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Abstract

The tradeoff between energy conservation and traffic balancing is a dilemma problem in
Wireless Sensor Networks (WSNSs). By analyzing the intrinsic relationship between cluster
properties and long distance transmission energy consumption, we characterize three node sets
of the cluster as a theoretical foundation to enhance high performance of WSNs, and propose
optimal solutions by introducing rendezvous and Mobile Elements (MES) to optimize energy
consumption for prolonging the lifetime of WSNSs. First, we exploit an approximate method
based on the transmission distance from the different node to an ME to select suboptimal
Rendezvous Point (RP) on the trajectory for ME to collect data. Then, we define data trans-
mission routing sequence and model rendezvous planning for the cluster. In order to achieve
optimization of energy consumption, we specifically apply the economic theory called Di-
minishing Marginal Utility Rule (DMUR) and create the utility function with regard to energy
to develop an adaptive energy consumption optimization framework to achieve energy effi-
ciency for data collection. At last, Rendezvous Transmission Algorithm (RTA) is proposed to
better tradeoff between energy conservation and traffic balancing. Furthermore, via collabo-
rations among multiple MEs, we design Two-Orbit Back-Propagation Algorithm (TOBPA)
which concurrently handles load imbalance phenomenon to improve the efficiency of data
collection. The simulation results show that our solutions can improve energy efficiency of the
whole network and reduce the energy consumption of sensor nodes, which in turn prolong the
lifetime of WSNSs.
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1. Introduction

Wireless sensor networks (WSNs) have drawn significant attentions for past decade due to

their pervasive applications and low deployment cost [1], which have provided practical so-
lutions for a wide range of applications as an accessible information collection system [2,3],
such as military surveillance, habitat monitoring, etc. However, designing data collection
approach is a challenge, because sensor nodes are often powered by batteries with limited
energy resources and if without careful design, wireless communication in data collection can
energy-efficient issues and others [4-6]. For example, sensor nodes in multi-hop WSNs with
MEs are utilized to continuously update the current location of Sink to maintain an accurate
trajectory and balance energy consumption, which leads to more information exchange as well
as more energy consumption [7]. Additionally, because data are accumulated while being
collected along the path to the Sink, this will create an energy consumption bottleneck, which
is further aggregated by unreliable communication and constrained resources [8]. Therefore, a
critical issue in WSNs is how to balance the energy consumption of sensor nodes to alleviate
these phenomena in the process of data collection.

In fact, multi-hop and long-range wireless communications exactly cost high transmission
energy for sensor nodes, which tends to shorten the lifetime of network [9]. To solve this
problem, two significant strategies are usually proposed to satisfy energy-efficient require-
ments in applications. One strategy is to introduce ME, like what proposed in [10-12] to
achieve energy efficiency for data collection. The other one is to build clustering algorithm,
which reduces and balances energy consumption in order to prolong the lifetime of WSNs
[13].

Indeed, clustering definitely makes a network look “smaller” and extends its lifetime by
reducing data transmission between nodes and the Sink [14]. However, the cluster head (CH)
generally consumes more energy than cluster members due to the responsibility of collecting
and forwarding data, which makes CH’s energy run out more quickly. In this case, introducing
MEs has been proved that it is not noly an effective approach for addressing the energy op-
timization issue to prolong the lifetime of WSNSs but also an effective manner for organizing
WSNs to achieve energy balance [15,16]. Sequentially, the participation of ME inevitably
causes the problem of time delay [17], which comes to be dealt with when ME is employed as
an assisted tool to improve the performance of WSNs. For example, cluster-based techniques
supporting ME are more efficient for data collection [18]. However, it will take more time to
collect data because ME generally moves with a slow speed and regularly stops at a prear-
ranged location after tracing predetermined paths, which is very fatal for data collection sys-
tem in terms of delivering emergency data as quickly as possible. In consequence, it is of
importance to concentrate on the problem of delay problem for data collection by combination
of both [19]. Additionally, the transmission model is also regarded as one of critical influence
factors for the data collection in terms of the energy efficiency[20]. In fact, the energy con-
sumption of a node increases exponentially with the growth of the transmission range, which
is intuitively shown in Fig. 1. Especially, the phenomenon of energy imbalance in the cluster
assuredly comes to occurrenc when some members have longer transmission ranges.

In view of above problems and inspired by concepts of Ring for WSNs in [21] as well as the
network framework in [22], we build a cluster-based structure for WSNs and design RP for
ME to stop and collect data from each cluster, aiming at minimizing energy expenditure effi-
ciently. For RPs, we assume a mobile charging station is available for ME to harvest energy
when ME arrives at RP, because ME generally is a battery-powered robot and usually needs
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energy supply. Nevertheless, the coordination between the charging station and MEs is be-
yond the research range in this paper, and we mainly focus on the optimization of RP selection
to achieve the performance of cluster-based WSNs. In this paper, we also assume that MEs
move on peripheries of concentric Rings as fixed trajectories.
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Fig. 1. Energy Consumption Proportion of Nodes with Different Radii.

Motivated by above researches and preparations, we propose the RTA which deals with the
optimization of energy consumption for the data collection via integrating the DMUR into the
energy consumption of the cluster. For improving the efficiency of data collection, we further
propose the TOBPA to shorten the time interval of collecting data and to reduce packages for
reducing energy. In this paper, we summarize our contributions as follows.

1) We design a rendezvous-based energy optimization mechanism through building the
network structure and defining roles of members in cluster, which creates a framework for
data collection.

2) We develop a utility function, and then propose an adaptive algorithm to search RNs
based on DMUR for the optimization of energy consumption.

3) For the problem of delay caused by mobility, we come up with TOBPA to alleviate this
phenomenon, which contains effectively searching RNs and consciously reducing data load
for energy efficiency.

4) Extensive simulations conclude that our proposed algorithms are of effectiveness.

The rest of this paper is organized as follows: Section 2 reviews related works. Section 3
introduces our models and formulates the studied problems. Mechanisms on Rendezvous
planning for data collection and MEs cooperation are presented in Section 4 and Section 5,
respectively. Simulation results are presented in section 6, and Section 7 concludes the paper.

2. Related Work

Extending the lifetime of sensor nodes powered by batteries with limited energy resource is
a challenging issue in WSNSs, and extensive research achievements have been applied for
energy efficiency [23-25]. In [23], Zhang proposes a directional virtual backbone to investi-
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gate the energy consumption density performance in data collecting. Other approaches
[26-28], which imploy the mobility of ME as an effective technique to address the energy
efficiency, are proposed for the energy-efficient utilization. However, none of them resolve
the energy problem of multi-hop data transimission which partial nodes deplete energy too fast
due to data gathering near the Sink or ME, although all of them make the performance of
WSNs improve to some extent. From this perspective, other resolutions need to be worth
exploring. At present, two strategies can be applied to enhance the energy efficiency: 1) using
hierarchical routing based on clustering and 2) by introducing MEs.

The cluster-based technology is widely used as an efficient approach for organizing the
networks and achieving the energy efficiency in [21,29]. In general, clustering in [30] is
proposed by providing a fair distribution of clusters in the network, which elects cluster head
(CH) in turn among members to guarantee load balance and energy consumption optimization.
In [15], several variations of clustering techniques are applied to enhance the performance of
WSNs for data collection. The authors in [31] propose the hierarchical clustering algorithm to
achieve a balance between energy consumption and the quality of service. Different from
other energy-efficient routing schemes, the main target in [32] is to research adaptive clus-
ter-based routing algorithms for improving the energy efficiency and data transmission per-
formance. Nevertheless, CH always run into the predicament of energy bottleneck due to the
heavy communication with other CHs or the Sink. In addition, frequent CH elections incur a
massive exchange of information, which further aggravate the network burden.

In practical applications [33,34], ME keeps moving around within the region of interest for
collecting data. Explicitly, efficient data-forwarding strategies are proposed with ME which
visits RPs to gather data from sensor nodes. In [35], Xing et al. offer an efficient rendezvous
algorithm to determine ME’s trajectory by a subset of sensor nodes serving as RPs, which
collects data originated from sources and transfer them to ME. Authors in [36] also utilize RPs
to select an energy-efficient mobile-sink path to address energy challenge problems. However,
it is difficult for sensor nodes serving as RPs to fundamentally solve the problem of network
load balance, which directly determine the lifetime of WSNSs. In this sense, introducing MEs
can mitigate embarrassment from a sengle ME. So, MEs in [37] are coordinated to establish a
connection between source node and base station in order to minimize traveling distance and
hop counts of data transmission. For data transmission in the dynamic network, Authors in
[38] propose an energy-efficient cluster-based dynamic route adjustment approach with MEs
aiming to minimize the route reconstruction cost of sensor nodes.

Actually, a single ME can cause data latency owing to low speed movement. In [39], Liu
formulates the latency problem according to rendezvous-based mobile data collection and
researches local data aggregation to shorten it. Different from Liu, authors in [40] theoretically
investigate the strategy that minimizes the total expected flooding delay with a mobile sink by
considering all the possible traveling orders. In [41], the problems of latency from mobility are
referred by introducing ME and assigning RPs, which reduces the number of multi-hop
transmissions to balance energy consumption. Although a single ME strategy take a full con-
sideration in terms of latency for data collection, it is not suitable large-scale WSNs. What’s
more, collecting real-time data is another challenge that the mobility strategies have to con-
front. Under the condition of arbitrary numbers of ME, Shusen Yang [42] focuses on
low-delay opportunistic data collection in WSN-MEs with general network topologies.
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3. Problem Formulation

3.1 Network Model

The energy consumption follows the popular model given in [43]. To transmit a unit mes-
sage within distance dij from node i to node j, the energy expending formula is shown as

follows:
E. (dij) = Broee T €5 'di?! (1)
and to receive a unit message, the energy expending formula can be defined as:
ERx = EReIec (2)

Therefore, the total energy consumption is illustrated by:
Ei = ETx (dij)+ ERx

_ ETelec + EReIec + gfs'dijg dij < dO (3)
| Ereee + Egetee T Eampdy 0 20

Telec Relec ij —
is the transmitter electronics energy, &, and &,,, are coefficients of the free

where E

Telec

space model and multi-path model, respectively. E denotes the receiver electronics en-

Relec
ergy, «a indicates channel characteristics and is known as 2 or 4, dO is a distance constant.
According to above formulas and the definition of cluster in [22], the network model could
be constructed in Fig. 2, where the interval between |, and |, is called a Ring and the distance
between two Rings is one-hop according to the definition of gradient in [20]. Therefore, the

clusters could be formed between two circular orbits, which MEs move along for data col-
lection.

o,/

Mobile node

Fig. 2. Network Model with Mobile Elements.

In addition, the phenomenon of imbalanced energy consumption occurs due to the different
transmitting distances from members to ME according to Equation (3). For convenience, we
classfy members of a cluster into three groups, Range-Long nodes, Range-Short nodes and
Rendezvous nodes. All types of nodes in the cluster are shown in Fig. 3, and they will be used
to research the issue of energy consumption for data collection in the following sections.
Definition 1 (Range-Long nodes). Nodes marked by white circle in Fig. 3 are called
Range-Long nodes nodes, if they satisfies

She ={i|E; « di4} 4)
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Fig. 3. Classification of Nodes in the Cluster.

Definition 2 (Rendezvous nodes). Rendezvous nodes (RNs) are defined as Relay nodes marked
by white square in Fig. 3.

S*={ili€ S} 5)
where S, ={RN,,RN,,---RN_}c § , misdefined as the number of RNs in the cluster, §
indicates the set including all nodes of the cluster. Seen from the definition of set S the
energy consumption of a node can be lowered through a relay node named RN. For conven-

ience, we generally combine nodes of set $* and set S together and get a new set including
Energy-saving nodes as follows.

Definition 3 (Energy-saving nodes).
F={i|E, cd'YU{i|ic Sg} (6)
Definition 4 (Range-Short nodes). Nodes identified by black circle in Fig. 3 are Range-Short
nodes nodes, if they satisfies
$¥ =85-8* (7
In this paper, we assume WSNs have the following two properties:
Assumption 1 The energy consumption of the node is dominated by Equation (3).

Assumption 2 Clusters in WSNs have been constructed.
In our network model in Fig. 2, the energy consumption of the node increases exponentially

with the increase of transmission distance. Taking nodes between  and Z, in Fig. 2 for ex-
ample, nodes close to ; consume more energy than nodes close to I, while ME moves on

trajectory Z, to collect data. In order to deal with this imbalanced energy consumption, we first

introduce a RP for the cluster. In this case, we consider two aspects which include the strategy
of one-hop modified clustering and the mobility of MEs for the energy efficiency.

3.2 Mobility Based on Rendezvous Points

We employ MEs moving along limited trajectories and determine RP for the cluster to
achieve the optimization of energy consumption for data collection. And then, a series of
problems should be solved in terms of the optimization on energy efficiency in the relative
cluster: 1) whether an optimal RP exists on corresponding trajectory or not? 2) where is the RP
located, and 3) how to determine an optimal RP if it exists. In order to solve above problems
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and improve the energy-efficient performance of WSNs, we propose a modified clustering
scheme shown in Fig. 4. We assume that the networks have been clustered like what between

{, and £, in Fig. 4. It is easy to map every cluster into an arc on the trajectory curvel,. For

example, cluster 1 and cluster 2 in Fig. 4 are mapped into arc AC and arc BC , respectively.
Now, our goal is to design RP in each arc to make the energy consumption of the cluster least.
We will demonstrate the procedure in detail next.

According to the RP shown in Fig. 4 and energy consumption model in (3), the workable
solution to save energy should be utilized by reducing the transmission distance between
nodes. Combined participation of MEs, the RP is introduced to guarantee the effect of energy
saving. Therefore, the existence of RP must be proved firstly for data collection in terms of
mobility.

Lemma 1. For a cluster, there exists one point named RP on a trajectory to make the energy
consumption least when ME arrives at RP to achieve data collection, if o =2.
Proof. We employ an approximate method to prove Lemma 1. Suppose that the minimality of

energy consumption is to be solved in cluster 1 of Fig. 4. We divide ACintoN equally spaced
sub-arcs {A’TJI,MZMP---MN_IC}, where the point set {4,M,,---,M, ,,B} is created
naturally. Distinctly, when N is limited to infinity, one point P e {4,M,,---,M ,,B}is
found to meet the following expression:

s
arg min {Z d; J ®)

Jj=1

where j €S, and d; denotes the distance between point iand node j. According to the
Equation (3), the expression (8) is proportional to argm_in(Ei). Because the item d;in ex-

pression (8) is a constant for point P. € {4,M,,---,M,_,,B}, itis easy to find the RP.

T P | I A

~

\ Cluster1 7T | Cluster 2/
|‘I | T ‘/\‘ /
7~/

-

Fig. 4. Clustering Scheme.

3.3 Rendezvous Node Selection Principle

For further reduction of energy consumption, RNs could be selected to store and transmit
data when ME arrives at RP. In the following section, the selection mechanism of RNs with
energy consumption function is described in detail.
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Theorem 1. There exists a point Q so that the direct communication model (3) between
Rang-Long node and ME can be replaced by adding a relay sensor node at some point Q to
reduce energy consumption, when o = 4.

Proof. Suppose that there exists the point Q (a RN in Fig. 5(a)) such that the following ine-

qualities d, g gy < g, Ay py <dy @nd d .z > d, are met. For convenience, let d,, d,
and d, illustrate d . gy, Ogy py @nd d, g gp + respectively. E, is the energy consumption

between node and RN(i.e., Q ). E, indicates energy consumption of RN, and E; denotes

energy consumption between Rang-Long node and RP. They are concretely calculated as
follows.

El = ETeIec+‘9fs ' dl2 (9)
EZ = EReIec + ETeIec+gfs ’ d22 (10)
E3 = ETelec +8mp : d; (11)

We will verify that whether the sum of E; and E, is less than E, or not. Therefore, we
combine E; and E, to subtract E,:

AE =E, +E, -E,

= & (A7 +d7) + (Eraiee + Eretec) = Eamps (42
Dueto d;,d, €(0,d,] , d, € (d,,+), Equation (12) can be rewritten
AE =E +E,-E
=& (A7 +d;) + (Ereies + Eretee) — Eamps (13)
<264 - dg + (Epgiee + Ereiee) — Eampls
Because the values of ¢, &,,,,, dy, and Eg,.. + E. in (13) are all positive constants,

there exists a d, € (d,,+o0) to make AE <0 worable. So we prove the existence of the RN.

Remark 1. Whena =2, it is not necessary for RN to relay data. The reason is that the dis-
tance between the node and ME is short, which the variation of energy expenditure for every
node is very little. In fact, we deal with data transmission directly from nodes to ME if all the

transmission distances are less than d, in the model (3).

Remark 2. When a =4 , this illustrates that long distance transmission leads to enormous
energy consumption. One effective way to reduce the energy is to shorten the transmission
range by multi-hop relays.

In order to further reduce energy consumption, we exploit RNs to relay data. However,
choosing appropriate quantities of RNs is difficult as far as the optimization of energy effi-
ciency is concerned.

Theorem 2. It is a NP-hard problem to select RNs for energy efficiency in the cluster.
Proof. We will reduce the problem of RN selection into a knapsack problem. Suppose that E,

stands for the energy consumption shown in Theorem 1. We employ a RN as a relay node to
lower energy consumption of the cluster, since energy consumption can exponentially in-

crease with increasing distance. E, and E, are energy consumption related to the relay node
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RN. So AE =E, + E, — E; can be regarded as a cost of RN. For the selection of relay node
RN, both E, + E, and AE can be mapped into the weight and price of items in knapsack

problem, respectively. If we designate an energy consumption bound W for the cluster as the
total constrain of weight in knapsack problem, we can select E, + E, (i.e. RN) to maximize

the expression

N
ZAE‘ . Then we succeed to build one-to-one map between RN selection and
i=1

N
D AE
i=1
is mapped into the maximal price of items in the knapsack. Therefore, RN selection problem is
reduced into the knapsack problem which is well-known as a NP-hard. Hence, RN selection
problem is also NP-hard.

In order to achieve energy efficiency in our data collection framework, we give the fol-
lowing theorem.
Theorem 3. In the cluster, there exist the RP with ME to collect data and RNs as relay nodes to
ensure that the energy consumption is least when @ = 2and o =4 coexist.

Proof. In our data collection framework, we can reduce energy consumption according to
theorem 1 when « =4 is workable. In this way, only partial one-hop nodes including nodes

nearby RP and RNs can communicate with ME, which is a special example of lemma 1. So we
conclude it.

knapsack problem based on the above specifications. In the end, the expression max

4 Rendezvous Node Selection Strategies for Energy Efficiency

In order to make a clarification for energy-efficient data collection, we design a triple tuple
<Node, RN,RP> to represent the data transmission route sequence, where the three elements
indicate Range-Long node, Relay node and data transmission terminal ME, respectively.
Especially, RN in the triple tuple <Node, RN,RP> may be NULL, i.e. <Node, NULL,RP> or
<Node,RP>. In the scenario, the node actually sends data to ME directly when ME arrives at
RP.

4.1 Transmission Model of Rendezvous Node Selection

In terms of energy efficiency for data collection, RN plays a rendezvous role to relay data
from Range-Long nodes. Determining RN in the cluster always incurs the dilemma which
node should be selected as RN, so we analyze loacation states of RN and summarize four
scenarios to deal with the energy balance issue according to transmission model. In the pro-
cess, we assume that the mission of RN is just for data relay in terms of saving and balancing
energy expenditure. Definitely, we expound the four scenarios about RN in detail, which
affect the strategies for RN selection.

Case 1: General rendezvous case. As show in Fig. 5(a), RN close to RP is chosen as a relay
node to reduce energy expenditure.

Case 2: Parallel rendezvous case. The energy consumptionn of route <Node, RN1,RP> may
be equal to the one of <Node, RN2,RP> due to the structure in Fig. 5(b).

Case 3: Symmetry rendezvous case. The energy consumptionn of route <Node, RN1,RP>
may be equal to the one of <Node, RN2,RP> as shown in Fig. 5(c).
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Case 4: Sharing rendezvous case. Nodel and Node2 share RN as a relay node as shown in
Fig. 5(d).

Note that, RN1or RN2 in Case 2 and Case 3 is selcted in a random manner to reduce energy
consumption. In Case 4, Nodel or Node2 will be chosen to transmit data via RN.
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Fig. 5. Scenarios of a RN Selection

4.2 Application Principle of Diminishing Marginal Utility Rule

Subsection 4.1 demonstrates the complexity of RN selection. To deal with it and achieve
energy optimization, we introduce an economic theory named DMUR, which is employed in
the process of data collecting and needs be indispensable to reveal its evolution mechanisms.
For convenience, we assume that the energy optimization is studied in the cluster S. According
to Equation (3), the optimization model of energy consumption for unit data size can be built

9]
n]jIlZ(gﬁ 'dia + ETeIac)
=1 (14)

s1.|1?|\/(Ef —Ey +(Ef —E) +-+(E - Ey <@

where |S| is the size of S, E’ denotes residual energy of node i, E indicates average re-

sidual energy, d, stands for data transmission range. Generally, @ indicates an empirical

value with preassigned threshold in practice and is hard to manually operate for complicated
scenarios. In order to solve this problems encountered in the constrained optimization (14), we
utilize RNs as relay nodes and ME-assisted RP for energy efficiency. Before proposing our
solution, we introduce DMUR based on a utility function about energy consumption. Below is
the definition of the utility function according to Equation (12):
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Definition 5 (Utility function). A utility function about energy is presented by
f.(n)= Z(Et +EL - (15)

where t indicates time and n is the number of RNs in the cluster S with the assumption of
nx1, E, , E, and E,; are calculated from expression(9)-(11).
In Equation (15), we can exactly search a set of {RN,, RN, ---, RN, } by calculating the value
f,(n), so that it is easy to satisfy the following inequality

f.(n+1)+ f,(n-1) <2f,(n) (16)
And then we propose a quantitative analysis method to search RNs and get the optimal number
of them in a cluster.
Theorem 4. The number of RNs n is argmin( f,(n+1)— f,(n)), if a utility function about

energy consumption is defined as f,(n) =Y (E}; +E{, —Ej;).

i=1
Proof. Obviously, the utility function f, () is just for & =4, which is a monotonically de-
creasing function with increment of n. Next, we look for RNs in the cluster according to
Inequality (16). Actually, Inequality (16) is a DMUR in terms of utility function f,(n). With
N increasing constantly, the following equality is satisfied mathematically.
nILer f.(n+1) - f,(n)=0 (17)

In reality, the number of RNSs is very finite in a cluster. Generally, as long as we guarantee the
marginal increment between f (n+1)and f,(n) is minimum, that is,

min(f,(n+1) - f,(n)) (18)
the number of RNs can be illustrated
argmin(f,(n+1)— f,(n)) (19)

4.3 Adaptive Energy Consumption Optimization

To achieve energy optimization and energy balance, we improve the constrained optimi-
zation (14) according to Theorem 3 and Definition 5. After searching a set of RNs, we can
determine the energy-efficient optimization with MEs.

SRL ‘stRL‘
min Z(gfS dZen)+ D, (6 -d2ge) [+C
j=1
st.f,(n+1)+ f,(n-1) <2f,(n)
var,, (E’, E;,--Eg) <var,(E}, E; - Eg) (20)
di,RN <d0

dj,RP <d,
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where var(-) indicates variance and C denotes an energy constant calculated according to
Equation(3)

C =™ Ey +[S —S™|- (B, + Eg,) (21)
Note that the proposed DMUR can be used for selecting optimal combination of RNs while

guaranteeing the balance of energy consumption with energy variance in the cluster.

After that, ME is used to receive data from the cluster. Due to the latency causeded by a
single ME, we exploit multiple MEs to collect data with RN selection mechanism for energy
efficiency in Algorithm 1 named RTA.

Algorithm 1 Adaptive RN Selection for Rendezvous Transmission Algorithm

while | >0do
if d>d, then
SR« nodelD

else {S—S™}« nodelD including S® and S®

end if
end while

Set S" =@, 8% = E x|3]

for nodelD € S®* do
for nodelD € S —S™ do
Calculate marginal utility f,(-)

if f,(n+1)+ f,(n—1)<2f,(n) then
if var,,(E ) <var (E ) then

Calculate total energy consumption of the cluster E | .0

S E s _nodeid «E

_S_nodelD
end if
end if

end for

Find arg min{S -~}
nodelD

SR « nodelD

end for

In Algorithm 1, E, is the initial energy of every node, E  is the total energy of set S, and

E s nep indicates total energy of set S when nodelD is selected. After selecting S®, data

are stored at corresponding RNs until the ME arrives at the RP. Since the position of every
node is known for other node in the cluster, it is easy for every node to select the RN in terms
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of energy efficiency. We briefly describe the scheme of data transmission after RN being
selected in Fig. 5(a).

5 Improvement for Energy Efficiency Optimization

In this section, we first analyze the cooperation between MEs, and then demostrate the
specific improvement strategies for energy- efficient optimization.
5.1 Mobile Element Cooperation

Comparing with the single ME strategy, we allocate several MEs shown in Fig. 2. Suppose
that ME travels with a speed v and arrives at RP at time T . Like the definition of deadline for
data transmission, we also calculate a deadline Af = 7' —¢|. Generally, we assign the deadline

as follows:

At =max |T —t|

(22)

where max(-) ensures enough MEs on a trajectory. Then we can calculate the number of MEs

27zR.
Num, = | 275 (23)
Afxv
where R. denotes the radius of trajectory Z shown in Fig. 2. The symbol |"| indicates an
upper bound. So, we can calculate the number of MEson £, .
2r(R . — R
}\,ru,‘r,ni+1 = Num + M (2 4)
Afxv
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Fig. 6. Algorithm of RN Selection in Step 1
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5.2 Two-Orbit Back-Propagation Algorithm

In the network framework, we proposed TOBPA for a lower delay to improve the efficiency
of data collection. As shown in this algorithm bellow, we design two steps to reduce the time
interval of data collecting so that the problem of delay can be weakened.

Sept 1) RNs relay. We select RNs to relay data from Range-Long nodes to RP in terms of
optimizing energy consumption of Range-Long nodes and weakening energy unbalance.
Different from algorithm 1, Range-Short nodes in TOBPA will communicate with ME like in
Fig. 6(a), other scenarios are the same as Fig. 5(b-d).

Step 2) Reversed Data Transmission. In order to improve the efficiency of data collection
and lower the delay in step 1, we create a reversed data transmission mechanism called
TOBPA, which have the similar concepts about RNs and reversed rendezvous points (R-RPS)
in terms of what in step 1.

_R/—{iPi_ -RP
N T /N T
T\ A [\ ./ ~._ 7 \ \ f
\ (@), [\l RN/ \ RNC“ A [
R BT I
\ N / \ g
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Fig. 7. Algorithm of RN Selection in Step 2

As shown in Fig. 7, the R-RP also plays the similar role as the RP for ME. Differently,
Range-Long node close to /, in step 1 alters the role as RN or Range-Short node, while partial

Range-Short nodes close to Z, in step 1 become Range-Long nodes instead, others change
their roles in step 2 according to DMUR. Anyhow, similar conlusions inTOBPA could be
acquired in parallel. Therefore, we naturally come to the following corollaries without proof
processes.

Corollary 1. In the reversed data transmission process, there exists one point named R-RP on
the trajectory to make energy consumption of cluster is least when ME arrives at R-RP to
achieve data collection, if & =2.
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Corollary 2. In the reversed data transmission process, there exists a point Q so that the direct
communication model (3) between Range-Long node and ME can be replaced by adding a

relay sensor node at point some Q to reduce energy consumption when o =4.

Corollary 3. In the reversed data transmission process, it is a NP-hard problem to select RNs
for energy efficiency in the cluster of Fig. 7.

Corollary 4. In the reversed data transmission process, there exist the R—RP with ME to collect
data and RNs as relay nodes to ensure that the energy consumption of cluster is least when
a =2 and a =4 coexist in the cluster.

Corollary 5. In the reversed data transmission process, the number of R-RNs N is
arg mNin(fT (N +1)— . (N)), if a utility function about energy consumption is defined as

N
follows: f.(N)=> (E}+E},-E}).
i=1

Note that except for reducing energy expenditure by shortening the transmitting distance,
what involved in TOBPA is the decrease of data volume, which not only reduces energy
consumption explicitly but also adjusts energy balance implicitly. We will concretely elabo-
rate the process next.

5.3 Strategy design on Improvement of Energy efficiency

We analyze the energy optimization and energy balance when ME arrives at RP or R-RP.
Because energy consumption distributes differently for step 1 and step 2, Range-Short nodes
in step 1 could be reused inevitably when ME stops at the R-RP to collect data in step 2. On the
other hand, many MEs could stop at RP or R-RP frequently in a time interval according to
network structure Fig. 2, Fig. 6 and Fig. 7, which leads to a harmful energy dissipation for
Range-Short nodes to transmit data. It is reasonable for Range-Short nodes to be reduced the
utilized frequency, so we exploit a strategy to improve energy efficiency, which permit every
Range-Short node to be scheduled once during the data collection cycle [t, t+ At]. The

strategy is detailedly shown in Fig. 8.

SlRL SzRL U SZRS _ (SlRS ﬂ SZRS) SlRL SZRL U SQRS _ (SlRS ﬂ SQRS)
S — ~— —
tO ’*Sfffs’ tl tO —+ T **gs” t2 tO + 2At

Fig. 8. Working States of Range-Long and Range-Short Nodes.

Seen from Fig. 8, no data are sensed and transmitted by Range-Short nodes during the time
interval [t,, t, + At] in terms of a data collection loop. Consequentially, less data need to be
transmitted, which results in less energy to be consumed. Actually, this mechanism can
guarantee that the data collected by different MEs from the same cluster at different time could
be integrated at Sink without losing performances of WSNs. The data collection algorithms
named TOBPA are listed in algorithm 2 and algorithm 3.
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Algorithm 2 Adaptive Energy-Efficient Data Collection Algorithm(step1)
Classify S®-*%* and S — SR

R_stepl E_S_nodelD_stepl
Set S _step :Q, SE- _nodelD_stepl _ E0><|S|

for SF-**"! « nodelD do
for {S — S*-"*"'} < nodelD do
Calculate marginal utility f (-
if f e (N+D) + f e (N—1) <2F e

t—stept (n) then
if var,,(E°) < var, (E°™) then

t—stepl

Calculate total energy consumption of the cluster

EStgplnodelD stepl
E_S_nodeID_stepl ! S T <~ E_S_nodeID
end if
end if
end for

A . Eslepl
Find arg min{S —*-"*"}
nodelD

gR-stPl ¢ nodelD
end for

Collect data from SR-5"* and SFS-*P' when the ME arrives at RP

Algorithm 3 Adaptive Energy-Efficient Data Collection Algorithm(step2)
C|aSSIfy S RL _step2 and S _ SRL_StGpZ
for S*-"*P? < nodelD do
for {S — S*"-**"?} « nodelD do
Calculate marginal utility ()
if fT—stepZ(N +1)+ fT—stepZ(N -1)<2 fT—stepZ(N) then

if vary,; (E°?) < var, (E°?) then

Calculate total energy consumption of the cluster

E SEftgp_znodem <« EStEPZ
end if

_S_nodelD _step2 ’ _S_nodelD
end if

if nodelD e SRS-strt

gRS_ster2 . gRS_sn2\ nodelD
endif
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B R Estepz
Find arg min{S —*-"**}
nodelD
SR-2 ¢ nodelD
end for

Collect data from SR-%P? and SR°-%P? \when the ME arrives at R-RP

Note that: 1) The algorithm of sept 1 is different from algorithml due to the different
transmission destination of the Range-Short nodes; 2) In the process of step 2, although ME
collects data from Range-Long nodes and partial Range-Short nodes, which may lead to a
temporary energy imbalance, this will be amended by the RN selection in the next loop in
terms of step 1.

6 Simulation Results

In the section, we carry out the simulations by MATLAB 2012b on a Lenovo Laptop with a
2.5 GHz Core4 Inter(R) Core(TM) i5-3210M CPU and 4 GB RAM. Suppose that nodes are
randomly deployed in a region of interest and we first list parameters in Table 1 before we
illustrate simulation results of our algorithms.

Table 1. Simulation parameters

parameters value parameters value
a 204 £ 10J / bit / m?
d 90m Emp 0.0013PJ / bit m*
E, 0.5 Ny 100
E. e 50J / bit Fixed Sink (0,0)

When the first node is dead, we compare our RTA and TOBPA with Cluster-based Algo-
rithm which here is assume that data are collected by members and routed to Sink through CHs
(e.g. LEACH [30]). Through scheduling the MEs in TOBPA, we can make the lifetime of
three of them comparable.

100 T T T T ‘,r T

0

Cluster-based N
TOBPA
RTA

80

70

60

50

Node Number

40

30

20

10

0 500 1000 1500 2000 2500 3000
Rounds

Fig. 9. Lifetime of Three Algorithms.
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In Fig. 9, long distance transmission leads to less than 500 rounds in terms of the lifetime of
Cluster-based WSNs. For RTA, we introduce MEs and determine RNs as relay nodes to re-
duce the transmission distance. So the lifetime is longer that Cluster-based Algorithm. In this
process, although RNs afford more energy consumption, DMUR guarantees the RNs selection
mechanism dynamically adapts the tradeoff between minimum energy consumption and en-
ergy balance in the cluster. Compared with RTA, TOBPA has a little longer lifetime, because
TOBPA activates only partial sensor nodes in step 2.

0.2 0.2 0.08
0.06
0.1 0.1
0.04
0 0 0.02
0 50 100 0 100 200 0 200 400
0.06 0.06 0.06

0.04 0.04 0.04

0.02

:;::Mwwwwww mmwm«m Wm

Fig. 10. Node Energy of Different Scales.

0.02

400

In order to evaluate the ubiquity for energy-efficient data collection, we design three scales
of WSNs(i.e. 100nodes, 200nodes and 300nodes) and analyze the energy expenditure of these
scenarios in 100 rounds. As shown in Fig. 10, the first row demonstrates energy consumption
of Cluster-based algorithm, the second row is RTA’s, and the third is TOBPA’s. Cluster-based
algorithm in the first row absolutely consums most energy due to the long transmission dis-
tances of nodes. For instance, node ID 52 and node ID 63 for the scale of 100 nodes, node 1D
18,ID 60 and 1D 65 for 200 nodes, and ID 88,ID 107, ID 172 and ID 256 for 300 nodes. For the
second row, the value of energy expenditure just fluctuates from 0.02 to 0.05 for different
scales. The reason is that RTA exploits RNs to relay data to save energy instead of directly
transmitting data to ME while adaptively adjusting energy balance among nodes according to
DMUR, which leads to an obviously longer lifetime than Cluster-based algorithm. Seen from
the third row, OTBPA keeps effect as good as RTA. The reason is that TOBPA improves data
transmission frequency to decrease the impact of delay problem without increasing more
energy consumption of each node.

Then we evaluate the impact of different transmission radius ranged from 60m to 120m.
Seen from Fig. 11, the lifetime of Cluster-based algorithm declines with transmission distance
growth. Especially, when the radius is R = 60, no RN is available so that three of them illus-
trate the same features. When the radius meets R =90 or R =120, RTA and TOBPA manifest
obviously advantages compared with Cluster-based Algorithm. Due to the reversed trans-
mission without increasing visit frequency, TOBPA can actually save a little more energy than
RTA, which incurs more rounds than RTA. In addition, values of rounds for TOBPA and
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RTA are increasing with node scale growth owing to RN selection for energy efficiency.

1200
10004
800 | —— Cluster60 -
—— Cluster90
2 —#— Cluster120
S 600} RTA60 -
& * RTA90
RTA120
400 TOBPAG0O T
—&— TOBPA90
+ —#— TOBPA120
200 N 1
=
0 1 1 1 1 1 1 1 1 1
100 120 140 160 180 200 220 240 260 280 300

Node Density
Fig. 11. Impact of Radius.

In order to impartially evaluate the performances of all algorithms, the criteria must be
consistent. So we still employ a peculiar criterion (i.e. the same visits and total packages for a
cluster, not the same time) to measure the issue of energy consumption or energy efficiency
according to the rule in step 2 of TOBPA. The residual energy is explored when the first node
is death with R = 90 in Fig. 12. Cluster-based mechanism is displayed in the upper left part;
RTA in the upper right part; TOBPA in the bottom left part and their variances in the bottom
right part.
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Fig. 12. Residual Energy and Variance.

From Fig. 12, Cluster-based Algorithm makes most nodes keep 80% energy when the first
node is dead, while RTA and TOBPA are almost 40%. Unquestionably, DMUR dominates
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the RN selection strategy to deal with energy balance and energy optimization, which con-
tributes to residual energy with a smaller mean in terms of RTA or TOBPA. Compared to
RTA, TOBPA have a little bit higher mean due to the assumption of the same visits and total
packages for data collection. In fact, the scheduling mechanism wakes up partial Range-Short
nodes in step 2 of TOBPA but partly increases the load of them, which temporarily de-
mostrates some negative effects in terms of energy consumption imbalance. Fortunately, this
problem will be amended by selecting right RNs in next loop.Therefore, the residual energy
variances of the three algorithms clearly illustrate this phenomenon.

In Fig. 13, we show the relationship between RNs and Range-Long nodes, which illustrates
their quantities respectively. For different scales of network including 100, 200 and 300 nodes,
Range-Long nodes are more than RNs. In fact, several Range-Long nodes may share one RN
in RTA and TOBPA, which determine the RNs by DMUR from the perspective of energy
optimization and energy balance.
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Fig. 14. Accumulated energy consumption.
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For comparability, we evaluate accumulated energy consumption with radius R = 90m in
100 rounds. In Fig. 14, the Cluster-based algorithm characterizes a property of maximum
energy consumption. Compared to RTA, TOBPA’s index is almost equivalent to RTA’s. The
difference between them only refers to the scenarios where partial Range-Short nodes are
scheduled in step 2 of TOBPA.Therefore, TOBPA saves more energy than RTA.

7 Conclusion

We propose a clustered structure with MEs for reducing and balancing energy consumption
in WSNs. RPs and R-RPs are designed by geometrical relationship for every cluster to achieve
the energy consumption optimization, respectively. Based on the transmission model, we
define utility function and apply DMUR for RTA and TOBPA to optimize the selection of
RNs, which store and forward data for energy efficiency. Except for delay, RTA and TOBPA
are established to achieve optimal energy consumption as well as energy balance with coop-
eration among MEs. However, we also acknowledge that shortcomings of mobility exist,
which definitely incurs latency problem for data collection and energy resource limitations for
MEs. In the future, we will plan to exploit the technology of mobile edge computing to solve
above mentioned problems. Besides, we will focus on other factors by considering other
factors, such as channel information, communication reliability, and so on.
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