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Abstract—The introduction of mobile elements has created a new dimension to reduce and balance the energy consumption in

wireless sensor networks. However, data collection latency may become higher due to the relatively slow travel speed of mobile

elements. Thus, the scheduling of mobile elements, i.e., how they traverse through the sensing field and when they collect data from

which sensor, is of ultimate importance and has attracted increasing attention from the research community. Formulated as the

traveling salesman problem with neighborhoods (TSPN) and due to its NP-hardness, so far only approximation and heuristic

algorithms have appeared in the literature, but the former only have theoretical value now due to their large approximation factors. In

this paper, following a progressive optimization approach, we first propose a combine-skip-substitute (CSS) scheme, which is shown to

be able to obtain solutions within a small range of the lower bound of the optimal solution. We then take the realistic multirate features

of wireless communications into account, which have been ignored by most existing work, to further reduce the data collection latency

with the multirate CSS (MR-CSS) scheme. Besides the correctness proof and performance analysis of the proposed schemes, we also

show their efficiency and potentials for further extensions through extensive simulation.

Index Terms—Wireless sensor networks, mobile elements, data collection, latency

Ç

1 INTRODUCTION

DATA collection from the nodes deployed in a sensing
field is one of the most important tasks of wireless

sensor networks [1]. Typically, data collection relies on
wireless communications between sensor nodes and the
sink node, which may suffer from the following problems.
First, wireless communications, especially long-range ones,
may consume the limited on-board energy supply of sensor
nodes excessively due to superlinear path loss exponents.
Second, even if shorter range, multihop wireless commu-
nications are adopted, due to the data aggregation toward
the sink, nodes around the sink still have to consume much
more energy than others due to heavier volumes of traffic
transmitted by them, which leads to a lower overall
network lifetime. Mitigation has appeared in the literature
[2], [3], [4], [5], but the intrinsic high and unbalanced energy
consumption still remains as a main challenge.

Another approach to data collection in sensor networks
utilizes the often available, controlled mobility of certain
nodes [6], [7], [8], referred to as mobile elements (MEs) in
this paper. For example, in the seabed observatory of
the NorthEast Pacific Time-Series Undersea Networked
Experiments (NEPTUNE) [9], autonomous underwater

vehicles can cruise through several experimentation sites,
talking to experiment devices through very-short-range,
high-data-rate optical communication technologies, and
bring the data back to the junction boxes, which are then
forwarded to the shore station through the cabled network.
Underwater robots are also used to track the Mexican Gulf
oil spill in April 2010 and predict where it has headed [10].
Similar scenarios have appeared in structural health
monitoring, where radio-controlled helicopters collect data
from large-scale civil infrastructures [11]. By utilizing MEs,
not only more energy can be conserved and balanced on
sensor nodes, but also the communications and networking
become possible in very sparse networks with a “store-
carry-and-forward” approach.

Introducing mobility to the problem increases the dimen-
sion of the solution space to improve the network perfor-
mance, and the achievable solutions are always no worse
than those obtained in a subspace with a reduced dimension
[12]. However, data collection with MEs in sensor networks
poses its own challenges as well. Due to the relatively lower
speed of MEs when compared with electromagnetic or
acoustic waves, data collection may suffer a much higher
latency than multihop forwarding when the latter is feasible
at a higher energy cost for sensor nodes [13], [14]. Large data
collection latency not only degrades the timeliness of the
data, but also may result in the buffer overflow of sensor
nodes. The latency, mainly determined by the mobility and
scheduling of MEs, i.e., how they traverse through the
sensing field and when they collect data from which sensor,
is the main focus of the research efforts on this topic and that
of this paper.

In this paper, we tackle this problem from a new angle.
First, following a progressive optimization approach, we try
to reduce the tour length of MEs, and thus the travel time
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with the assumption of aconstant travel speed, gradually
through combining the collection sites for nearby data
sources and then skipping and substituting (i.e., CSS) certain
sites. The data sources can be either the ordinary sensor
nodes in networks with a flat architecture, or the cluster
heads in hierarchical networks. Second, based on the
realistic wireless communication features, we adopt a
multirate communication model, which allows MEs to collect
data at a lower rate over a longer distance while traveling.
We extend the CSS scheme accordingly based on this model
and obtain the multirate CSS (MR-CSS) scheme. Most
existing work has not considered these wireless commu-
nication features yet, and thus cannot fully utilize them. We
prove the correctness of the progressive optimization
approach, analytically evaluate its performance based on
some results in Geometrical Probability, and show its
efficacy through a simulation-based performance study on
both the basic and extended CSS schemes.

The contributions of this paper are threefold. Through
the formulation of such problems as a special case of the
traveling salesman problem with neighborhoods (TSPN), where
the neighborhoods are possibly intersecting continuous disks,
and due to its NP-hardness [15], several approximation
[16], [17] and heuristic algorithms [18], [19], [20] have
appeared in the literature. However, so far the best
approximation algorithms only have theoretical value due
to their large approximation factors, and we have shown
that our progressive optimization-based CSS scheme can
obtain results that are quite close to the lower bound of the
optimal solution. Second, our work takes the advantage
and reality of modern multirate wireless communications into
account [21]. For example, depending on the communica-
tion distance and received signal-to-noise ratio (SNR), MEs
are able to communicate with further-away sensor nodes at
a lower data rate and potentially reduce their tour
length. However, due to a lower data rate, MEs have to
communicate with a certain node for a longer time. The
tradeoff between the communication time and the travel
time is nontrivial, and we extend the CSS scheme
accordingly to address the issue. Third, we prove the
correctness of the proposed algorithms, analyze their
performance, and show their effectiveness and efficiency
through extensive simulation.

The rest of this paper is organized as follows: The work
related to exploring mobility for data collection in wireless
sensor networks is reviewed in Section 2. In Section 3, we
define the scope of our problem and highlight our approach.
In Section 4, we present the CSS scheme, which progres-
sively reduces the tour length through combining, skipping
and substitution. We take the multirate wireless commu-
nication features into account, and present the MR-CSS
scheme to address the tradeoff between communication time
and travel time in Section 5. Further discussion is offered in
Section 6. Finally, we conclude this paper in Section 7.

2 RELATED WORK

Recently, many research efforts have appeared in the
literature to explore various devices with different mobi-
lity in sensor networks to collect data from sensor nodes
[22], [23], [24]. Shah et al. [22] show an early work on this
topic, where a three-tier network architecture was pro-
posed. The mobile entities, referred to as data mobile

ubiquitous LAN extensions (MULEs), lie in the middle tier
on top of the stationary sensor nodes, move around in the
network to collect data from sensor nodes, and ultimately
upload the data to the sink. The term Data MULEs was
widely used in the literature since then. In [23], a mobile
data observer, called SenCar, was used as a mobile base
station in the network. It also showed that the design of
the traveling tour is critical for SenCar to accomplish data
collection jobs successfully.

Observing the importance of the tour selection for MEs, a
lot of efforts were put into its optimal design [13], [14], [18].
The mobility strategy following the periphery of the
network coverage is found to be optimal in terms of
balancing the communication loads among sensor nodes in
[6]. However, the optimal tour selection regarding to
minimizing the data collection latency is still an open
problem with different approaches attempted.

The tour selection problem was formulated as the min-
energy rendezvous planning problem (MERP) in [13]. Two
rendezvous planning algorithms were proposed, focusing
on the scenarios where the mobile sink can move freely and
only along a fixed track, respectively. This work was further
investigated in [14], which jointly optimizes data routing
paths and the tour of the mobile sink through Steiner
minimum tree (SMT)-based approaches. These two research
efforts, especially the second one, are among the most cited
papers in this field. However, they did not fully explore the
possibility to further optimize the tour by utilizing the
wireless communication range between the sensor nodes
and the mobile sink.

The tour selection problem with the consideration of the
wireless communication range can be modeled as a TSPN
[16], [17], a generalization of the NP-complete traveling
salesman problem (TSP). Furthermore, it has been proven
that TSPN in its general form is APX-hard (i.e., approx-
imation hard) [25] and cannot be approximated within a
factor of 1.000374 unless P ¼ NP [26]. The lower bound of
the possible approximation factors was further pushed to
ð2� "Þ in [27].

On the other hand, approximation algorithms do exist
for certain cases of TSPN. For example, a constant-factor
approximation algorithm was proposed by Elbassion et al.
in [28], where the neighborhoods are discrete objects of
comparable diameters. Furthermore, a PTAS for the TSPN
with continuous disjoint neighborhoods was presented in
[29]. Although promising, these results do not apply to our
problem due to the reason explained below.

The tour selection problem in our focus corresponds to
another category of TSPN, where the neighborhoods are
intersecting continuous disks of the same size (for a given
communication range). The performance of the existing
approximation algorithms for this type of TSPN has only
been characterized theoretically in terms of approximation
factors, which are often quite large. Specifically, the best
result so far in the literature was given in [15], where
an approximation factor of 11.15 is achieved. In our
scenarios, knowing such a loose bound is obviously of little
practical value.

Noticing the difficulty in designing approximation
algorithms, most existing work adopted heuristic ap-
proaches to obtain the traveling tour [18], [19], [24]. In
[19], the authors started with an optimal TSP tour, based on
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which they reduced the search space of the problem, and
adopted three evolutionary algorithms to obtain the tour.
The case where multiple MEs exist in the network was
considered in [24]. The problem of tour selection for MEs
was formulated as the label-covering problem in [18], and a
heuristic algorithm using dynamic programming was
presented there to solve the problem, which was shown
through simulation to be able to achieve better results than
[23], [30], [31].

In [18], [19], [24], they all assumed that as long as the tour
intersects with the communication disks of all sensor nodes,
all the data collection jobs can be accomplished. This
assumption is acceptable when dealing with applications
such as temperature monitoring, where the sensory data
size is small. However, due to the communication data-rate
constraint and the travel speed of the ME, the resultant tour
may not always be sufficient to accomplish all the data
collection jobs, especially when the data volume to be
collected is large, e.g., in audio/video sensor networks [32],
[33]. Taking the communication time into account, Bha-
dauria et al. tackled the tour selection problem based on a
two-ring communication model [34], which was formulated
as a two-ring tour (TRT) problem. Constant approximation-
factor algorithms, which jointly consider the travel time and
the communication time, were proposed. However, the
approximation factor of the proposed algorithm was based
on that of the TSPN subroutine adopted, which is relatively
large when the neighborhoods are intersecting continuous
disks, as we have discussed above.

In this paper, we start with the same assumption but
relax it eventually. For TSPN with intersecting continuous
disk neighborhoods, the possible intersection and the
continuity of neighborhoods make it very difficult to obtain
good approximation results, but on the other hand, they
also provides several opportunities to optimize the data
collection tour. Utilizing the fact that these communication
disks may intersect with each other, and any location in the
intersected area can serve as the data collection site to carry
out all these associated data collection jobs, our CSS scheme
combines several data collection jobs together when
possible and further skips and substitutes some collection
sites, which greatly shortens the tour. We then extend it to
the case, where the realistic data-rate constraints exist, and
present the MR-CSS scheme to answer the question that
when and where, from which sensor node and at what data rate,
should the ME carry out the data collection? [35], [36]

Essentially, the two-ring communication model used in
[34] is a special case of the multirate model we adopted in
the MR-CSS scheme, where only two different data rates
(and communication ranges) are considered in [34]. The
main difference is that the ME works in a collect-while-travel
way in the MR-CSS scheme, while in [34] it carries out the
data collection in a stop-and-collect manner. Clearly, by
utilizing the wireless communication range, collecting data
while traveling leads to a better data collection efficiency.

3 PRELIMINARIES

In this section, we first list several important notations used
in this paper, and then give the scope of our problem
definition and highlight our approach. The basic CSS and
the extended MR-CSS schemes are detailed in the following
two sections:

. L: The side length of the square sensing field;

. B: The base station of the network, with location l0;

. S ¼ fs1; s2; . . . ; sng: The set of n sensor nodes with
corresponding locations flig, where i ¼ 1; 2; . . . ; n;

. T : The set of all possible tours that start and end at B
on l0;

. T �: The optimal traveling tour with length jT �j;

. Ttsp: The optimal tour with length jTtspj of the TSP
formulation based on S, which connects li and
i ¼ 0; 1; 2; . . . ; n;

. Tcom: The traveling tour with length jTcomj obtained
after the combination algorithm, which connects
location l0 and collection sites l0i and i ¼ 1; 2; . . . ; n0;

. Tcss: The traveling tour with length jTcssj obtained
after the entire CSS scheme, which connects location
l0 and collection sites l00i and i ¼ 1; 2; . . . ; n00;

. xy: the subtour segment that connects sites x and y
directly.

For clarity, we present our work in the context of a flat
network, where the sensor nodes serve as the data sources.
The proposed schemes are also applicable to the case of
hierarchical networks with cluster heads. Starting with the
assumption of a negligible communication time and a
constant travel speed of the ME, our goal is to find the
shortest tour to collect K amount of data each from all n
sensor nodes in the shortest time, using wireless commu-
nications with uniform and fixed communication range in
Section 4, and then considering realistic data-rate constraints
and multirate communications in Section 5, respectively.

We mainly consider one single-radio ME moving
between collection sites directly without any obstacles. The
simplified problem is still NP-hard [18], and we offer some
discussion on how to extend our work to other scenarios in
Section 6. Our approach is to achieve the goal of optimiza-
tion progressively by starting from a TSP formulation, then
considering the advantage of wireless communications
through the CSS scheme, and finally taking the realistic
data-rate constraints into account in the MR-CSS scheme.

4 TOUR SELECTION WITHOUT DATA-RATE

CONSTRAINTS

In this section, we first consider a simplified case with a fixed
communication range between the ME and sensor nodes
without data-rate constraints to introduce the CSS scheme,
and then evaluate and compare its performance through
simulation, besides the proof and analysis on its correctness
and complexity. The multirate CSS scheme with more
realistic data-rate constraints is presented in the next section.

4.1 Problem Formulation

We assume a unit disk communication model in this ideal
case, and the time required for data transfer between the
ME and sensor nodes is negligible when compared with the
travel time of the ME [37]. With this assumption, all the data
collection jobs can be accomplished as long as the tour of
the ME intersects with the communication disks of all
sensor nodes. We call a tour feasible if all data collection jobs
can be accomplished when the ME travels along it.

Note that although this unit disk model may seem to be
idealistic, measurement studies have showed that up to a
certain distance from the sending sensor nodes, the packet
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reception rates are uniformly high [38]. This observation
means that, although simple, the unit disk model is still of
practical value, e.g., we can carefully choose the commu-
nication range based on empirical experience or deploy-
ment measurements to keep the high reception rate.
Furthermore, as mentioned in Section 2, the simplification
of excluding the communication time from consideration is
reasonable when the to-be-transferred data volume is small.

The tour selection problem in this case can be
formulated as:

min
T2T
jT j s:t: 8si 2 S; 9e 2 T; jsi; ej � d; ð1Þ

where T is the set of all possible tours that start and end at
l0, jT j is the tour length, and jsi; ej is the shortest euclidean
distance from si to any path segment e on T , i.e., all sensor
nodes are path covered by T within a distance of d.
Conversely, denote CðeÞ as the set of the sensor nodes that
are path covered by e,

8si 2 S; e 2 T; si 2 CðeÞ () jsi; ej � d: ð2Þ

4.2 Combine-Skip-Substitute (CSS) Scheme

Utilizing the nonzero wireless communication range be-
tween the ME and sensor nodes and inspired by the fact
that the communication ranges of nearby sensor nodes may
overlap with each other, the CSS scheme employs three
steps to progressively shorten the tour of the ME: It starts
with a TSP formulation based on the set of sensor nodes in
the sensing field, with which the optimal (or near optimal)
TSP tour can be obtained by existing TSP solvers (or
approximation algorithms), then it combines the data
collection sites by a decisional Welzl’s algorithm when
possible, and finally it adopts the skip-and-substitute
algorithm to further shorten the tour.

4.2.1 Find the TSP Tour

The formulation of the TSP instance based on S and B is
quite straightforward, which we will not detail here. We can
solve the TSP instance by adopting existing approximation
algorithms [39], [40], or even, when possible, obtain its exact
optimal solution using existing TSP solvers, e.g., Concorde
[41]. Denote the resultant TSP tour as Ttsp.

A schedule to collect data from all the sensor nodes is
obtained from Ttsp. Although this schedule may exclude us
from achieving the global optimal solution in some cases, it
can reduce the search space and, thus, the computation
complexity greatly, while guaranteeing a near-optimal
performance. This approach is also adopted and its efficacy
has been validated in [19], [20], [24]. Clearly, without data-
rate constraints, Ttsp is always feasible. We then conduct the
combine, skip, and substitute operations based on this
schedule, first with the fixed communication range d.

4.2.2 Combine Collection Sites by Decisional Welzl’s

Algorithm

Several data collection jobs can be combined if the
corresponding sensor nodes can be covered by a disk of
radius no larger than d, and the ME can accomplish these
jobs at a single collection site. Intuitively, fewer collection
sites result in shorter tours. Enlightened by this, the CSS
scheme then reduces the number of collection sites that the

ME has to visit along the Ttsp obtained above, by adopting a
decisional version of Welzl’s algorithm [42] to combine the
collection sites of nearby sensor nodes into a new collection
site when possible.

The Welzl’s algorithm computes the smallest enclosing
disk of a finite set of points on the plane in a linear expected
time, and returns the radius and center of the disk. We
adopt the Welzl’s algorithm in a different way, which
we refer to as the decisional Welzl’s algorithm, to identify a
collection site to cover as many sensor nodes as possible
within a radius of d. The decisional Welzl’s algorithm is
shown in Algorithm 1, which returns the smallest enclosing
disk of a given subset of sensor nodes if its radius is no
larger than d, or false otherwise.

Algorithm 1. Decisional Welzl’s Algorithm (S0: a subset of

sensors; d: communication range).

1: radius 1; center ;;
2: ðradius; centerÞ ¼WelzlðS0Þ; // Welzl’s algorithm on S0
3: if radius > d then

4: return false;

5: else

6: return radius and center.

7: end if

With the decisional Welzl’s algorithm, we can carry out
the combination operation as in Algorithm 2. Essentially,
for each sensor node si 2 S, we calculate how many
following sensor nodes on the Ttsp can be covered with a
disk of radius no larger than d. Denote this set of sensor
nodes, including si, as ComSetðiÞ. Then, we adopt a greedy
strategy to always select the si with the maximal
jComSetðiÞj to carry out the combination operations.

Algorithm 2. Combination Algorithm (S: the set of sensors;

d: communication range).

1: Tcom  �;

2: obtain the TSP tour for S and B: i.e.,

Ttsp ¼ hl0; l1; . . . ; ln; l0i;
3: for all li ði ¼ 1; 2; . . . ; n� 1Þ do

4: find the maximum j ði � j � nÞ by the decisional

Welzl’s algorithm, such that all the locations in

fli; liþ1; . . . ; ljg can be covered by a disk with radius

no more than d, with center ci;

5: ComSetðiÞ  fli; . . . ; ljg;
6: end for

7: find the ComSetðiÞ with the maximal cardinality,

m jComSetðiÞj;
8: while m > 1 do

9: for all lj 2 CombineðiÞ do

10: delete ComSetðjÞ;
11: end for

12: replace them with ci in Ttsp;

13: for all lj still in Ttsp do

14: update ComSetðjÞ;
15: end for

16: find the ComSetðiÞ with the maximal cardinality,

m jComSetðiÞj;
17: end while

18: Tcom  Ttsp;

19: return Tcom.
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Note that it is also possible to combine the data collection
jobs without Ttsp, and in that case the combination problem
can be formulated as a minimum disk covering problem [43],
[44], [45], which is also NP-hard. Thus, in either way, we
need to deal with an NP-hard problem at the beginning. We
choose the current strategy because its efficacy has been
verified by existing work [19], [20], [24], and also for the
purpose of a fair comparison with [18] in Section 4.4.

Definition 1. If collection site l0 on Tcom is obtained by combining
fli; liþ1; . . . ; liþk�1g on Ttsp, we say that l0 represents these
locations in Tcom, which is denoted as Rðl0Þ ¼ fli; liþ1; . . . ;
liþk�1g. Rðl0Þ ¼ l0 if l0 does not contain any combination.

Theorem 1. Without data-rate constraints, Tcom is feasible.

The above theorem follows directly from the decisional
Welzl’s algorithm.

Lemma 1. If Rðl0Þ ¼ fli; liþ1; . . . ; liþk�1g and k � 3, then l0 lies
inside (or on) the convex hull formed by Rðl0Þ.

Proof. It is obvious that if k � 3, at least two locations in
fli; liþ1; . . . ; liþk�1g falls on the circle of the resultant disk
centered at l0, with radius d0 � d; otherwise, we can
obtain a smaller enclosing disk that covers them.
Assuming l0 falls outside of the convex hull formed by
fli; liþ1; . . . ; liþk�1g as shown in Fig. 1, we can construct a
maximal angle by connecting l0 and two on-circle
locations, l� and l�, which contains all other on-circle
locations (i.e., as ffliþ1l

0liþ4 shown in Fig. 1).
Denote the longest distance from l0 to one of the off-

circle locations inRðl0Þ as d0 � ". If we move l0 toward the
midpoint of l� and l� by � � " to location p, then:

. for each on-circle sensor node with location
lj 2 Rðl0Þ, jljpj < jljl0j < d0;

. for each off-circle sensor node with location
lg 2 Rðl0Þ, jlgpj < jlgl0j þ � � lgl0 þ " � d0.

This means there exists another disk centered at p
with radius d00 < d0 covers Rðl0Þ, which contradicts the
property of the smallest enclosing disk. Thus, we have
proved the lemma. tu
Furthermore, we have the following lemma by trian-

gulation.

Lemma 2. Given a triangle ABC and a point O inside it, we have
jACj þ jBCj > jAOj þ jBOj.

With Lemma 1 and Lemma 2, we can obtain the
following theorem.

Theorem 2. jTtspj � jTcomj.

Proof. For any Rðl0Þ ¼ fli; liþ1; . . . ; liþk�1g, if k ¼ 2, it is

clear that

Xiþk�1

j¼i�1

jljljþ1j � jli�1l
0j þ jl0liþkj: ð3Þ

If k ¼ 3, by Lemma 1, l0 is a location inside triangle
liliþ1liþ2 as shown in Fig. 2a, and by Lemma 2

jliliþ1j þ jliþ1liþ2j � jlil0j þ jl0liþ2j: ð4Þ

In the case of k > 3, we can find location p on
liliþ1 . . . liþk�1 such that l0 falls inside triangle lipliþk�1 as
shown in Fig. 2b, so

jlipj þ jliþk�1pj > jlil0j þ jl0liþk�1j: ð5Þ

Without loss of generality, assume p falls on ljljþ1,
and, thus,

jliljj þ jljljþ1j þ jljþ1liþk�1j > jlipj þ jliþk�1pj: ð6Þ

From (3), (4), and (6), we can see each combination
operation shortens Ttsp, so jTtspj � jTcomj. The equality
holds if and only if none of the locations in Ttsp can be
combined, e.g., in an extremely sparse network without
any overlapping communication disks, or all those
combined collection sites fall along the same line. Thus,
we have proved the theorem. tu

4.2.3 Skip and Substitute through Binary Search

In the above, data collection only occurs at the collection

sites flig on Ttsp or fl0i} on Tcom; however, the ME may also

be able to collect data while traveling along a tour segment.

Inspired by this, the basic idea of skip-and-substitute is that,

for a given collection site l0i in Tcom, we first try to find the

largest possible j such that l0il
0
j path covers all the sensor

nodes whose collection sites fall on l0il
0
iþ1 � � � l0j, in order to

skip all these corresponding collection sites from the tour.

Then, we adopt binary search to select another collection

site l00i along l0jl
0
jþ1, such that all the sensor nodes whose
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collection sites fall on l0il
0
j and l0jl

00
i are path covered by l0il

00
i ,

and eventually use l00i to substitute l0j in the tour. A control
parameter � is used to determine when to terminate the
binary search. The new tour is shortened as proved below
when the new collection site l00i differs from l0iþ1. The
detailed algorithm is shown in Algorithm 3.

Algorithm 3. Skip-and-Substitute Algorithm (Tcom: combined

tour; d: communication range; �: binary search threshold).

1: Tcss  �;

2: for all l0i ði ¼ 1; 2; . . . ; n0Þ do

3: if l0i is still on Tcom then

4: continue;
5: end if

6: find the largest l0jðj ¼ iþ 1; . . . ; n0Þ such that all the

sensor nodes in fCðl0il0iþ1Þ; . . . ; Cðl0j�1l
0
jÞg are also in

Cðl0il0jÞ;
7: start l0j; end l0jþ1;

8: while jstart; endj > � do

9: q midpointðstart; endÞ;
10: if all collection sites that are in Cðl0il0jÞ [ Cðl0jqÞ are

also in Cðl0iqÞ then

11: start q;

12: else

13: end q;

14: end if

15: end while

16: substitute fl0iþ1; . . . ; l0jg by q in Tcom;

17: end for

18: Tcss  Tcom;

19: return Tcss.

Following the similar argument as the proof of

Theorem 1, we have:

Theorem 3. Without data-rate constraints, Tcss is feasible.

Since we replace several adjacent full or partial tour

segments by one direct segment in Algorithm 3, by triangle

inequality, we have the following theorem.

Theorem 4. jTcomj � jTcssj.

Fig. 3 illustrates the key idea of the CSS scheme. For

example, given seven sensor nodes and the base station B, a

TSP tour hB; 1; 2; 3; 4; 5; 6; 7; Bi is first established in Fig. 3a.

With the combination algorithms, 3 and 4 are combined into

A, and 5, 6, and 7 are into C, as shown in Fig. 3b. Following

the shortened tour hB; 1; 2; A; C;Bi, we can skip 1 and

substitute 2 by D, since BD path-covers 1 and 2, as shown
in Fig. 3c. Similarly, A is substituted by A0 to path-cover 3
and 4, and C is substituted by C0 to path-cover 5, 6, and 7.

Although we use the same communication ranges d for
all the sensor nodes to describe the CSS scheme, the scheme
also applies to the case where the communication ranges
are different, because we can easily consider the different
but fixed communication ranges when determining
whether a sensor node is path covered by any segments
of the tour.

4.3 Performance Analysis

4.3.1 Upper Bound of the Tour Length

It has been shown that for a TSPN problem of n disjoint unit
disks, given any tour that connects the centers of the n disks,
we can find a longer tour by extending the optimal TSPN
tour with n detours of length 2d each, where d is the radius
of the disk [15]. This observation is obtained in the case
where no combination is made. Following similar approach,
we can extend it to the case with possible combination
operations, which yields an even tighter bound due to a
smaller number of collection sites after combination.

Theorem 5. jTcssj � jTcomj � ð1þ �ÞðjT �j þ 2n0d), where � is

the approximation factor of the algorithm adopted to solve the

TSP formulation in the first step.

Proof. For any l0i in Tcom, define L�ðl0iÞ as the collection
sites on T � from which the ME collects data from
sensors in Rðl0iÞðjL�ðl0iÞj > 0Þ. Randomly, select l�i from
L�ðl0iÞ, and add a detour from l�i to l0i to form an
extended tour T 0, as shown in Fig. 4, where ABCDEA

is the optimal tour, AFGHIA is the tour we obtained,
and ABðFBÞCðGCÞDðHDÞEðIEÞA is the extended
tour. By the combination algorithm,
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jl0il�i j � d: ð7Þ

So each of the detour is of length at most 2d, i.e.,

jT 0j � ð1þ �ÞðjT �j þ 2n0dÞ: ð8Þ

By triangle inequality, we have

jTcomj � jT 0j: ð9Þ

By Theorem 4, we have

jTcssj � jTcomj � ð1þ �ÞðjT �j þ 2n0dÞ:

Thus, we have proved the theorem. tu

The above theorem bounds the resultant tour length
based on n0, i.e., the number of collection sites on Tcom, so
further investigation on n0 deserves more attention. Similar
to (but different from) the covering box defined in [28], we
make the following definition.

Definition 2. An axis-aligned rectangle � is called a covering
box for the entire set of communication disks if � intersects
with fminfliðxÞg;maxfliðxÞg; minfliðyÞg;maxfliðyÞggði ¼
1; 2; . . . ; nÞ.
Denote the size of the covering box as � � �. Then, we

need at most d �ffiffi
2
p

d
e � d �ffiffi

2
p

d
edisks with radius d to fully cover it,

and by definition, the union of these disks covers all the

sensor nodes. Thus,

n0 � min
�ffiffiffi
2
p

d

� �
� �ffiffiffi

2
p

d

� �
; n

� �
: ð10Þ

Furthermore, as mentioned before, this combination
problem can be formulated as a minimum disk covering
problem. Denote its optimal solution as A�, then clearly

n0 � jA�j: ð11Þ

We can further tighten the lower bound of n0 by using
some results in Geometrical Probability. From [2], we can
easily derive the distribution of the distance between two
randomly deployed sensor nodes in a square sensing field
of size L� L as

fðxÞ ¼ 2

L2

x 	� 4x

L
þ x

L

� �2
	 


0 � x � L

x 2 sin�1 L
x

� �
� 2 sin�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� L

x

� �2
q

þ4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
L

� �2�1
q

� x
L

� �2�2

�
L � x �

ffiffiffi
2
p

L

0 otherwise;

8>>>>>>>><
>>>>>>>>:

ð12Þ

and its cumulative distribution function is F ðxÞ ¼
R x

0 fðtÞdt.
For the combination to happen, we need to find a disk

with radius no larger than d that covers more than one
sensor nodes. From Section 4.3.1, we know that the
probability for a randomly placed disk with radius d to
cover y out of n sensor nodes is

pcomðy; dÞ ¼
n
y

	 

F ðdÞyð1� F ðdÞÞn�yðy ¼ 1; 2; . . . ; nÞ; ð13Þ

and the expected number of covered collection sites is
E½Y ; d	 ¼

Pn
i¼1 i � pcomði; dÞ.

If we place the disks on the location of sensor nodes, such
a disk on average can cover approximately ðE½Y ; d	 þ 1Þ
sensor nodes in the field. Thus, the expected number of
disks to cover all the sensor nodes is n=ðE½Y ; d	 þ 1Þ.

As mentioned before, our combination algorithm carries
out the combination along Ttsp, which reduces the search
space, but on the other hand may exclude us from
combining as many collection sites as possible. Noting the
above analysis is based on the expectation E½Y ; d	, we have
the following asymptotic behavior of n0.

Theorem 6. Asymptotically,

n0 � n

E½Y ; d	 þ 1
: ð14Þ

In a summary, we have:

Theorem 7.

jA�j � n

E½Y ; d	 þ 1
� n0 � min

�ffiffiffi
2
p

d

� �
� �ffiffiffi

2
p

d

� �
; n

� �
: ð15Þ

4.3.2 Lower Bound of the Tour Length

Suppose the optimal TSP tour is known in a unit square
with n points. We know a tight lower bound of the unit TSP
is �

ffiffiffi
n
p

[46], and � was found to be approximately 0.72
according to [47]. Similar results can be found in [48]. If we
treat the n00 < n collection sites after the CSS scheme as a
new TSP instance, we have

jTcssj � �L
ffiffiffiffiffi
n00
p �

n00 � n0
�
: ð16Þ

Note that when considering a very sparse network, i.e.,
the distances between sensor nodes are much longer than
their communication ranges, the potential for the CSS
scheme to further optimize the tour based on Ttsp is limited,
in which case (16) regresses to the exact lower bound
found in [48].

The limitation of (16) resides in that it bounds the
resultant tour length of the CSS scheme based on n00,
which cannot be determined before the termination of the
CSS scheme. Furthermore, different from the upper bound
of the tour length, what we can say about n00 is very
limited, i.e., 1 � n00 � n0 (further discussion on bounding
n00 can be found in Section 6). However, it still can serve
as a case-by-case bound regarding to the particular
problem instance.

4.3.3 Time Complexity of the Scheme

Since most existing work on this tour design problem
involves the TSP tour construction, and the analysis on
which is out of the scope of this paper, we denote Ctsp as
the time complexity to obtain the optimal (or near optimal)
TSP tour.

The execution time of lines 3-6 of Algorithm 2 is in
Oðn2 lognÞ when the binary search is adopted, and the while
operation in lines 8-17 contributes another Oðn2 lognÞ, so
the time complexity of the combination algorithm is
Oðn2 lognÞ. In the skip-and-substitute algorithm, the sixth
line can be done in a time of Oðn lognÞ with binary search,
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and the while operation from line 8 to line 15 contributes
another Oðn log 1

�Þ time, so after considering the for loop
containing them, the time complexity for the skip-and-
substitute algorithm is Oðn2ðlognþ log 1

�ÞÞ. Combining
everything together, the time complexity of the entire
CSS scheme is Ctsp þOðn2ðlognþ log 1

�ÞÞ, including the
initial TSP cost Ctsp.

4.4 Performance Evaluation

We evaluate the performance of the CSS scheme and
compare it with the Label-Covering algorithm [18] in this
section. Based on the parameters from the real systems in
[49] and observing the fact that the mobility-assisted data
collection is especially important in sparse and not always
connected networks, we consider a sparse square sensing
field with size 500� 500 m2, where nodes are uniformly
deployed at random, and the constant speed of the ME is
1 m/s. We generate 50 random sets of network topology for
each of the cases with 50, 60, 70, 80, 90, and 100 sensor
nodes, respectively.

We adopt an existing TSP solver, Concorde [41], to
obtain the optimal solution of the TSP instance, i.e., Ttsp. The
Concorde TSP solver uses an exact algorithm for TSP, which
follows the cutting-plane method, iteratively solving the LP
relaxations of the TSP problem. It has been used to obtain
the optimal solutions for 107 out of the total 110 TSPLIB
instances, among which the largest one has 15,112 cities.
The efficiency of Concorde has been testified by many
experiments reported in the literature, e.g., Concorde can
solve a TSP problem with 120 cities in 3.3 seconds with a
400 MHz CPU [50].

Our simulation, running on a 2.40 GHz CPU, again
verifies the efficiency of Concorde. Concorde can obtain
the optimal TSP tour for more than 90 percent of the 50�
6 ¼ 300 topologies in 1 second, and all of them are finished
in 3 seconds.

The CSS scheme outperforms the Label-Covering algo-
rithm in terms of the resultant tour length noticeably, as
shown in Fig. 5a (where the communication range is 20 m
and � is 1 m) and Fig. 5b (where the number of sensor
nodes is 50 with the same �), where TSP represents the
length of the optimal TSP tour, COM is the tour length after
the combination operation, CSS and LC represent the tour

length obtained after the entire CSS scheme and the Label-
Covering algorithm, respectively, and TSP-LB is the lower
bound calculated by (16) on a case-by-case basis. Note that
because we adopt Concorde to obtain the optimal solution,
so � ¼ 0 in Theorem 5. The tour length achieved by our CSS
scheme is 83-89 percent of that obtained by Label Covering,
and is about 1.4 times of the case-by-case lower bound,
which cannot be achieved by any practical approximation
algorithms according to [27].

Another observation from Fig. 5b is that, compared with
the Label-Covering algorithm, the advantage of the CSS
scheme is more obvious when the communication range is
relatively short (20-50 m) when compared with the field
size. Notice that an important advantage of exploring ME to
collect data from sensor nodes is to deal with sparse or
disconnected networks, which means the CSS scheme is
especially suitable for these scenarios.

5 TOUR SELECTION WITH DATA-RATE

CONSTRAINTS

In the previous section, we did not consider the data-rate
constraints between the ME and sensor nodes for the basic
CSS scheme. However, due to the existence of data rate and
travel speed constraints in practice, especially when
considering the applications with a large volume of sensory
data [32], Tcss may not always be feasible. In this section,
we introduce the MR-CSS scheme that considers the
realistic data-rate constraints when selecting the tour of
the ME, which also returns the near-optimal schedule for
each data collection job. By optimal, we mean that all data
collection jobs are finished within the shortest time, and the
ME returns to the base station at the end.

5.1 Multirate Communication Model

It is known that wireless signals suffer from path loss,
fading, shadowing, interference, and other impairments.
The communication performance is determined by the
received SNR, defined as pr=pn, where pr is the received
signal strength and pn is the power of the background
noise. Denote � as the path-loss exponent [51], whose value
is normally in the range between 2 and 6, then the received
signal strength can be calculated based on the Friis free-
space model [52], which is of the superlinear relationship
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pr 
  ðd��Þ to the communication range d. The fact that
the SNR deceases as the communication range increases is
also verified through experiment measurements in [38].

Based on this observation, we consider the multiple
data rates widely available in modern wireless commu-

nication technologies for this data-rate constrained case,
and adopt the multirate communication model: Sensor nodes

can choose from m different modulation and coding
schemes, resulting in m different communication ranges

(d1; d2; . . . ; dm) and m different data rates (r1; r2; . . . ; rm) as
illustrated in Fig. 6. Normally, ri > riþ1 for di < diþ1.

In principle, the movement of the ME will impact its
communication with sensor nodes, due to the Doppler shift
of signals, which may result in unstable channel conditions,
and affect the data rate eventually. However, since the
travel speed of the ME is usually low, the resultant
Doppler shift will be small, and we exclude its impact in
this paper. Neglecting the effect of the travel of the ME on
the data rate is also reasoned through experiment
measurements in [53].

5.2 Necessary Condition for the Existence of
Feasible Tours

The first question under this multirate communication
model is that, with a constant travel speed v and a sensing
field with no obstacles (further discussed in Section 6), is it
possible to obtain a feasible data collection tour for the ME
that directly connects the collection sites?

The ME has a maximal time duration of 2dm=v to travel
through the communication range of a given sensor

node si. However, as mentioned before, a location in the
field may cover more than one sensor node, so the ME may

not be able to spend all this 2dm=v time to collect data from
si. From (13) and Section 4.3.1, we know the probability for

a specific location in the communication range of si is also
covered by y� 1 other sensor nodes is pcomðy; dmÞ=ð1 �
pcomð1; dmÞÞðy ¼ 2; . . . ; nÞ, and the expected number of
these nodes is E½Y 0	 ¼

Pn�1
i¼1 i� pcomðiþ 1; dmÞ=ð1� pcom

ð1; dmÞÞ. This means that such a location is on average
covering E½Y 0	 þ 1 sensor nodes, and the expected volume

of data can be collected if the ME travels directly through
the communication range of sensor nodes is

K̂ ¼ d1r1 þ
Pm

i¼2ðdi � di�1Þri
vðE½Y 0	 þ 1Þ : ð17Þ

Clearly, for such a feasible tour to exist, we need K̂ � K,
where K is the amount of data to be transferred from each
sensor node to the ME.

5.3 Problem Formulation

As a baseline, we simplify the problem in the following by
assuming the data rate is very high when the ME directly

contacts with sensor nodes, e.g., through inductive data
transfer [54], and thus Ttsp is always feasible (further
discussion can be found in Section 6). Formally, denote
d0=v as the direct contact time and r0 as the corresponding
data transfer rate, then we assume

K

r0

 o d0

v

	 

; ð18Þ

where oð�Þ represents the relationship of higher-order
infinitesimals.

For any T 2 T , we record all its collection sites and the
intersection locations with the m� n communication disks,
and sort them along T . We construct a path interval for each
adjacent pair of these locations, and calculate the set of
sensor nodes that is path covered by it. Denote I ¼
fI1; I2; . . . ; Iug as the set of path intervals with correspond-
ing length fjIjjg, where j ¼ 1; 2; . . . ; u, ri;j as the maximal
attainable data rate from si when the ME travels along Ij,
and tjðsiÞ as the time that the ME collects data from si when
traveling along Ij. Define

aij ¼
1 si 62 CðIjÞ
0 otherwise:

�
ð19Þ

Then, the new tour selection problem can be formulated as:

min
T2T
jT j s:t: 8Ij 2 I ; 8si 2 S; tjðsiÞ � 0;

8Ij 2 I ;
X
si2S

tjðsiÞaij ¼ 0;

8Ij 2 I ;
X
si2S

tjðsiÞ � jIjj=v;

8si 2 S;
X
Ij2I

tjðsiÞri;j � K:

ð20Þ

The second constraint guarantees that the data collec-
tion from a sensor node only occurs when the ME is within
its communication range. The third constraint guarantees
the data collection time while traveling along a given path
interval is no more than the total travel time along it. The
last constraint guarantees that all data collection jobs are
accomplished at the end of the tour. We can test whether a
given tour T is feasible or not with data-rate constraints by
using this LP formulation: i.e., T is feasible if and only if a
set of tjðsiÞ for j ¼ 1; 2; . . . ; u and i ¼ 1; 2; . . . ; n satisfying
the above problem formulation exists.

5.4 Multirate CSS Scheme

We extend the basic CSS scheme to make it fit the problem
under the multirate communication model, i.e., the MR-CSS
scheme, which is based on the following observation.

Lemma 3. jTcssj is a nonincreasing function of the communica-
tion distances of sensor nodes.

The above lemma is straightforward because the solution
space is increased after the communication range is
increased, and the same search scheme working in the
larger space will obtain results that are no worse than those
obtained when working in the smaller one.

Although longer communication ranges give more
flexibility to reduce the tour length, the data transfer rate

1316 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 12, NO. 7, JULY 2013

Fig. 6. Multirate wireless communication model.



will also be reduced as the communication ranges of sensor
nodes increase, and the resultant Tcss may not always be
feasible to accomplish all the data collection jobs. Fig. 7
presents an intuitive view of this process, where the width
of solid line represents the available data rate, i.e., the
wider the line, the higher the data rate. The path length is
reduced from jA1A2j þ jA2A3j to jA1A

0
2j þ jA02A3j and to

jA1A3j when increasing the communication range from d0

(not shown in the figure as d0 ! 0) to d1 and to d2 with a
decreasing data rate, respectively.

Inspired by this observation, the MR-CSS scheme starts
by setting the communication range of sensor nodes to d0,
and apply the CSS scheme. The resultant tour is always
feasible in this simplified problem setting. We then expand
the communication ranges of sensor nodes to d1 and apply
the CSS scheme again. Repeat this until the resultant tour is
no longer feasible, denoting it as Tinf . For the data collection
jobs cannot be accomplished by Tinf , we shrink the
communication ranges of the corresponding sensor nodes,
and apply the CSS scheme again until the tour becomes
feasible again. The pseudocode of the MR-CSS scheme is
shown in Algorithm 4.

Algorithm 4. The MR-CSS Scheme ( S: the set of sensors;

d1; d2; � � � ; dm: communication ranges; r1; r2; � � � ; rm:

corresponding data rates).
1: Tcss  �, Tinf  �, Tmr  �;

2: i 1;

3: repeat

4: if i ¼¼ m then

5: Tmr  Tcss;

6: goto line 18;

7: end if

8: calculate Tcss by CSS scheme with uniform
communication range di;

9: i iþ 1;

10: until Tcss is not feasible

11: Tinf  Tcss;

12: repeat

13: select sensor nodes whose data collection jobs cannot

be accomplished by Tinf ;

14: shrink their communication ranges;
15: re-calculate Tinf with nonuniform communication

ranges;

16: until Tinf is feasible

17: Tmr  Tinf ;

18: return Tmr.

Theorem 8. The MR-CSS scheme always finishes and returns a
feasible tour.

Proof. The first attempt of the MR-CSS scheme always
returns a feasible tour as we assume a very high data rate
by direct contact. Further, the tour will become feasible
again if the communication distances of all those
unaccomplished data collection jobs in Tinf are shrunk
back to d0. So the MR-CSS scheme will terminate when
the resultant tour regresses back to Ttsp in the extreme
case, which is feasible again by definition. tu

The verification of whether a given tour is feasible or not
can be carried out based on the LP formulation in (20), in a
time of OðnmÞ. Note that we can adopt the binary search
again to speed up the search for Tinf in lines 3-10 of
Algorithm 4. Denote Ccss as the time complexity of the CSS
scheme, as analyzed in Section 4.3.3. The computational
time complexity of the MR-CSS scheme is Oðnm logmÞCcss.

5.5 Performance Evaluation

We again consider a 500� 500 m2 sparse sensing field with
50-100 nodes uniformly distributed at random. The data
amount to be transferred to the ME is 5 KB for all sensor
nodes, and the constant ME speed is 1 m/s. According to
the path-loss model [51] with the CC2591 radio by TI [55], the
available communication data rates and corresponding
distances are: 250 kbps for 0-20 m, 19.2 kbps for 20-50 m,
9.6 kbps for 50-120 m, and 4.8 kbps for 120-200 m.

5.5.1 Tour Length

Fig. 8a shows the tour length obtained by the MR-CSS
scheme, in which CSS-20 and LC-20 represent the tour
length obtained by the CSS scheme and the Label-Covering
algorithm when the communication range of all sensor
nodes is 20 m, i.e., the shortest available communication
range with the highest data rate, EXPAND is the tour length
after the expand operations in the extended CSS scheme,
and MR-CSS is the tour length after the entire MR-CSS
scheme. We also calculate and show the length of the
optimal TSP tour for comparison.

We can see from the figure that the tour length with the
MR-CSS scheme can be further shortened by about 50-
70 percent when compared with the CSS scheme, by
allowing the communication to happen over a longer
distance at a lower data rate, which highlights the need for
exploring the multirate features, e.g., by adaptive modulation
and coding, of sensor nodes [56].

5.5.2 Tour Effectiveness

Another evaluation metric is the ratio between the data
collection time and total travel time, or equivalently, at a
constant ME speed, the ratio between the travel length
while collecting data and the total travel length. We call a
path interval usable if the ME can collect data from at least
one sensor node when traveling along it, and used if data are
actually collected when the ME traveling along it. Define
Eusable as the ratio between the total length of usable path
intervals and the tour length, and Eused as the ratio between
the total length of used path intervals and the tour length.

Table 1 shows both Eused and Eusable increase when the
node density increases. This is because the probability of a
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given part of the tour path covering at least one sensor node
increases when the number of nodes increases. With a used
path-interval ratio always higher than 50 percent, it shows
the tour obtained by the MR-CSS scheme is quite effective.

5.5.3 Tour Efficiency

Another observation from Table 1 is the unused path-
interval ratio (Eusable � Eused) is still quite large, which
means the tour’s data collection potentials are not fully
explored yet. We calculate the distribution of the potential,
that is, how much additional data can be collected from
each sensor node if all unused intervals were used, to shed
more light on this. Fig. 8b shows the sorted potential of each
sensor node in a particular simulation run, in which a total
number of 100 sensor nodes are distributed in the field.
We see that not only large potentials exist due to these
usable but not used path intervals, but also a great variance
of the potentials among different sensor nodes.

A large potential variance means a large space, as well
as more challenges, to further increase the tour efficiency
still exists, which may further improve the network
performance. One possible reason that contributes to this
fact is the idle time that, when the ME travels through a
larger communication range but the MR-CSS scheme
terminates at a smaller range, is not fully utilized. We
believe this observation will motivate more research efforts
in this direction.

6 FURTHER DISCUSSION

The CSS and MR-CSS schemes described above are based
on the case of a fixed data amount K and a constant ME
speed v. It is worth mentioning that both schemes can apply
to the case of nonuniform data amount Ki and variable

speed vðtÞ. The CSS scheme does not consider the data rate,
so changing from K to Ki or from v to vðtÞ does not affect it:
The ME just selects the traveling tour as usual, and moves
along it with the maximum speed vmax. The ME can also
adjust its travel speed to deal with data-rate constraints. The
MR-CSS scheme can easily apply to the case of Ki by
changing K to Ki in the last constraint of (20). We still can
easily test the feasibility of a tour after this change as it does
not affect the linearity of the formulation in (20). Similarly,
the tour’s feasibility still can be easily tested if changing v to
vmax (or vmin) in the third constraint of (20): The existence of
tjðsiÞ that satisfies the formulation is a sufficient condition of
a feasible tour in the case of vmax, and a necessary condition
for vmin. Note that an intuitive strategy in this case is to slow
down the speed when the ME is close to the sensor nodes.

In practice, it is possible that even the Tcss obtained with
d0, or Ttsp, may be infeasible, in which case the sojourn time
of the ME needs to be considered. Without loss of
generality, denote the volume of collected data from sensor
node si with Ttsp as K0i ðK0i < KiÞ. If the ME can only travel
at a constant speed, we can find a detour on si of length
ðKi �K0iÞ=r1, which falls within the area between two
concentric disks centered at si of radius d1 and d2,
respectively. In this way, we can extend Ttsp with the
minimum length to restore the feasibility of the tour. On the
other hand, if it is possible for the ME to stop at certain
locations, an additional sojourn time of ðKi �K0iÞ=r0 at si
can be introduced to make the data collection achievable.

Theorem 5 upper bounds jTcssj based on n0, i.e., the
number of collection sites on Tcom, which is in turn bounded
by Theorem 7. However, for the lower bound of jTcssj in
(16), what we know about n00 is very limited, i.e., 1 �
n00 � n0. One possible approach to further tightening the
bound on n00 is to jointly utilize the technique of swipe area as
in [15] and some Geometrical Probability results. One extra
challenge here is that after the combinations, the collection
sites on Tcom may no longer be uniformly randomly
distributed anymore, and thus whether (12) can still be
used needs further investigation.

When there are multiple MEs in the network, normally
they are expected to have similar workload and collection
latency, thus covering similar sizes of sensing areas and
numbers of sensor nodes. If the sensing field is divided into
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subfields, we can apply the CSS (or MR-CSS) scheme to
each subfield individually at a smaller scale.

The collection job can be requested by cluster heads
instead of sensor nodes themselves, and cluster heads are
rotated among sensor nodes locally to balance energy
consumption and MEs are informed along the way with the
new cluster head. If the ME is equipped with multiple radio
transceivers and there are multiple channels available,
the MR-CSS scheme can schedule a usable interval for
multiple sensor nodes concurrently. Certainly, the ME and
the sensing field may have other constraints such as travel
trajectory and obstacles. We did not consider them
explicitly in this paper, but the progressive optimization
approach should apply in these situations as well.

7 CONCLUSIONS

In this paper, by following the proposed progressive
optimization approach, we have presented a CSS scheme
to reduce the tour length, and thus the data collection
latency, in wireless sensor networks with MEs. We have
also proposed an MR-CSS scheme, which takes the
advantage and reality of modern multirate wireless com-
munications into account. We have shown the correctness
and complexity of the proposed schemes, and have
analytically evaluated their performance. Through an
extensive simulation study, we have found that the
proposed schemes can obtain results that are within a
small range of the lower bound, which cannot be achieved
by any practical approximation algorithms. Our future
work, in addition to the issues discussed in Section 6, will
focus more on extending the schemes further to multiple
MEs and the online scenarios of them, where the data
collection requests arrive at the MEs progressively as well.
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