 𝑝(𝑁 − 𝑗):

𝐸 [𝑇
𝑓→𝑑

] =
𝑝 (𝑗)

[1 − (1 − 𝑝 (𝑗)) (1 − 𝑝 (𝑖))]
. (10)

(2) Node 𝑖 is the effective forwarder, which happens with
probability 𝑝(𝑁 − 𝑖):

𝐸 [𝑇
𝑓→𝑑

] =
(1 − 𝑝 (𝑗)) 𝑝 (𝑖)

[1 − (1 − 𝑝 (𝑗)) (1 − 𝑝 (𝑖))]
. (11)

Now the delivery time from forwarder 𝑓 to destination 𝑑 is
given as

𝐸 [𝑇
𝑓→𝑑

] =
𝑝 (𝑗)

[1 − (1 − 𝑝 (𝑗)) (1 − 𝑝 (𝑖))] 𝑝 (𝑁 − 𝑗)

+
(1 − 𝑝 (𝑗)) 𝑝 (𝑖)

[1 − (1 − 𝑝 (𝑗)) (1 − 𝑝 (𝑖))] 𝑝 (𝑁 − 𝑖)
.

(12)

In conclusion, the expected delivery time from source to
destination is given as

𝑇 (𝑖, 𝑗) =
1

1 − (1 − 𝑝 (𝑗)) (1 − 𝑝 (𝑖))

+
𝑝 (𝑗)

[1 − (1 − 𝑝 (𝑗)) (1 − 𝑝 (𝑖))] 𝑝 (𝑁 − 𝑗)

+
(1 − 𝑝 (𝑗)) 𝑝 (𝑖)

[1 − (1 − 𝑝 (𝑗)) (1 − 𝑝 (𝑖))] 𝑝 (𝑁 − 𝑖)

(13)

and throughput is

Throughput ∝ (𝑇 (𝑖, 𝑗))
−1

. (14)

4. HASORF

Algorithm 1 is the proposed algorithm to choose a single
OR forwarder. We assume that the distance between two
consecutive nodes is equal. Our heuristic algorithm works as
follows. At the start, it gets the distance between source and
destination (line 1). After that, it gathers the total number
of nodes in the network (line 2). It creates a candidate list
by excluding the source and the destination (line 3). Next,
it assigns node identities and positions of candidates (line
4). Afterwards, if the number of forwarders is 1 (line 5),
it determines the potential forwarder by getting half of the
distance (line 6). Then, it searches the candidate list to match
the distance and gets the identity of the matched node (lines
7-8).Thereafter, it chooses this node as the forwarder node to
transmit the packet from source to destination (line 9).

Algorithm 2 is the proposed HASORF algorithm when
the number of forwarders is more than one. It follows the
same procedure as Algorithm 1 until it gets the source and
destination distance and the total number of nodes in the
network. After that, it creates a candidate list and stores node
identities and positions. Next, it calculates the total number
of forwarders in the network (line 1). Then, it creates the
candidate list according to the number of forwarders and
selects the intermediate nodes as forwarders. Next, it searches
tomatch the distance and node ID positions of the candidates
(lines 4–8). Later, these candidates act as forwarders (line 9)
and help the source to deliver packets to the destination.

5. Performance Evaluation

To validate our proposed scheme, we conduct an extensive set
of simulations by using the network simulator, ns-2.30 [27].
We use a chain topology [28, 29] for our experimentation.
The packet size is set to 1000 bytes, and the interface queue is
configured as 50 packets. The physical data rate is 216Mbps,
and the physical basic rate is 54Mbps. The simulation area
is a square 1000m × 1000m. We focus on improving the
end-to-end throughput of the network by choosing the best
forwarder nodes. Throughput is the total number of bytes
received per second at the destination, measured in megabits
per second. Table 1 shows the key design choices of different
forwarder selection schemes in opportunistic routing.

We consider two network topologies to conduct the
simulation. In the first network, there are eight nodes, as
shown in Figure 4. It contains six intermediate nodes that can
be forwarders.The source transmits data to the destination by
choosing some intermediate nodes as the forwarders.
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(1) Get Distance = getdistance
(2) Get Total Nodes = get nodes
(3) Assign Candidate list = Exclude S D(getnodes)
(4) Assign Forwarder List id Pos = get nodes id pos(Candidate list)
(5) if No of Forwarders == 1
(6) Assign Candidate = round(Distance/2)
(7) for 𝑖 = 0 to length(Forwarder List id Pos)
(8) Match Forwarder list id pos[𝑖] == candidate
(9) Assign Forwarder = Forwarder list id pos[𝑖]
(10) end for
(11) end if

Algorithm 1: HASORF (when number of forwarders is 1).

(1) Assign No of Forwarders == get forwarders
(2) Assign 𝑗 = No of Forwarders + 1
(3) for 𝑖 = 0 to No of Forwarders
(4) Assign candidate[𝑖] = 𝑔𝑒𝑡𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑟𝑜𝑢𝑛𝑑(𝑖/𝑗))

(5) for 𝑘 = 0 to length(Forwarder List id Pos)
(6) Match Forwarder list id pos[𝑘] == candidate[𝑖]
(7) Assign Forwarder[𝑖] = Forwarder list id pos[𝑘]
(8) end for
(9) end for

Algorithm 2: HASORF (when number of forwarders is more than 1).

Table 1: Key design choices.

Routing Forwarder selection metric Coding
Opportunistic ExOR/ETX No
Opportunistic SOAR/ETX No
Opportunistic MORE/ETX Yes
Opportunistic ROMER/credit-based (similar to ETX) No
Opportunistic HASORF/distance No
Opportunistic Random No

Figure 5 compares the throughput of HASORF, ExOR,
random, and SOAR forwarder selection schemes. The ran-
dom forwarder selection scheme chooses any intermediate
node as a forwarder, whereas ExORpicks up the nodes closest
to the destination. SOAR also selects nodes closest to the
destination. Our suggested scheme selects the forwarders
on the basis of distance. The results show that HASORF
outperforms EXOR, random, and SOAR forwarder selection
algorithms. EXOR and SOAR perform poorly because both
ExOR and SOAR choose the forwarders based on the ETX
metric. Note that both schemes attain almost the same results.
The random forwarder selection scheme performs better
than ExOR and SOAR because the selected forwarders turn
out to give better throughput. The results also show that
throughput increases with more forwarder nodes. However,
more forwarders lead to more overhead. So, we restrict the
maximum number of forwarders to three.

Figure 6 shows the throughput improvement of HASORF
over ExOR. Initially, both forwarder schemes attain small

throughput. However, as the number of forwarders increases,
throughput increases and more data is delivered successfully.
It is clearly seen that our proposed scheme has comparatively
better performance than ExOR.

Figure 7 illustrates the percentage improvement of
HASORF over the random forwarder selection scheme.
The throughput gain is about 24.5% to 122.61% for different
numbers of forwarders.

Figure 8 illustrates the percentage throughput gain of
HASORF over SOAR. With a single forwarder, both for-
warder selection schemes fail to achieve higher through-
put. Nevertheless, it shows improvement as the number
of forwarders increases. However, our proposed forwarder
selection scheme is still able to select the best forwarder
and achieves better throughput than SOAR. Overall, in all
cases, HASORF shows consistent results and secures greater
throughput than the SOAR forwarder selection scheme.

The second network topology for our simulation is
presented in Figure 9, which contains 14 nodes, including
source and destination. The forwarders can be chosen from
among the intermediate nodes according to the associated
forwarder selection scheme.

Figure 10 illustrates throughput for varying numbers of
forwarders in different forwarder selection schemes. SOAR
attains better throughput than ExOR, but the gain is not
significant. Both forwarder selection schemes are similar, and
the only difference is that the forwarder nodes should be
located on or nearby the shortest path in SOAR.The random
forwarder selection performs worst among all the considered
schemes.However, in the first experimental setup, it performs
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Figure 5: Number of forwarders and throughput for network topology 1.
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Figure 6: Percentage throughput improvement of HASORF and
ExOR schemes for network topology 1.

reasonably well. Hence, this scheme gives inconsistent results
and is highly unpredictable. HASORF is the best scheme,
because it shows consistent throughput and outperforms the
other forwarder selection schemes.

Figures 11, 12, and 13 depict the percentage throughput
improvement of HASORF over the ExOR, random, and
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Figure 7: Percentage throughput improvement of HASORF and
random schemes for network topology 1.

SOAR forwarder selection schemes, respectively. The results
demonstrate that our proposed scheme performs better than
any other scheme for throughput.

HASORF achieves the best throughput; that is, it trans-
mits more bytes in less time.This indicates significant impact
on the performance of WSNs. It not only delivers more data
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Figure 12: Percentage throughput improvement of HASORF and
random schemes for network topology 2.

in the given time but also saves power while reducing the
number of retransmissions. Recalling that power is one of the
most critical resources in sensor networks, we conclude that
HASORF improves overall system performance.

Figure 14 represents the bioinspired wireless network
scenario. In this scenario, all sensor nodes are equipped with
a global positioning system device. Hence, the distance can
be calculated using geometric coordinates, and positions of
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Figure 13: Percentage throughput improvement of HASORF and
SOAR schemes for network topology 2.

all the sensors can be found [30]. The source can select the
forwarders according to the HASORF scheme and deliver
data to the destinations with potentially the best forwarders
among the intermediate nodes. In case of the heart beat
monitoring device, the delivery of sensor data reliably and in a
shorter time is very crucial.TheHASORF serves this purpose
well. Because one of the main goals of bioinspired systems is
to deliver packets over the shortest path in less time,HASORF
can be a good candidate for bioinspired networks.

6. Conclusion

After the introduction of ExOR, many researchers proposed
various opportunistic routing schemes. It is well known that
the performance ofOR schemes heavily depends on the selec-
tion of appropriate forwarders from among the intermediate
nodes. However, the impact on throughput is not clearly
understood yet. In this paper, we analyzed OR schemes in
WSNswhile focusing on forwarder selection and intuited that
a node midway between the previous and next forwarders
is a good choice. Inspired by this intuition, we proposed
a heuristic forwarder selection scheme, called HASORF,
for chain networks. The simulation results show that our
proposed scheme attains high throughput. We compared our
scheme with the previous schemes, such as ExOR, random
routing, and SOAR, and found that the proposed scheme
outperforms all the competitors in terms of throughput.

The optimized number of forwarders for a given network
is still an open research issue. This research problem is NP-
hard and still there is no foundation for analytic thinking, but
it is a really interesting problem. We intend to dig into this
compulsive and strenuous problem in the future.
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Mobility management in wireless sensor network is the most important factor to be considered for applications such as healthcare
system. Recently, Identifier (ID)/Locator (LOC) separation based mobility management scheme has been proposed for wireless
sensor network. However, it does not performwell in group-basedmobility management in wireless body area network, and thus it
tends to induce large registration, packet delivery, and handover delays. To overcome these limitations, we propose a group-based
mobility management scheme based on ID/LOC separation concept for ID-based communications with location-based routing to
reduce the number of control messages. In the proposed scheme, each sensor device has a globally unique device identifier (GDID)
which contains the information of its home network domain. For handover support, each access gatewaymaintains its home GDID
register (HGR) and visiting GDID register (VGR) which are used to keep the GDID-locator (LOC) mappings for primary mobile
devices in the distributed manner. Besides, in the proposed scheme, only the coordinator will send Router Solicitation and Router
Advertisement messages to reduce the control messages further. By numerical analysis, we show that the proposed scheme can
significantly reduce the registration, packet delivery, and handover delays, compared to the existing schemes.

1. Introduction

Wireless body area networks (WBANs) are emerging as
an important part of the daily life for ambient assistive
living. A WBAN typically consists of lightweight, low power
sensors that operate in the proximity of the human body.
These sensors can be attached to human body or clothes [1–
3] and can be used to measure the parameters associated
with human body, typically observing physiological signals
emanating from different body organs, body motions, and
the surrounding environment. The measured values can be
gathered and transmitted to themain server by using the IPv6
over low power wireless personal area network (6LoWPAN)
[4, 5], in which it is possible to connect wireless sensor nodes
to IPv6 networks. In mobile environments, it is required to
provide these sensor nodes with mobility management, such
as handover control.

Many IPv6-based mobility management protocols have
attracted much interest in 6LoWPAN networks. We can
classify the protocols into the host-based schemes and

the network-based schemes. For example, Mobile IPv6
(MIPv6) is a host-based protocol [6] and Proxy Mobile
IPv6 (PMIPv6) is a network-based protocol [7]. In host-
basedmobility schemes, the sensor exchangesBindingUpdate
(BU) and Binding Acknowledgment (BA) messages with its
HomeAgent (HA), when it moves from onemobility domain
to another. On the other hand, in network-based mobility
schemes, when a sensor changes the domain, the protocols do
not require any mobility-related signaling. Instead, a mobile
access gateway (MAG) is responsible for detectingmovement
and exchanging signaling messages on behalf of the sensors.
It is noted that PMIPv6 can be considered as the most
suitablemobility scheme in 6LoWPAN-WBAN.However, the
conventional PMIPv6 [7] scheme has a drawback that a lot
of Proxy Binding Update (PBU) and Proxy Binding Ack (PBA)
messages should be exchanged between LMA and MAGs for
all body sensors. To enhance this conventional PMIP scheme,
the PMIP-Group [8] was proposed, in which a single De-
Registration (DeReg) message is exchanged between MAG
and LMA by aggregating the associated messages from all
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sensors. The PMIP-Coordinator scheme [9] was proposed
for further enhancement of group-based mobility support in
6LoWPAN-basedWBAN network. In this scheme, the Coor-
dinator will communicate with MAG on behalf of the body
sensor.The PMIP-Coordinator still has large registration and
handover delay.

The Identifier (ID)/Locator (LOC) based mobility man-
agement scheme has been proposed for 6LoWPAN wireless
sensor network [10]. In this scheme each primary mobile
device (PMD) or 6LoWPAN sensor has a 128-bit global
unique device identifier (GDID), which is used for end-to-
end communication, and a link-layer address can be used as
the access identifier (AID). Each local network domain will
have a local home mobility agent and a local visited mobility
agent, which are configured based on the logical overlay
network that supports the distributedmappingmanagement.
However, this scheme does not perform well in group-based
wireless body area network, because each sensor sendsRouter
Solicitation (RS) and Router Advertisement (RA) messages
to PMD. In addition, for location update and discovery, the
additional control messages are exchanged between access
gateway and distributed local mapping agents. This tends
to induce large registration and handover delays. For this
reason, how to decrease the times of exchanging the control
messages in case that a number of sensors are attached on one
PMD is an important issue.

To overcome these limitations, we propose a group-
based mobility management scheme based on the ID/LOC
separation concept. In the proposed scheme, each sensor and
each primary mobile device has a globally unique device
identifier (GDID) which contains the information of home
network domain. For handover support, each access gateway
maintains “home GDID register” and “visiting GDID regis-
ter” that are used to keep the GDID-global locator (GLOC)
mappings for primary mobile devices in the distributed
manner. The proposed scheme also reduces the number of
control messages, including RS/RA. This is because only
the Coordinator will exchange RS/RA messages with PMD,
instead of each sensor.

The rest of this paper is organized as follows. In Section 2,
we review the existing ID/LOC schemes for 6LoWPAN-
WBAN networks. In Section 3, we describe the proposed
ID/LOC scheme in detail. The performances of the existing
and proposed schemes are analyzed in Section 4 in terms of
the registration delay, packet delivery delay, and the handover
delay. We provide the numerical results and discuss them in
Section 5. Finally, we conclude this research in Section 6.

2. Related Works

In conventional PMIPv6 scheme [7], a lot of Proxy Binding
Update (PBU) and Proxy Binding Ack (PBA) messages are
exchanged between LMA and MAGs for all body sensors. To
enhance this conventional PMIP scheme, the PMIP-Group
[8] was proposed, in which a single De-Registration (DeReg)
message is exchanged between MAG and LMA for all body
sensors.

The PMIP-Coordinator scheme [9] was proposed for fur-
ther enhancement of PMIP-Group scheme. In this scheme,
theCoordinatorwill communicate withMAGon behalf of the
body sensor.

As shown in Figure 1, when the Coordinator is detached
from previous MAG (p-MAG), a single DeReg message is
exchanged between p-MAG and LMA by aggregating the
associated messages from all sensors.

When the Coordinator is attached to n-MAG, then
it sends a single Router Solicitation (RS) message, which
contains the associated group information, MN-IDs, and
link-layer address, to n-MAG by way of PMD at a time.
Upon reception of RS messages from body sensors, n-
MAG will send the Authentication-Authorization-Accounting
(AAA) querymessages for authentication for all body sensors.
After authentication, AAA server responds with AAA reply
messages, containing the LMA address, to n-MAG. Then, n-
MAGwill send aggregated Proxy Binding Update (PBU)mes-
sage to LMA for all body sensors. Now, LMAwill perform the
AAA query operation with AAA server by exchanging AAA
query and reply messages for each sensor. After that, LMA
sends aggregated Proxy Binding ACK (PBA) message to n-
MAG in response to the respective aggregated PBU message.
Then, n-MAG responds with a Router Advertisement (RA)
message to the Coordinator in response to the RSmessage.

If PMD wants to communicate with the corresponding
PMD (C-PMD), then PMD will send a data packet to
LMA directly and LMA will forward the data packet to
corresponding MAG (c-MAG) and further to C-PMD.

The ID/LOC-based mobility management scheme has
been proposed for 6LoWPAN wireless sensor network [10].
In this paper, wewill consider it for 6LoWPAN-basedwireless
body area network. In the ID/LOC scheme, each primary
mobile device (PMD), such as smartphone or tablet PC
and 6LoWPAN sensor, has a 128-bit globally unique device
identifier (GDID), which is used for end-to-end communi-
cation, and a link-layer addresses can be used as the access
identifier (AID). Each local network domain will have the
home and visited distributed local mobility management
agents, which are based on the logical overlay network that
supports the distributed mapping management. The device
ID can be generated through cryptographical generated
address (CGA).

As shown in Figure 2, when the body sensors are attached
to PMD, then all body sensors generate their IDs and send
Router Solicitation (RS)messages to PMD. Upon reception of
RSmessages from body sensors, PMD will send the Location
Update Request to access gateway (AGW). Then, the AGW
will update its GDID-global locator (GLOC) mapping table
and also GDID-access identifier (AID) mapping table. After
that, the AGW responds with Location Update Response
message to PMD. After location update, the AGW also
performs the LocationUpdate Request and Responsemessages
with distributed local mapping agent (DLMA) for adding
GDID-GLOC mapping for global communication.

When PMD moves from the previous access gateway (p-
AGW) to a new access gateway (n-AGW), the PMD will
sendAttachment Trigger to n-AGW.AfterAttachment Trigger,
n-AGW sends Device Context Request message to p-AGW.
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Figure 1: PMIP-Coordinator.

Then, p-AGWwill send the Location Update Requestmessage
to home DLMA (H-DLMA). The H-DLMA updates the
information and responds with Location Update Response
message to p-AGW. After receiving the Location Update
Response, the p-AGWwill sendDevice Context Replymessage
to n-AGW.

As shown in Figure 3, PMD wants to communicate with
a particular PMD that is residing in the corresponding
gateway (c-AGW). The PMD will send a Device ID Request
message to AGW. After receiving the Device ID Request from
PMD, the AGW will look up its mapping table, whether
the request ID exists or not. If there is no information,
then AGW sends a Location Discovery Request message to
corresponding DLMA (C-DLMA). The C-DLMA will look
up its mapping table and reply with a Location Discovery
Response message to AGW. Upon the receipt of the Location
Discovery Responsemessage from the CDLMA, the AGWwill
add the information in its mapping table. Then, the AGW

sends Route Setup Request message to c-AGW. After that,
the c-AGW performs the GDID Discovery Query and Reply
messages with corresponding PMD (C-PMD). After that,
the c-AGW responds with Route Setup Complete message to
AGW.After that, the AGW responds withDevice ID Response
message to PMD. Now, the data packets will be forwarded to
C-PMD via AGW and c-AGW.

3. Proposed Scheme

In this section, we describe the proposed ID/LOC-based
6LoWPAN-WBAN mobility management scheme. To this
end, first we need to specify the network model.

3.1. Network Model. The proposed ID/LOC-based 6LoW-
PAN wireless body area network mobility management
scheme is shown in Figure 4. In the model, we consider
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Table 1: Comparison of mobility management architectures.

Relevant protocols PMIP-Coordinator [9] ID-LOC-based scheme [10] Proposed scheme
Mobility agent LMA DLMA, AGW AGW
Identifier/Locators HoA, CoA GDID, AID, GLOC GDID, GLOC, LLOC (AID)

RS/RA message exchange Between coordinator and PMD
(one time)

Between body sensors and PMD
(each body sensor)

Between Coordinator and PMD
(one time)

n-AGW
(GLOC) 

p-AGW
(GLOC) 

Movement

PMD

PMD
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PMD Primary mobile device

Coordinator
Sensors
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Location Update Request/Response 
Attachment Trigger

Device Context Request/Reply

Figure 2: ID-LOC registration and handover operations.

a group of 6LoWPAN sensors that are attached to human
body, and one of them acts as Coordinator and only the
Coordinator can exchange the control signaling messages
with the primary mobile device (PMD). In the proposed
scheme, each sensor or PMD has a 128-bit globally unique
device identifier (GDID) [10]. The link-layer addresses can
be used as the access identifier (AID). The GDID contains
the information about its home network domain. As for
locators, the location of PMDs is identified by local locators
(LLOC) and global locators (GLOC). The local locators are
the AIDs of PMDs, and it is used within the home domain.
The GLOC represents the IP address of access gateways
(AGW), and it is used for interdomain communication. Each
AGW keeps home GDID register (HGR) and visiting GDID
register (VGR). HGR keeps track of the GDID-LOCmapping
information for PMDs and VGR maintain the list of GDID-
LLOC mapping information for the visited PMDs.

In the proposed scheme, only one timeRouter Solicitation
(RS) and Router Advertisement (RA) messages are sent by
Coordinator and thus reduce lots of control messages.

Initially, the PMD communicates with correspondent
PMD (C-PMD) in the previous AGW (p-AGW) domain.
Now, the PMDmoves to a new AGW (n-AGW) by handover.
In addition, we assume that each PMD moves around only
within its home domain.

3.2. Comparison of Existing and Proposed Schemes. Before
describing the proposed scheme in detail, we compare the
considered mobility management schemes in the architec-
tural perspective in Table 1.

In the viewpoint of the mobility management, PMIP-
Coordinator is the centralized architectures, in which all the
control and data traffic are processed by a centralized agent
such as LMA. Data packets are delivered to the centralized
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Figure 3: ID-LOC packet delivery operations.

agents first and forwarded to the corresponding host. In
PMIP-Coordinator, the identifier corresponds to HoA and
the locator does CoA. In PMIP-Coordinator, the Coordinator
will exchange RS/RA messages only one time with mobile
access gateway (MAG) on behalf of the body sensors.

In ID-LOC-based scheme, the GDID is used as identifier,
and AID and GLOC are used for locators. The DLMA and
AGW are used to manage the mobility of PMDs. In ID-LOC-
based scheme, the body sensors exchange RS/RA messages
with PMD.

On the other hand, in the proposed schemes, the GDID is
used as identifier and LLOC and GLOC are used for locators.
The AGW manages the mobility for PMDs. In the proposed
scheme, the Coordinator exchanges RS/RA messages with
PMD only one time on behalf of body sensors. The proposed
scheme is described in the subsequent sections.

3.3. Initial Registration. The initial registration procedure of
the proposed scheme is shown in Figure 5.

In the figure, when the Coordinator is attached to PMD,
the Coordinator sends a Router Solicitation (RS) message
containing the information on the group, MN-IDs (GDID),
and Link-Layer Addresses (AIDs) to PMD (Step 1). Upon
reception of the RSmessage from the Coordinator, the PMD
responds with RA message to Coordinator (Step 2). Then,
PMD sends Location Update Request message to AGW. On
the reception of this message, the AGW will update its home
GDID register (HGR) whichmaintains GDID-LOCmapping

Table 2: Home GDID register (HGR).

Number ID LOC Domain
1 GDID1 LLOC (AID) of PMD, Home
2 GDID2 GLOC of AGW Visiting
3 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

table as shown inTable 2.Then,AGWrespondswith Location
Update Response to PMD (Steps 3 and 4).

3.4. Packet Delivery Operation. In Figure 6, PMD wants to
communicate with a particular PMD that is residing in
the corresponding gateway (c-AGW). The PMD will send
Device ID Requestmessage to AGW (Step 1). Next, the AGW
will check whether the GDID belongs to the same domain
with the corresponding PMD or not. Note that an AGW
can determine this, based on GDID, since GDID contains
information about its home domain. Then, AGW sends
Location Discovery Request message to c-AGW. The c-AGW
will look up its HGR mapping table and reply with Location
Discovery Response message to AGW (Steps 2 and 3). Upon
the receipt of the Location Discovery Response message from
the c-AGW, theAGWwill add the information in itsmapping
table. After that, the AGW responds withDevice ID Response
message to PMD (Step 4). Now, the data packets will be
forwarded to C-PMD via AGW and c-AGW.
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3.5. Handover Operation. When PMD moves from the pre-
vious access gateway (p-AGW) to a new access gateway (n-
AGW) in the same homenetwork domain, the PMDwill send

Attachment Trigger to n-AGW (Step 1). After Attachment
Trigger, the n-AGW will update its visiting GDID register
(VGR) which maintains GDID-LLOC (AID) mapping table
as shown in Table 3. Then, n-AGW sends Location Update
Request message to previous AGW (p-AGW). The p-AGW
will update its HGR and responds with Location Update
Response message to n-AGW (Steps 2 and 3). The Location
Update Response message shall include the information of
corresponding-AGW (c-AGW) address, which is recorded in
the mapping table of p-AGW.

Now, n-AGW sends a Location Update Request message
to c-AGW for route optimization. On the reception of the
Location Update Request message, c-AGW will update its
mapping table and send a Location Update Response to n-
AGW. n-AGW and c-AGW will now use the optimized route
(Steps 4 and 5).
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Table 3: Visiting GDID register (VGR).

Number ID LLOC
(in the visited domain) Home domain

1 GDID1 LLOC1 (AID) of PMD GLOC1
(AGW of GDID1)

2 GDID2 LLOC2 (AID) of PMD GLOC2
(AGW of GDID2)

3 ⋅ ⋅ ⋅
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

4. Performance Analysis

In this section, we analyze the performances of candi-
ate mobility management schemes: PMIP-Coordinator, ID-
LOC-based scheme, and proposed scheme. As performance
metrics, we consider the delays associated with registration,
packet delivery, and handover delay, since such delays are
very impormant in mobility management.

4.1. Analysis Model. We define several notations for analysis
and summarize them in the Notations section. We illustrate
the considered network model in Figure 8.

In Figure 8, we denote by 𝑇
𝑥−𝑦
(𝑆) the transmission delay

of a message with size 𝑆 from node 𝑥 to node 𝑦 via a wireless
link. It can be expressed as 𝑇

𝑥−𝑦
(𝑆) = ((1 − 𝑞)/(1 + 𝑞)) ⋅

((𝑆/𝐵

𝑤𝑙
)+𝐿

𝑤𝑙
). In the meantime, we denote by 𝑇

𝑥−𝑦
(𝑆,𝐻

𝑥−𝑦
)

the transmission delay of a message with size 𝑆 from node 𝑥
to node 𝑦 via awired link, where𝐻

𝑥−𝑦
represents the number

of wired hops between node 𝑥 to node 𝑦. Note that it is
expressed as 𝑇

𝑥−𝑦
(𝑆,𝐻

𝑥−𝑦
) = 𝐻

𝑥−𝑦
⋅ ((𝑆/𝐵

𝑤
) + 𝐿

𝑤
+ 𝑇

𝑞
).

4.2. Analysis of Registration Delay (RD)

4.2.1. PMIP-Coordinator. As shown in Figure 1, when Coor-
dinator is attached toMAG, then it sendsRSmessage toMAG
by way PMD. After that, the MAG performs Authentication-
Authorization-Accounting (AAA) query and reply operation
with AAA server for authentication for all body sensors.
Then, the MAG performs the AAA query operation with
AAA server, and then MAG performs aggregated PBU
operation with LMA. Then, LMA performs the AAA query
and reply operations with AAA server for each body sensor.

After authentication, LMA respond with aggregated PBA
to MAG. Now, the MAG responds with aggregated RA
message toCoordinator. Accordingly, we get the RD of PMIP-
Coordinator as follows:

RDPMIP-Coordinator

= 2𝑇C-PMD (𝑆𝑐) + 2𝑇PMD-GW (𝑆𝑐)

+ 2𝑇GW-LMA/DLMA (𝑆𝑐)

+ 𝑁

𝑆
× {2𝑇GW-AAA (𝑆𝑐) + 2𝑇LMA-AAA (𝑆𝑐)} .

(1)

4.2.2. ID-LOC-Based Scheme. As shown in Figure 2, when
body sensors are attached to PMD, then it performs RS and
RA messages to PMD by way of Coordinator. After that,
the PMD performs Location Update Request and Response
operation with AGW. Then, the AGW also performs the
Location Update Request and Response operation with H-
DLMA.Accordingly, we get theRDof ID-LOC-based scheme
as follows:

RDID-LOC = 𝑁𝑆 × {2𝑇C-PMD (𝑆𝑐)}

+ 2𝑇PMD-GW (𝑆𝑐) + 2𝑇GW-LMA/DLMA (𝑆𝑐) .
(2)

4.2.3. Proposed Scheme. As shown in Figure 5, when Coor-
dinator is attached to PMD, then it performs aggregated RS
and RA messages to PMD. After that, the PMD performs
Location Update Request and Response operation with AGW.
Accordingly, we get the RD of proposed scheme as follows:

RDProposed scheme = 2𝑇C-PMD (𝑆𝑐) + 2𝑇PMD-GW (𝑆𝑐) . (3)

4.3. Analysis of Packet Delivery Delay (PDD)

4.3.1. PMIP-Coordinator. When PMD wants to communi-
cate with particular C-PMD, PMD will forward the data
packets to LMA and the LMA will forward the data packet to
c-AGW and further to C-PMD. Accordingly, we get the PDD
of PMIP-Coordinator as follows:

PDDPMIP-Coordinator

= 2𝑇PMD-GW (𝑆𝑑) + 2𝑇GW-LMA/DLMA (𝑆𝑑) .
(4)
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4.3.2. ID-LOC-Based Scheme. When PMDwants to commu-
nicate with particular C-PMD, PMD will send Device ID
Request message to AGW. If there is no information, then
AGW performs Location Discovery Request and Response
message with C-DLMA. Then, AGW sends Route Setup
Request message to c-AGW. After that, the c-AGW performs
the GDID Discovery Query and Reply messages with corre-
sponding PMD (C-PMD). After that, the c-AGW responds
with Route Setup Complete message to AGW. After that, the
AGW responds with Device ID Response message to PMD.
Now, the data packets will be forwarded to C-PMD via AGW
and c-AGW:

PDDID-LOC = 4𝑇PMD-GW (𝑆𝑐) + 2𝑇GW-LMA/DLMA (𝑆𝑐)

+ 2𝑇GW-GW (𝑆𝑐) + 2𝑇PMD-GW (𝑆𝑑)

+ 𝑇GW-GW (𝑆𝑑) .

(5)

4.3.3. Proposed Scheme. When PMD wants to communicate
with particular C-PMD, PMD will send Device ID Request
message to AGW. If there is no information, then AGW
performs Location Discovery Request and Response message
with c-AGW. After that, the AGW responds with Device ID
Response message to PMD. Now, the data packets will be
forward to C-PMD via AGW and c-AGW:

PDDProposed Scheme = 2𝑇PMD-GW (𝑆𝑐) + 2𝑇GW-GW (𝑆𝑐)

+ 2𝑇PMD-GW (𝑆𝑑) + 𝑇GW-GW (𝑆𝑑) .
(6)

4.4. Analysis of Handover Delay (HD)

4.4.1. PMIP-Coordinator. As shown in Figure 1, when the
Coordinator is detached from p-MAG, then p-MAG will
send aggregated DeReg message to LMA. When Coordinator
is attached to n-MAG, then it sends RS message to n-
MAG by way PMD. After that, the n-MAG performs AAA
query and reply operation with AAA server for authenti-
cation for all body sensors. Then, the n-MAG performs
the AAA query operation with AAA server, and then n-
MAG performs aggregated PBU operation with LMA. Then,
LMA performs the AAA query and reply operations with
AAA server for each body sensor. After authentication, LMA
responds with aggregated PBA to n-MAG. The handover
tunnel is established between n-MAG and LMA. After tunnel
establishment, the n-MAG responds with aggregated RA
message toCoordinator. Accordingly, we get theHDof PMIP-
Coordinator as follows:

HDPMIP-Coordinator

= 2𝑇C-PMD (𝑆𝑐) + 2𝑇PMD-GW (𝑆𝑐)

+ 4𝑇GW-LMA/DLMA (𝑆𝑐)

+ 𝑁

𝑆
× {2𝑇GW-AAA (𝑆𝑐) + 2𝑇LMA-AAA (𝑆𝑐)}

+ 𝑇GW-LMA/DLMA (𝑆𝑑) .

(7)

4.4.2. ID-LOC-Based Scheme. As shown in Figure 2, when
PMD is attached with n-AGW, then PMD will send Attach-
ment Trigger to n-AGW. After that, the n-AGW per-
forms Device Context Request and Reply messages with p-
AGW. Then, p-AGW performs Location Update Request and
Response messages with H-DLMA. Accordingly, we get the
HD of ID-LOC-based scheme as follows:

HDID-LOC = 𝑇PMD-GW (𝑆𝑐) + 2𝑇GW-GW (𝑆𝑐)

+ 2𝑇GW-LMA/DLMA (𝑆𝑐) + 𝑇GW-GW (𝑆𝑑) .
(8)

4.4.3. Proposed Scheme. As shown in Figure 7, when PMD
is attached with n-AGW, then PMD will send Attachment
Trigger to n-AGW. After that, the n-AGW performs Location
Update Request andResponsemessages with p-AGW.Accord-
ingly, we get the HD of proposed scheme as follows:

HDProposed Scheme

= 𝑇PMD-GW (𝑆𝑐) + 2𝑇GW-GW (𝑆𝑐) + 𝑇GW-GW (𝑆𝑑) .
(9)

5. Numerical Results and Discussion

Based on the analytical equations given in Section 4, we
compare the performances of the considered mobility man-
agement schemes. In the numerical results, the default value
of each parameter has been configured as follows, referring to
[11]; that is,𝐻DLMS-DLMS = 5,𝐻GW-LMA/DLMS = 5,𝐻GW-GW =
5, 𝐻GW-AAA = 5, and 𝐻LMA-AAA = 5, and 𝐿𝑤𝑙 = 10 (ms),
𝐿

𝑤
= 2 (ms), 𝑞 = 0.5, 𝑁

𝑆
= 10, 𝑇

𝑞
= 5 (ms), 𝑆

𝑐
= 96(bytes),

𝑆

𝑑
= 200 (bytes), 𝐵

𝑤𝑙
= 11 (Mbps), and 𝐵

𝑤
= 100 (Mbps),

where 𝑁
𝑆
denotes the number of sensors in the network.

Among the various parameters, we note that 𝐿
𝑤𝑙
, 𝑇
𝑞
,𝑁
𝑆
, and

𝐻GW-LMA/DLMA can depend on the network conditions.Thus,
we evaluate the performances of the considered schemes by
varying the values of these parameters.

5.1. Registration Delay. We show the impact of the delay of
wireless links (𝐿

𝑤𝑙
) on the registration delay in Figure 9. We

can see that the registration delay increases linearly as 𝐿
𝑤𝑙

becomes larger in every considered scheme. In particular,
the PMIP-Coordinator mobility scheme is more sensitive
to the delay of wireless links than the ID-LOC mobility
scheme, since they exchange the signaling messages for the
registration over wireless links and also perform AAA query
operation with AAA server for each body sensor. The PMIP-
Coordinator also performs PBU/PBA operation with LMA
for binding. While ID-LOCmobility scheme performs better
than PMIP-Coordinator, this is because there is no AAA
query operation with AAA server, since it performs RS/RA
messages with PMD for each body sensors over wireless link.
We observe that the proposed scheme performs best among
the candidate schemes. This is because the Coordinator
performs RS/RA messages with PMD and also there is no
binding operation with DLMA, since the binding operation
performs with AGW.

Figure 10 compares the registration delays of candidate
schemes by varying the average queuing delay (𝑇

𝑞
) at each
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node. For the two schemes, PMIP-Coordinator and ID-LOC-
based scheme, the registration delay increases linearly as 𝑇

𝑞

increase because the two schemes exchange the signaling
messages with AAA, LMA, and DLMA over the wired
network. In contrast, proposed scheme is not affected by the
average queuing delay at all since it exchanges the signaling
messages for the registration over wireless links only. We can

see that the proposed scheme performs well compared to the
existing schemes.

We next illustrate the registration delay for different num-
ber of sensors in the network (𝑁

𝑆
) in Figure 11. We observe

that the PMIP-Coordinator gives worse performances than
the ID-LOC-based scheme. This is because of the signaling
messages for authentication with AAA server by GW and
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LMA for each body sensor. In contrast, the proposed scheme
is not affected by the number of sensors. This is because only
Coordinator can exchange the RS/RAmessages with PMD on
behalf of body sensors.

5.2. Packet Delivery Delay. We illustrate the packet delivery
delay for different hop counts between GWand LMA/DLMA
(𝐻GW-LMA/DLMA) in Figure 12.We can see that𝐻GW-LMA/DLMA
affects the performances of the existingmobility schemes sig-
nificantly. We observe that ID-LOC-based scheme performs
poorly compared to the PMIP-Coordinator scheme. This is
because there is query operation before data delivery, while
PMIP-Coordinator relies on LMA in the distance for the
registration and the data delivery. We can see in the figure
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Figure 12: Impact of𝐻GW-LMA/DLMA on the packet delivery delay.

that the proposed scheme is not affected with𝐻GW-LMA/DLMA,
since AGWmaintains HGR and VGR.

5.3. Handover Delay. The delay of wireless links (𝐿
𝑤𝑙
) gives a

significant impact on the handover delay for the three candi-
date schemes, as shown in Figure 13. In particular, the PMIP-
Coordinator mobility scheme is more sensitive to the delay
of wireless links than the ID-LOCmobility scheme, since the
signaling messages exchanged over the wireless links spends
much time in configuring a new care-of-address through
the duplicate address detection procedure by handover. The
PMIP-Coordinator also performs PBU/PBA operation with
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Table 4: Improvement of proposed scheme from existing schemes in average percentage.

Parameters
Registration delay Handover delay Packet delivery delay

From
PMIP-Coordinator From ID-LOC From

PMIP-Coordinator From ID-LOC From
PMIP-Coordinator From ID-LOC

𝐿

𝑤𝑙 6.7% 15.6% 8.5% 67.2% X X
𝑇

𝑞 4.5% 15.13% 8.2% 66% X X
𝑁

𝑠 1% 4.1% X X X X
𝐻GW-LMA/DLMA X X 6.4% 42.6% 136.1% 44.7%
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Figure 13: Impact of 𝐿
𝑤𝑙
on the handover delay.

LMA for binding. While ID-LOC mobility scheme performs
better than PMIP-Coordinator, this is because there is no
AAA query operation with AAA server, since it performs
RS/RA messages with PMD for each body sensor over
wireless link. We can see in the figure that proposed scheme
performs best among the candidate schemes.

Figure 14 shows the impact of the average queuing delay
(𝑇
𝑞
) on the handover delay. The delay rises up linearly as
𝑇

𝑞
increases in all the schemes. We observe that the PMIP-

Coordinator performs worst while consuming much time in
the duplicate address detection procedure.

We illustrate the handover delay for different hop counts
betweenGWandLMA/DLMA (𝐻GW-LMA/DLMA) in Figure 15.
We can see that 𝐻GW-LMA/DLMA affects the performances of
the existing mobility schemes significantly, since they rely on
LMA/DLMA in the distance for the registration and the data
delivery.

Table 4 summarizes the improvement of the proposed
scheme from the existing schemes in terms of average
percentage based on parameters.

6. Conclusion

In this paper, we proposed a group-based mobility man-
agement scheme, which is based on ID/LOC separation
concept for ID-based communications with location-based
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Figure 14: Impact of 𝑇
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on the handover delay.

routing to reduce the number of control messages. In the
proposed scheme, the sensor node and PMD have globally
unique device identifiers (GDIDs). Each GDID contains the
information of the associated home network domain. For
handover support, each access gateway maintains its home
GDID register and its visiting GDID register. In addition,
only the Coordinator can exchange RS/RA messages with
PMD instead of each sensor. The numerical analysis shows
that the proposed scheme can reduce the registration delay,
packet delivery delay, and the handover delay significantly,
compared to the existing mobility schemes.

Notations for Numerical Analysis

𝑆

𝑐
: Size of control packets (bytes)
𝑆

𝑑
: Size of data packets (bytes)
𝐵

𝑤𝑙
: Wireless bandwidth (Mbps)
𝐿

𝑤𝑙
: Wireless link delay (ms)
𝐵

𝑤
: Wired link bandwidth (Mbps)
𝐿

𝑤
: Wired link delay (ms)
𝐻

𝑥−𝑦
: Hop count between nodes 𝑥 and 𝑦

𝑇

𝑞
: Average queuing delay at each node (ms)
𝑞: Wireless link failure probability
𝑁

𝑆
: Number of sensors in the network.
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The design of wireless sensor networks (WSNs) in the Internet of Things (IoT) faces many new challenges that must be addressed
through an optimization of multiple design objectives. Therefore, multiobjective optimization is an important research topic in
this field. In this paper, we develop a new efficient multiobjective optimization algorithm based on the chaotic ant swarm (CAS).
Unlike the ant colony optimization (ACO) algorithm, CAS takes advantage of both the chaotic behavior of a single ant and the
self-organization behavior of the ant colony. We first describe the CAS and its nonlinear dynamic model and then extend it to a
multiobjective optimizer. Specifically, we first adopt the concepts of “nondominated sorting” and “crowding distance” to allow the
algorithm to obtain the true or near optimum. Next, we redefine the rule of “neighbor” selection for each individual (ant) to enable
the algorithm to converge and to distribute the solutions evenly. Also, we collect the current best individuals within each generation
and employ the “archive-based” approach to expedite the convergence of the algorithm. The numerical experiments show that the
proposed algorithm outperforms two leading algorithms on most well-known test instances in terms of Generational Distance,
Error Ratio, and Spacing.

1. Introduction

The Internet of Things (IoT) is an emerging paradigm
for information collection, communications, process, and
application that is rapidly gaining ground in a wide variety
of fields, including manufacture, transportation, healthcare,
environment surveillance, and many other areas. The basic
idea of this new networking and computing paradigm is the
pervasive presence of a variety of objects (things), such as sen-
sors, actuators, mobile devices, and RFID tags, which are able
to interact with each other and communicate with the Inter-
net infrastructure.Wireless sensor networks (WSNs) form an
indispensable ingredient of the IoT for data collections and
transmissions, thus having a significant impact on the overall
service performance of the IoT. Therefore, optimization of
the WSN design plays a crucial role in constructing a high
performance IoT for meeting the requirements of various
applications.

Designing a large scale WSN for supporting the IoT
faces many challenges. These challenges are mainly caused
by the limited resources available inWSNs, including battery
lifetime, computing capacity, and memory space at sensor
nodes, and also by dynamic network topology especially in
ad hoc sensor networks. On the other hand, due to the
wide spectrum of applications that may be supported by the
IoT in the future, WSN design faces various design goals
that often conflict with each other, for example, short delay,
high throughput,minimal energy consumption, and low cost.
Network design in such application scenarios must consider
multiple factors in order to achieve trade-offs amongmultiple
objectives to achieve optimal overperformance for the entire
network. Therefore, multiobjective optimization algorithms
(MOAs) are fundamentally important to WSN design in the
IoT development.

MOAsmay be employed to address various key problems
in WSN design. For example, the sensor node placement
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problem involves tradeoffs between multiple objectives such
as maximum coverage and minimum energy consumption.
When sensor nodes are organized in clusters, the selection
of cluster heads is also a challenging issue that must be
tackled with a multiobjective optimization vision. Routing
strategy is another fairly important problem in WSN design
[1], which may have a direct impact on multiple aspects
of network performance, including data transmission delay,
throughput, and lifetime of individual nodes as well as the
entire network. Mobile agents are often used inWSNs to visit
a sequence of sensors and fuse impotent data. Optimal agent
routes also often need to meet multiple objectives such as
minimizing total path delay, loss, and energy consumption
as well [2]. These multiobjective problems are all challenging
problems that need complex algorithms. On the other hand,
special features of WSNs, such as limited computing power,
storage space, and battery capacity in particular, bring in
new requirements on time and space efficiency of the MOAs
that can be applied in such an environment. This motivates
research on devising new algorithms for multiobjective opti-
mizations.

During the last twenty years, many MOAs have been
proposed [3, 4]. In particular, themultiobjective evolutionary
algorithms have been extensively studied [5–14]. For instance,
the nondominated sorting genetic algorithm II (NSGA-
II) [12] and the strength Pareto evolutionary algorithm 2
(SPEA2) [10] are the most favorable ones used in the field
of engineering, economics, and business management [15–
17]. On the other hand, some other MOAs have also been
proposed with the development of bioinspired heuristics [18–
21]. The representative one in this line of research is the
multiobjective particle swarmoptimization (MOPSO),which
is a multiobjective optimizer extended by particle swarm
optimization (PSO). In addition, Coello et al. [21] showed that
MOPSO can achieve a better performance than both NSGA-
II and SPEA2 with some well-known testing instances.

Inspired by a biological experiment of ants’ chaotic
behavior, a chaotic ant swarm (CAS) optimization algorithm
that models ants’ chaotic behaviors mathematically has been
given in [22]. Specifically, CAS is a derivative-free method;
the individuals of the ant colony exchange information and
benefit from either their own experiences or the experiences
of other individuals, while exploring promising areas of the
search space.Themodel andmechanism of CAS are different
from those of ant colony optimization (ACO) [23]. The CAS
algorithm has been successfully applied to various areas such
as fuzzy system identification [24], economic dispatch [25],
computation of multiple global optima [26], data clustering,
and parameter identification [27].

In this paper, wemainly focus on extending the CAS algo-
rithm to a multiobjective optimizer. The major contributions
of this paper are summarized as follows.

(i) We employ the basic concepts of “nondominated sort-
ing” and “crowding distance” referred to by NSGA-II
to allow the proposed algorithm to obtain the true or
near Pareto optima.

(ii) We redefine the rule of “neighbor” selection for each
individual (ant) to enable the algorithm to converge

and to distribute the solutions evenly. Also, we allow
CAS to collect the current best individuals within
each generation and we employ the “archive-based”
approach to speed up the convergence of the algo-
rithm.

(iii) We conduct thorough comparisons between CAS and
two leading multiobjective optimization algorithms
(MOPSO and NSGA-II) over representative bench-
marks. The results show that the proposed algorithm
outperformsMOPSOandNSGA-II onmost of testing
instances in terms of Generational Distance, Error
Ratio, and Spacing.

The remainder of this paper is organized as follows.
Section 2 presents notations and basic concepts of multi-
objective optimization. Section 3 briefly describes the CAS
algorithm. The multiobjective version of CAS and its related
analysis are proposed in Section 4. Section 5 shows the
experimental results and compares the average performance
of the proposed algorithm against that of both MOPSO and
NSGA-II with benchmark testing problems. Section 6 draws
the conclusion of this paper.

2. Notations and Basic Concepts

In this section, we introduce the basic concepts of multiob-
jective optimization. Terminology is consistent with that in
[12, 13, 21].

Definition 1 (global minimum). Given a function 𝑓 : Ω ⊆

𝑅𝑛 → 𝑅, Ω ̸= Θ for �⃗� ∈ Ω the value 𝑓∗ ≡ 𝑓(
→
𝑥∗) > −∞ is

called global minimum if and only if

∀�⃗� ∈ Ω : 𝑓 (
→
𝑥∗) ≤ 𝑓 (�⃗�) . (1)

In this case,
→
𝑥∗ is the minimum solution, 𝑓 is the objective

function, the set Ω is the feasible region (Ω ∈ 𝑆), Θ is the
empty set, and 𝑆 represents the whole search space.

Definition 2 (multiobjective optimization problem). The
multiobjective optimization problem is to minimize 𝐹(�⃗�) =
(𝑓
1
(�⃗�), . . . , 𝑓

𝑚
(�⃗�)) subject to �⃗� ∈ Ω, where Ω is the decision

(variable) space, 𝑅𝑚 is the objective space, and 𝐹 : Ω → 𝑅𝑚

consists of 𝑚 real-valued objective functions.

Definition 3 (dominate, Pareto set, Pareto front). Let 𝑢 =
(𝑢
1
, . . . , 𝑢

𝑚
), V = (V

1
, . . . , V

𝑚
) ∈ 𝑅𝑚 be two vectors; 𝑢 is said

to dominate V if 𝑢
𝑖
≤ V
𝑖
for all 𝑖 = 1, . . . , 𝑚, and 𝑢 ̸= V. A point

→
𝑥∗ ∈ Ω is called (globally) Pareto optimal if there is no �⃗� ∈ Ω

such that 𝐹(�⃗�) dominates 𝐹(
→
𝑥∗). The set of all Pareto optimal

points, denoted by PS, is called the Pareto set. The set of all
Pareto objective vectors, PF = {𝐹(�⃗�) ∈ 𝑅𝑚, �⃗� ∈ PS}, is called
the Pareto front.

3. Chaotic Ant Swarm Algorithm

Thephenomenon and behaviors of social insect societies such
as ant colonies have fascinated many researchers in recent
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years. What particularly strikes the occasional observers as
well as the scientists is the high degree of societal organization
of ants; that is, the ant colonies can accomplish complex tasks
in spite of the limited capability of individual ants. Through
information exchange, the global self-organization behavior
of social ants emerges. Such emergent behavior was reported
in Leptothorax ant colonies which was related to the chaotic
dynamics. Global oscillations of colony activity were also
reported together with the observation that individual ant
behavior can be characterized by low-dimensional strange
attractors [28]. Meanwhile, the study of ant chaotic behaviors
and of their self-organizing capacities has greatly interested
computer scientists in developing models for distributed
organizations which are useful in solving difficult optimiza-
tion and distributed control problems. In the following, we
will give the detailed chaotic ant swarm algorithm based
on some biological observations and investigations on the
chaotic and self-organizing behaviors of ants.

3.1. Chaotic and Self-Organizing Behaviors of Ants. The
chaotic behavior of insect was first presented by Cole in
his experimental studies on activity cycles of Leptothorax
ants [28]. Cole used a solid-state automatic digital camera to
examine the dynamical behaviors of isolated individual ants
and ant colony. He finally found some interesting results, “the
ant behavior may be chaotic. The attractor of the movement
activity of single, isolated Leptothorax longispinosus ants
has a small, non-integer dimension characteristic of low-
dimensional chaos. The activity of entire colonies of ants
yields an integer dimension that is consistent with periodicity
in activity.” He even speculated that, “The existence of chaos
animal behavior can have several important implications.
Variation in the temporal component of individual behavior
may not be due simply to chance variations in the stochastic
world, but to deterministic processes that depend on initial
conditions.” Inspired by Cole’s observation, we give a nonlin-
ear dynamic model called CAS to describe the chaotic and
self-organizing behaviors of ants.

3.2. Nonlinear Dynamic Model of Chaotic Ant Swarm. ACO
algorithms as well as CAS algorithm are both inspired
by ant behaviors, but the fundamental principle of these
two algorithms are quite different. ACO algorithms, which
are based on probability theory, explain how ants find the
shortest paths between food sources and their nests by
disseminating pheromone. However, ACO algorithms do not
consider any chaotic behaviors of single ants. Chaotic ant
swarm algorithm, on the other hand, is based on chaotic
search strategy and self-organizing of ant colony.Wenowgive
the nonlinear dynamic model of CAS as follows.

Consider an ant colony including 𝑛 ants, which located
in the decision (search) space Ω and they try to minimize a
function 𝐹 : Ω → 𝑅𝑚. The position of each ant 𝑖 is denoted
by 𝑠
𝑖
= (𝑧
𝑖1
, . . . , 𝑧

𝑖𝐿
), where 𝑖 = 1, 2, . . . , 𝑛.

In the initial stage, we employ the chaotic system 𝑧(𝑡+1) =

𝑧(𝑡)𝑒[3−𝜓𝑧(𝑡)] in our equation to perform chaotic search. The
system obtained from 𝑧(𝑡 + 1) = 𝑧(𝑡)𝑒𝜇[1−𝑧(𝑡)] is described by
Sole et al. in [29] (for more details please see our previous

work [22–28, 30]). Each ant is influenced by its current
position, the best position so far, its neighbors and the orga-
nization process of the swarm. The individual ant’s chaotic
behavior is adjusted by introducing a successive decrement of
the organization variable 𝑦

𝑖
(𝑡). Such an organization variable

can lead the individual to moving to the new site then
acquiring the best fitness. In addition, to achieve the goals
of the information exchange between individuals and the
movements to the new site aiming on the best fitness, we
further introduce an quantity [𝑝

𝑖𝑑
(𝑡 − 1) − 𝑧

𝑖𝑑
(𝑡 − 1)]. The

term 𝑝
𝑖𝑑

is selected based on the fitness theory which has
been substantially developed in optimization theory.Thus,we
obtain the following detailed dynamical optimization system
of the chaotic ant swarm:

𝑦
𝑖
(𝑡) = 𝑦

𝑖
(𝑡 − 1)

(1+𝑟𝑖) ,

𝑧
𝑖𝑑

(𝑡) = 𝑧
𝑖𝑑

(𝑡 − 1) 𝑒
[1−𝑒
−𝑎𝑦𝑖(𝑡)
][3−𝜓𝑑𝑧𝑖𝑑(𝑡−1)]

+ [𝑝
𝑖𝑑

(𝑡 − 1) − 𝑧
𝑖𝑑

(𝑡 − 1)] 𝑒
−2𝑎𝑦𝑖(𝑡)+𝑏,

(2)

where 𝑎 is a sufficiently large positive constant and can be
selected as 𝑎 = 200, 𝑏 is a constant and 0 ≤ 𝑏 ≤ 2/3,
𝜓
𝑑
determines the selection of the search range of the 𝑑th

element of the variable in search space, 𝑟
𝑖
≥ 0 is termed as

the organization factor of ant 𝑖, 𝑦
𝑖
(0) = 0.999, and 𝑧

𝑖𝑑
(𝑡) is

the current state of the 𝑑th dimension of the individual ant
𝑖, where 𝑑 = 1, 2, . . . , 𝐿. 𝑝

𝑖𝑑
(𝑡 − 1) is the best position found

by the 𝑖th ant and its neighbors within 𝑡 − 1 steps, 𝑦
𝑖
(𝑡) is the

current state of the organization variable, 𝑡means the current
time step, and 𝑡 − 1 is the previous step.

𝑦
𝑖
(𝑡) and 𝑟

𝑖
control the convergence of (2); 𝑦

𝑖
(𝑡) may

converge faster if 𝑟
𝑖
gets larger. The organization factor 𝑟

𝑖
= 0

means the ant swarm is not organized. Under this condition,
𝑒−𝑎𝑦𝑖(𝑡) and 𝑒−2𝑎𝑦𝑖(𝑡)+𝑏 are approximately equal to zero, and (2)
can be rewritten as 𝑧

𝑖𝑑
(𝑡) = 𝑧

𝑖𝑑
(𝑡 − 1)𝑒[3−𝜓𝑑𝑧𝑖𝑑(𝑡−1)]. If 𝑟

𝑖
is

very large, then the total time of “chaotic” search is small
and the system converges very quickly; however, the desired
optima (or near optima) cannot be obtained in this case.
On the other hand, if 𝑟

𝑖
is small, then the time of chaotic

search is large, the system converges slowly, and the running
time will be longer. The value of 𝑟

𝑖
is thus chosen between

0 ≤ 𝑟
𝑖

≤ 0.5. To denote a different 𝑟
𝑖
of each ant, for

example, we can set 𝑟
𝑖
= 0.1 + 0.2 rand( ), where rand( ) is a

uniformly distributed random number in the interval [0, 1].
After the chaotic search, 𝑦

𝑖
(𝑡) approximately equals zero and

the convergence of (2) will be mainly determined by 𝑧
𝑖𝑑
(𝑡) =

𝑧
𝑖𝑑
(𝑡−1)+exp(𝑏)[𝑝

𝑖𝑑
(𝑡−1)−𝑧

𝑖𝑑
(𝑡−1)]. Under this condition,

when 0 < 𝑏 < ln(2), the state 𝑧
𝑖𝑑
(𝑡) of (2) will converge to

𝑝
𝑖𝑑
(𝑡).
We found that the above model of chaotic ant swarm

equation (2) searches for optima in constrained positive or
negative intervals. Specifically, if 𝜓

𝑑
> 0, (2) can be used to

realize the search process in the intervals in which all 𝑧
𝑖𝑑
(𝑡) ≥

0, and if 𝜓
𝑑

< 0, (2) can be used to realize the search process
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Figure 1: Solutions (a) generated by the algorithm and the Pareto front (b) for problem ZDT6.
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Figure 2: Pareto front generated by the MOCAS (a), MOPSO (b), and NSGA-II (c) for P1.
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Figure 3: Pareto front generated by the MOCAS (a), MOPSO (b), and NSGA-II (c) for P2.

in the intervals for all 𝑧
𝑖𝑑
(𝑡) ≤ 0. We therefore introduce

𝑉
𝑖
(7.5/𝜓

𝑑
) and give the following version of CAS model:

𝑦
𝑖
(𝑡) = 𝑦

𝑖
(𝑡 − 1)

(1+𝑟𝑖) ,

𝑧
𝑖𝑑

(𝑡) = [𝑧
𝑖𝑑

(𝑡 − 1) + 𝑉
𝑖

7.5

𝜓
𝑑

] 𝑒[1−𝑒
−𝑎𝑦𝑖(𝑡)
][3−𝜓𝑑𝑧𝑖𝑑(𝑡−1)]

+ [𝑝
𝑖𝑑

(𝑡 − 1) − 𝑧
𝑖𝑑

(𝑡 − 1)] 𝑒
−2𝑎𝑦𝑖(𝑡)+𝑏 − 𝑉

𝑖

7.5

𝜓
𝑑

,

(3)

where 0 ≤ 𝑉
𝑖

≤ 1 determines the search region of ant
𝑖 and offers the advantage that ants could search diverse
regions of the problem space. If 𝑉

𝑖
= 1/2, it means that

the chaotic attractor of ant 𝑖 moves a half to the negative
orientation compared to the chaotic attractor of (2). The

values of𝑉
𝑖
should be suitably selected according to the actual

optimization problems. We call (3) the general algorithmic
model of chaotic ant swarm. In this model we can select the
initial position of an individual ant as 𝑧

𝑖𝑑
(0) = 7.5/𝜓

𝑑
(1 −

𝑉
𝑖
) rand( ), where 𝜓

𝑑
> 0. More details about CAS are given

in [22].

4. Multiobjective Chaotic Ant
Swarm Algorithm

4.1. From Single-Objective to Multiobjective. Equation (3)
enables the CAS algorithm to obtain the optima or near
optima with “satisfactory” precision when handling single-
objective optimization problems [22–28, 30]. In a naı̈ve
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Figure 4: Pareto front generated by the MOCAS (a), MOPSO (b), and NSGA-II (c) for P3.

way, we directly extend the CAS to multiobjective CAS by
employing the basic concepts of “nondominated sorting” and
“crowding distance” [12]. Unfortunately, the extended CAS
algorithm cannot achieve our desired goal. Figure 1 presents
the obtained result of such an algorithm when solving a well-
known multiobjective optimization problem ZDT6 [12]:

𝑓
1
(𝑥) = 1 − exp (−4𝑥

1
) sin6 (6𝜋𝑥

1
) ,

𝑓
2
(𝑥) = 𝑔 (𝑥) [1 − (

𝑓
1
(𝑥)

𝑔 (𝑥)
)
2

] ,

(4)

where

𝑔 (𝑥) = 1 + 9(
𝑛

∑
𝑖=2

𝑥
𝑖

𝑛 − 1
)

0.25

(5)

subject to 0 ≤ 𝑥
𝑖
≤ 1, 𝑖 = 1, . . . , 10.

As shown in Figure 1, the obtained results are far from
the Pareto set; that is, this naively extended algorithm fails
to explore the optima. This failure motivates us to reconsider
the behaviors of both individual ants and ant colony.

Practically, in the real world, an individual ant performs
the chaotic search at the initial time. If a pioneer ant has
found a better position, the neighboring ants will follow him
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Figure 5: Pareto front generated by the MOCAS (a), MOPSO (b), and NSGA-II (c) for P4.

by exchanging information. With the search being evolved,
all of the ants will eventually reach the source of food. This
is the basic idea behind the single-objective CAS algorithm.
However, the organization of ant colony for multiobjective
optimization is quite different. In the single-objective opti-
mization, the algorithm could find the optima based on the
assumption that the “better” spatial position of a neighbor
leads to a “better” object value. But this assumption does
not hold in the multiobjective optimization. The neighbor
should be redefined as the individual ant in the current first
front to enable the algorithm to converge. On the other hand,
individual ants that are in the current first front would travel
to each other via information exchange. For example, if ant 𝑖
and ant 𝑗 are two neighboring ants in the current front, then
ant 𝑖 would update its position to that of ant 𝑗 by exchanging

information with ant 𝑗 since ant 𝑖 supposes ant 𝑗 is much
better than itself. In the sameway, ant 𝑗will update its position
to that of ant 𝑖.

4.2. Multiobjective Chaotic Ant Swarm (MOCAS) Algorithm.
Besides the differences mentioned above, the archive-based
approach in the MOCAS is also employed to store nondom-
inated solutions generated in the past. The use of redefined
concept of neighbor selection and the historical record of
previously found nondominated vectors allow the MOCAS
algorithm to converge to the globally nondominated solu-
tions with fast speed.

The detailed steps of the MOCAS algorithm are given in
Algorithm 1.
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Step 1. Initialize the main population (ant colony) 𝑃;
for each individual in 𝑃
initialize its position, search range, organization factor and other variables;

initialize the archive 𝑆 = Φ;
Step 2. Evaluate each individual in the population;
Step 3. Classify the individuals in 𝑃 into dominated individuals 𝐷 and non-dominated individuals ND;

for each individual 𝑝 in 𝑃
flag = 0;
for each individual 𝑞 in 𝑃

if 𝑝 is dominated by 𝑞
𝐷 = 𝐷 ∪ {𝑞};

else
𝐷 = 𝐷 ∪ {𝑝};
flag = 1;

if flag == 0
ND = ND ∪ {𝑝};

Step 4. Calculate crowding distance for ND;
Initialize the distance to be zero for all individuals in ND (𝑛𝑑 denotes the size of ND);
for each objective 𝑚
sort the individuals in ND based on objective 𝑚;

assign infinite distance to boundary values for each individual in 𝑁𝐷, i.e. ND(𝑑
1
) = ∞ and ND(𝑑

𝑛𝑑
) = ∞;

for 𝑖 = 2 to (𝑛𝑑 − 1)

ND(𝑑
𝑖
) = ND(𝑑

𝑖
) +

ND(𝑖 + 1) ⋅ 𝑚 − ND(𝑖 − 1) ⋅ 𝑚

𝑓max
𝑚

− 𝑓min
𝑚

;

/∗ND (𝑖) ⋅ 𝑚 is the value of the 𝑚th objective function of the 𝑖th individual in 𝑃∗/
Step 5. Update the archive 𝑆;

𝑆 = 𝑆 ∪ ND;
classify 𝑆 into dominated individuals 𝐷 and non-dominated individuals ND;
𝑆 = ND;

Step 6. Generate new population by (3) and re-defined concept of neighbor selection;
Step 7. if terminate is true

Output the population;
else

goto step 2;

Algorithm 1: MOCAS.

Another desired goal of MOCAS is to distribute the
obtained solutions on the Pareto front evenly. In the proposed
MOCAS, we use the crowding distance mechanism to guide
the algorithm to generate the well-distributed Pareto front.
Specifically, in Step 6, the algorithm first sorts the 𝑁𝐷
according to the crowding distance.When the individualwith
the largest value of crowding distance selects the neighbor, he
will determinately select the one with the smallest value of
crowding distance in𝑁𝐷.This idea is also inspired by the ant
behavior in the real world. When ants found several sources
of food, the ant in the crowded source would move toward
the uncrowded regions. We will validate the effectiveness of
this idea in the next section.

Now we analyze the time complexity of one iteration of
the entire algorithm. Step 1 initializes the whole algorithm
involving ant colony and some related parameters. It takes
𝑂(𝑁 ⋅ (𝐷 + 𝑀)) time, where 𝑁 is the population size, 𝐷
is the dimension of decision variables, and 𝑀 is number of
objectives.

Step 2 steps into the main loop and evaluates objectives
for each individual; this procedure takes 𝑂(𝑁𝑀) time. Step
3 classifies the population and takes 𝑂(𝑀𝑁2) in the worst

case. Step 4 calculates the crowding distance for individuals
in the current front; this step takes 𝑂(2𝑀𝑁 log(2𝑁)). Step 5
updates the archive by nondominated sorting, so it has the
same time complexity of Step 3 𝑂(𝑀𝑁2). Step 6 generates
a new population by (3); this will take 𝑂(2𝑀𝑁 log(2𝑁)).
Hence, the time complexity of one iteration ofMOCAS in the
worst case is 𝑂(𝑀𝑁2).

5. Numeric Simulations

In this section, we test the MOCAS algorithm with several
well-known problems and we compare its performance
against that of the state-of-the-art multiobjective optimiza-
tion algorithms,NSGA-II (the code is available at http://www
.iitk.ac.in/kangal/codes.shtml) and MOPSO (the code is
available at http://www.cs.cinvestav.mx/∼EVOCINV/soft-
ware.html). Another important algorithm SPEA2 is not
compared here since its performance is worse than that of
NSGA-II in most cases [12]. We use the typical parameter
settings for these three algorithms except that the population
size and the number of generations are all set to 200 and
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Table 1: Testing functions used in this study.

Instance Objective functions Variable
boundaries Optimal Solutions

P1

𝑓
1
(𝑥) = 1 − 𝑒−4𝑥1 sin6 (6𝜋𝑥

1
)

𝑓
2
(𝑥) = 𝑔 (𝑥) (1 − (

𝑓
1
(𝑥)

𝑔 (𝑥)
)
2

)

𝑔(𝑥) = 1 + 9(
6

∑
𝑖=2

𝑥
𝑖

4
)

2

[0, 1]
𝑥
1
∈ [0, 1]

𝑥
𝑖
= 0
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3
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𝑥
𝑖
− (

1

√3
)
2

)

𝑓
2
(𝑥) = 1 − exp(−

3

∑
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𝑥
𝑖
+ (

1

√3
)
2

)

[−4, 4] 𝑥
1
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2
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1
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1
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]
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1
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1
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2
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2
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2
)
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1
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2
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[−103, 103] 𝑥 ∈ [0, 2]

2000, respectively. We run each test instance 30 times to
statistically evaluate the performance of three algorithms.

5.1. Simulation Results. The testing problems are listed in
Table 1, which are the most frequently used testing instances
inmultiobjective optimizations. All problems have two objec-
tive functions. None of these problems have any constraints.
Table 1 also describes the number of variables, their bound-
aries, and the optima solutions for each problem.

Figures 2–9 depict the nondominated solutions produced
by the MOCAS, MOPSO, and NSGA-II algorithms, respec-
tively, when they are applied to each of the problems in
Table 1. The red curve in these figures represents the true
Pareto front for the corresponding testing problem. It can

be seen and intuitively observed from these figures that our
proposed MOCAS algorithm either (1) clearly outperforms
both MOPSO and NSGA-II algorithms, or (2) outperforms
one of the two but performs roughly the same with the
other, or (3) performs roughly the same with both of them,
for all testing cases. This immediately suggests an average
superiority of the MOCAS algorithm over the MOPSO and
NSGA-II algorithms.

Specifically, Figures 5 and 6 show that the output of
the MOCAS algorithm converges to the true Pareto front
for testing problems P4 and P5 while neither the MOPSO
algorithm nor the NSGA-II algorithm is able to do so for
either of the two problems. Figure 4 shows the comparison
on a noncontinuous testing function.The results demonstrate
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Figure 6: Pareto front generated by the MOCAS (a), MOPSO (b), and NSGA-II (c) for P5.

that the performance of the MOCAS algorithm is roughly
equivalent to that of MOPSO but superior to that of NSGA-
II for testing problem P3, and Figure 7 demonstrates that the
performance of the MOCAS algorithm is roughly equivalent
to that of NSGA-II but superior to that of MOPSO for testing
problem P6. Figures 2, 3, 8, and 9 all suggest that the perfor-
mance of the MOCAS algorithm is closely equivalent to that
of both MOPSO and NSGA-II for testing problems P1, P2,
P7, and P8, respectively. Quantitatively detailed performance
analysis is given in the next subsection to show the precise
comparison of three algorithms.

5.2. Performance Evaluations. In order to further evaluate
the performance of these three algorithms quantitatively, we
adopt the following three performance metrics as suggested
in [21, 31–33].

5.2.1. Generational Distance (GD). Thismetricmeasures how
far the obtained nondominated solutions are from the true
Pareto front. Its definition is

GD =
√∑
𝑛

𝑖=1
𝑑2
𝑖

𝑛
, (6)

where 𝑛 is the number of obtained nondominated solutions
and 𝑑
𝑖
is the Euclidean distance (measured in objective space)

between the 𝑖th nondominated solution and the Pareto front.

5.2.2. Error Ratio (ER). This metric was originally proposed
byVanVeldhuizen [32] tomeasure the percentage of obtained
nondominated solutions that are not on the Pareto front:

ER =
∑
𝑛

𝑖=1
𝑒
𝑖

𝑛
, (7)
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Figure 7: Pareto front generated by the MOCAS (a), MOPSO (b), and NSGA-II (c) for P6.

where 𝑛 is the number of obtained nondominated solutions.
𝑒
𝑖
= 0 means the 𝑖th solution is a member of the Pareto set,

and 𝑒
𝑖
= 1, otherwise.

5.2.3. Spacing (SP). Thismetricmeasures the extent of spread
of obtained nondominated solutions. It is defined as

SP = √
1

𝑛 − 1

𝑛

∑
𝑖=1

(𝑑 − 𝑑
𝑖
)
2

, (8)

where 𝑑
𝑖

= min
𝑗
[|𝑓𝑖
1
(�⃗�) − 𝑓

𝑗

1
(�⃗�)| + |𝑓𝑖

2
(�⃗�) − 𝑓

𝑗

2
(�⃗�)|], 𝑖, 𝑗 =

1, . . . , 𝑛, 𝑑 is the mean of all 𝑑
𝑖
’s, and 𝑛 is the number of

obtained nondominated solutions.

It should be noted that metrics GD and ER describe
the first goal of multiobjective optimization algorithms as
mentioned previously in the design of MOCAS, while SP
reflects the second goal. In the following, we present the
comparison for three algorithms with respect to above per-
formance metrics.

Tables 2, 3, 4, 5, 6, 7, 8, and 9 show the comparison of
the results from the three algorithms with respect to GD,
ER, and SP, where the boldfaced numbers indicate the best
average CD (or ER or SP) across the three algorithms. It
can be seen that the average performance of MOCAS is the
best when the three algorithms run the test problems P2,
P3, P4, P5, P6, and P8. For testing problems P1 and P7,
however, the tables show that the NSGA-II has the best GD
and ER, but the MOCAS has the best SP. By zooming in
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Table 2: Comparison results of three metrics for P1.

MOCAS MOPSO NSGA-II
GD ER SP GD ER SP GD ER SP

Best 0.003346 0.915 0.006114 0.021315 0.03 0.045803 0.006018 0.025 2.03𝐸 − 07

Worst 0.057707 0.995 0.186609 0.054298 0.206522 0.815469 0.060076 0.09 0.342528

Average 0.024415 0.976 0.082727 0.034578 0.069526 0.344084 0.023784 0.054 0.094153

Median 0.022859 0.985 0.086083 0.035318 0.055 0.322122 0.021513 0.045 0.044569

Std. dev. 0.019502 0.02481 0.060023 0.009498 0.050566 0.275979 0.016115 0.025473 0.118375

Table 3: Comparison results of three metrics for P2.

MOCAS MOPSO NSGA-II
GD ER SP GD ER SP GD ER SP

Best 5.66𝐸 − 05 0 0.002721 8.72𝐸 − 05 0 3.55𝐸 − 03 9.32𝐸 − 05 0 0.003052

Worst 7.07𝐸 − 05 0.005 0.003334 0.000141 0.025 0.004423 0.000129 0.02 0.003885

Average 6.45E − 05 0.0005 0.003032 0.000123 0.0065 0.003828 0.000107 0.009 0.003314

Median 6.57𝐸 − 05 0 0.003015 0.00013 0.005 0.003812 0.000107 0.0125 0.003282

Std. dev. 4.66𝐸 − 06 0.001581 0.000207 1.83𝐸 − 05 0.007835 2.62𝐸 − 04 1.05𝐸 − 05 0.008097 0.000226

Table 4: Comparison results of three metrics for P3.

MOCAS MOPSO NSGA-II
GD ER SP GD ER SP GD ER SP

Best 0.008367 0.295 0.056603 0.017705 0.825 0.131108 8.94454 1 0.598082
Worst 0.019111 0.38 0.229375 0.036684 0.86 0.29519 9.73034 1 0.753096
Average 0.01012 0.331429 0.110787 0.025308 0.8405 0.187466 9.34286 1 0.672726
Median 0.00917 0.33 0.064751 0.023319 0.84 0.177388 9.37408 1 0.665563
Std. dev. 0.003223 0.029681 0.079856 0.00636 0.010659 0.049485 0.22547 0 0.055491

Table 5: Comparison results of three metrics for P4.

MOCAS MOPSO NSGA-II
GD ER SP GD ER SP GD ER SP

Best 0.001762 0.52 0.003063 0.010027 1 0.004461 0.000405 0.985 0.003226
Worst 0.003037 0.75 0.003842 0.016015 1 0.005487 0.015986 1 0.213161
Average 0.002539 0.623 0.003379 0.011864 1 0.005067 0.004408 0.997 0.039783
Median 0.002517 0.6125 0.003244 0.011309 1 0.005196 0.000546 1 0.006887
Std. dev. 0.000372 0.082131 0.000288 0.002002 0 0.000348 0.006263 0.00483 0.068458

Table 6: Comparison results of three metrics for P5.

MOCAS MOPSO NSGA-II
GD ER SP GD ER SP GD ER SP

Best 0.002383 0.31 2.18𝐸 − 10 0.018673 1 0.00268 0.00032 1 0.003371
Worst 0.004709 0.58 0.005356 0.06841 1 0.313675 0.028573 1 0.004965
Average 0.003966 0.4565 0.003019 0.035906 1 0.064442 0.005302 1 0.004118
Median 0.004256 0.455 0.003241 0.032347 1 0.014006 0.001079 1 0.004122
Std. dev. 0.000718 0.082329 0.001462 0.016319 0 0.113717 0.009635 0 0.00042

Table 7: Comparison results of three metrics for P6.

MOCAS MOPSO NSGA-II
GD ER SP GD ER SP GD ER SP

Best 0.000875 0.01 0.00271 0.018633 1 0.003987 0.000275 0.905 0.005761
Worst 0.001535 0.035 0.003566 0.031005 1 0.210964 0.015983 1 0.006931
Average 0.001174 0.022 0.003229 0.024214 1 0.060328 0.00436 0.97 0.006255
Median 0.001165 0.02 0.003323 0.024216 1 0.022439 0.001551 0.9925 0.006259
Std. dev. 0.00022 0.008563 0.000248 0.004111 0 0.078422 0.005767 0.037565 0.000365
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Figure 8: Pareto front generated by the MOCAS (a), MOPSO (b), and NSGA-II (c) for P7.

Table 8: Comparison results of three metrics for P7.

MOCAS MOPSO NSGA-II
GD ER SP GD ER SP GD ER SP

Best 0.013159 1 0.002741 0.012502 0.636364 0.038502 0.003501 0.04 0.004511
Worst 0.03909 1 0.197246 0.343949 1 0.451114 0.053784 0.11 0.320704
Average 0.027409 1 0.104 0.211105 0.849299 0.16362 0.016799 0.072 0.135646
Median 0.031508 1 0.09552 0.230836 0.908974 0.123775 0.009905 0.0725 0.095691
Std. dev. 0.009926 0 0.071008 0.128875 0.128953 0.129505 0.015584 0.02429 0.135664

the corresponding figures (Figures 2 and 8) and inspecting
the details, we see that the MOCAS would not converge to
the true Pareto front, but it has a fairly good distribution of
obtained solutions.This observationmatches the quantitative
performance evaluations.

6. Conclusion

We proposed in this paper a novel bioinspired multiobjective
optimization algorithm named MOCAS for designing wire-
less sensor networks in the Internet of Things by extending
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Figure 9: Pareto front generated by the MOCAS (a), MOPSO (b), and NSGA-II (c) for P8.

Table 9: Comparison results of three metrics for P8.

MOCAS MOPSO NSGA-II
GD ER SP GD ER SP GD ER SP

Best 0 0 0.012175 0 0 0.017289 0 0 0.016588
Worst 0 0 0.016525 0 0 0.023579 0 0 0.020291
Average 0 0 0.014496 0 0 0.020478 0 0 0.017275
Median 0 0 0.014371 0 0 0.020433 0 0 0.01685
Std. dev. 0 0 0.001377 0 0 0.001774 0 0 0.001093

previous work on chaotic ant swarms. A straightforward
extension from the single-objective optimization CAS model
to the multiobjective optimization CAS model was initially
attempted by introducing the “nondominated sorting” and
“crowding distance” notions into the single-objective opti-
mization CAS model. This approach however turns out to

be a failure since its outcomes are not even close to the true
Pareto front. We then redefined the concept of “neighbors”
and “neighbor-selecting” rules and incorporated an “archive-
based” approach into the algorithm allowing the resulting
MOCAS algorithm to converge fast to the true Pareto front
with an evenly distributed set of solutions. By testingMOCAS
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on some well-known multiobjective optimization problems
and comparing the results with those produced by the state-
of-the-art peer algorithms MOPSO and NSGA-II, we have
seen that the proposed MOCAS algorithm outperforms the
other two algorithms on average, which evidently shows the
competitiveness of the MOCAS algorithm in dealing with
multiobjective optimization problems.

Since the variables ofMOCAS are bounded by symmetric
intervals in this paper, one issue that we would like to explore
in the future is how to set the parameter for the algorithm to
cover a wider range of multiobjective optimization problems.
Another interesting issue that we also would like to study
is the further extension of MOCAS to handle constrained
multiobjective optimization problems.
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