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Abstract—In rechargeable sensor networks (RSNs), energy har-
vested by sensors should be carefully allocated for data sensing and
data transmission to optimize data gathering due to time-varying
renewable energy arrival and limited battery capacity. Moreover,
the dynamic feature of network topology should be taken into
account, since it can affect the data transmission. In this paper,
we strive to optimize data gathering in terms of network utility
by jointly considering data sensing and data transmission. To
this end, we design a data gathering optimization algorithm for
dynamic sensing and routing (DoSR), which consists of two parts.
In the first part, we design a balanced energy allocation scheme
(BEAS) for each sensor to manage its energy use, which is proven
to meet four requirements raised by practical scenarios. Then in
the second part, we propose a distributed sensing rate and routing
control (DSR2C) algorithm to jointly optimize data sensing
and data transmission, while guaranteeing network fairness. In
DSR2C, each sensor can adaptively adjust its transmit energy con-
sumption during network operation according to the amount of
available energy, and select the optimal sensing rate and routing,
which can efficiently improve data gathering. Furthermore, since
recomputing the optimal data sensing and routing strategies upon
change of energy allocation will bring huge communications for
information exchange and computation, we propose an improved
BEAS to manage the energy allocation in the dynamic environ-
ments and a topology control scheme to reduce computational
complexity. Extensive simulations are performed to demonstrate
the efficiency of the proposed algorithms in comparison with
existing algorithms.

Index Terms—Data sensing, dynamic topology, energy alloca-
tion, energy harvesting, rechargeable sensor networks, routing.

I. INTRODUCTION

ATA gathering has been a fundamental issue in Wireless
Sensor Networks (WSNs) [1], [2]. It mainly consists of
two steps: 1) data sensing, which decides the sensing rate of each
sensor to well reconstruct the physical information, and ii) data
transmission, which is concerned with how to transmit sensory

Manuscript received March 11, 2014; revised September 20, 2014; accepted
March 30, 2015; approved by IEEE/ACM TRANSACTIONS ON NETWORKING Ed-
itor L. Ying. Date of publication June 01, 2015; date of current version June 14,
2016. This research was supported in part by NSFC under grants 61222305,
NCET-11-0445, National Program for Special Support of Top-Notch Young
Professionals, and the Fundamental Research Funds for the Central Universities
under grant 2015FZAS5011. (Corresponding author: Jiming Chen.)

The authors are with State Key Laboratory of Industrial Control Tech-
nology, Department of Control Science and Engineering, Zhejiang University,
Hangzhou 310027, China (e-mail: ymzhang@zju.edu.cn; s18he@zju.edu.cn;
jmchen@iipc.zju.edu.cn).

This paper has supplementary downloadable material
http://ieeexplore.ieee.org, provided by the authors.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TNET.2015.2425146

available at

data to sink node. In order to reconstruct the physical informa-
tion with high accuracy at sink node, both data sensing and data
transmission should be optimized. As battery-powered sensors
are not feasible for long-term applications, energy harvesting
technologies have been recently introduced to achieve the goal
of perpetual network operation [3]-[6].

Data gathering optimization was previously addressed in bat-
tery-powered WSNs [7]-[11]. A popular approach is to jointly
optimize data sensing and data transmission globally by using
cross-layer optimization. As the energy budget of each sensor
is given initially, the problem can be formulated as a deter-
ministic optimization problem. However, energy arrival at each
sensor is intrinsically stochastic in RSNs. To optimize data gath-
ering, sensors have to dynamically determine their sensing and
transmission strategies in order to fully utilize the harvested en-
ergy according to the instant profile of energy arrival. These
unique features make data gathering in RSNs a radically new
and challenging problem, which is far from data gathering in
battery-powered WSNs.

In this paper, we seek to optimize data gathering in RSNs
by jointly considering data sensing and data transmission. Ex-
isting works either assumed a static network topology or con-
sidered data sensing and data transmission independently. For
example, Liu et al. proposed a distributed algorithm to jointly
compute a routing structure and a high lexicographic rate as-
signment, provided that the available logical links are prede-
termined [12]. In practice, according to the amount of avail-
able energy, each sensor can adaptively adjust its transmit en-
ergy consumption within a certain range during network oper-
ation to improve the efficiency of data gathering by selecting
optimal sensing rate and routing. Therefore, the dynamic fea-
ture of network topology should be taken into account to im-
prove the efficiency of data gathering. In addition, since sensors
should communicate with each other to compute the optimal
data sensing and data transmission upon different energy allo-
cation,! changing the energy allocation frequently may bring
extra energy cost for communication and computation. Thus,
the extra energy cost, as well as the computational complexity,
should be taken into consideration.

The objective of this paper is to design an algorithm for
data gathering optimization via dynamic sensing and routing
(DoSR) that can maximize data gathering (in the form of
utility) by jointly optimizing energy allocation, data sensing
and data transmission for each sensor while taking the dynamic

Energy allocation is an energy management scheme, which is used to decide
the upper bound of the energy use in each slot.
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feature of network topology into consideration. Specifically,
our contributions are summarized as follows:

* We propose a balanced energy allocation scheme (BEAS)
to manage the energy use adaptively according to the bat-
tery level and the amount of harvested energy for each
sensor, so that all sensors can efficiently utilize the har-
vested energy.

* Based on BEAS, we design a distributed sensing rate and
routing control (DSR2C) algorithm by employing dual de-
composition method and sub-gradient method. We theoret-
ically investigate the performance of DSR2C, showing that
DSR2C converges to the optimal sensing rate and routing
for the data gathering problem.

* We propose an improved BEAS scheme to manage the en-
ergy allocation that can prevent the decrease of network
utility due to extra energy cost incurred by the change
of energy allocation, and a topology control scheme to
manage the established logical links to reduce computa-
tional complexity.

» Extensive simulations based on real experimental data are
performed to demonstrate the efficiency of the proposed
algorithms.

The remainder of this paper is organized as follows. We in-
troduce the related work in Section II and describe the net-
work model and problem formulation in Section III. Then, a
balanced energy allocation scheme (BEAS) for each sensor to
manage its energy use efficiently is proposed and a distributed
sensing rate and routing control (DSR2C) algorithm to find the
optimal sensing rate and routing is designed in Section IV. We
propose an improved BEAS and a topology control scheme in
Section IV. We evaluate the performance of the proposed algo-
rithms in Section V. We conclude this work in Section VI.

II. RELATED WORK

Recently, there are many works on optimal data sensing
and routing in WSNSs. In [7], Hua ef al. presented a smoothing
approximation function of network lifetime maximization
problem by integrating date aggregation with underlying
routing scheme, and proposed a distributed gradient algorithm
accordingly. In [8], He et al. presented a network lifetime
maximization problem by jointly considering routing layer,
physical layer and MAC layer. An efficient heuristic algorithm,
JRPRA, was designed, which could obtain a close-to-optimal
solution. In [13], Nair et al. formulated the network utility
maximization problem as a nonconvex function and presented
a distributed and iterative algorithm to attain globally optimal
transmission rate and routing, respectively. In [14], Long et al.
formulated the throughput maximization and energy efficiency
problem as a cross-layer design problem, and then designed
a joint congestion control, random access and power control
algorithm. In [15], Xi et al. aimed to minimize the sum of
link costs and proposed an optimal power control, routing and
congestion control algorithm. However, all of the aforemen-
tioned works focus on battery-powered WSNs, which cannot
be directly applied to RSNs.

There are several works that aim to optimize energy manage-
ment, data sensing and routing in RSNs. In [16], Chen ef al.
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investigated the utility maximization problem for the recharge-
able sensor networks and developed a joint energy allocation
and routing algorithm, which is a low-complexity online solu-
tion. In [17], Liu et al. focused on network utility maximization
and perpetual network operation, and developed a QuickFix al-
gorithm to compute the optimal sampling rate and route, and
a Snaplt algorithm to adjust the sampling rate. In [18], Lin et
al. proposed an integrated admission control and routing frame-
work, and designed routing algorithms to optimally utilize the
available energy. In [19], Zhang et al. proposed a distributed al-
gorithm to jointly optimize energy management, data sensing
and routing for sensors to maximize overall network utility.
In [20], Joseph et al. designed a joint optimal power control,
routing and scheduling algorithm to ensure that the network re-
sources can be fairly utilized. In [21], Zhao et al. studied the net-
work utility maximization and proposed a distributed algorithm
to adjust data rates, link scheduling and routing according to the
up-to-date energy replenishing status of the sensors. Most of the
aforementioned works assume that a static network topology
and the transmit energy consumption for each sensor is fixed
initially, which may degrade the network performance.

By taking into account time-varying characteristic of network
topology, our goal is to maximize the data gathering by jointly
optimizing the optimal energy allocation, data sensing and data
transmission. Thus our work is different from existing works
and has the potential to significantly improve the network per-
formance. In addition, we proposed an improved energy alloca-
tion scheme to reduce the extra energy cost and a topology con-
trol scheme to reduce computational complexity for the sensors
to obtain the optimal data sensing and data transmission.

III. NETWORK MODEL AND PROBLEM FORMULATION

We consider a rechargeable sensor network, with [V recharge-
able sensors (including one sink node). Each sensor consists of a
solar cell, a rechargeable battery and a wireless module. All the
rechargeable sensors can harvest energy from solar and reserve
them in battery for future use. As typically assumed [12], [22],
the sink node is powered by unconstrained power source and
each sensor harvests less energy than what it consumes. Sen-
sors can transmit their sensory data to the sink node through the
logical links in a multi-hop manner. Furthermore, one sensor
only relays data for other sensors, which are farther from the
sink node.

A summary of notations used in this paper is given in Table I.

A. Energy Management Model

Each day is one period of solar energy harvesting process,
which can be divided into 7" slots. Let p; ; and A;; denote
the total amount of harvested energy and energy allocation for
sensor ¢ atslot¢, £ = 1,2 ..., T, respectively. We assume that
each sensor can estimate p;; with high accuracy, which can
be inferred from historical information by existing works [23],
[24]. Let B; ; denote the remaining energy of sensor ¢ at slot ¢
and B;"®* the maximum battery level of sensor i. B; ; is given
by

pmax

Biyy1 = [Biy+ pip — Aidly’ )
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TABLE 1
NOTATION DEFINITIONS
Symbol | Definition
N The total number of sensors in the network
T The total amount of slots in each cycle
t The t-th slot, t = 1,2,--- ,T
i (k) Sensor (excluding sink node) i (k)
VRO Sensor or sink node j (1)
Bi1 The initial battery level of sensor 4
B¢ The battery level of sensor ¢ at slot ¢
Bmar The maximum battery level of sensor %
Pt The amount of energy harvested by sensor ¢ at slot ¢
At The energy allocation of sensor % at slot ¢
0i,t The surplus variable that denotes the amount of harvested
energy that can not be stored by the rechargeable battery
esm The average energy cost for sensor ¢ to sense one unit
data from the enviroment
65; The average energy cost for sensor 4 to transmit one unit
data sensor j
ere The average energy cost for sensor 4 to receive one unit
data from other sensors
it The total amount of data sensed by sensor ¢ at slot ¢
fije The total amount of data transmitted from sensor i to
sensor j using logical link (4, j) at slot ¢
Pyt The energy consumption for sensor % at slot ¢

max

where [-}fi = max(0, (min(-, B***}). Obviously, the
amount of energy allocation A;; for sensor i at slot ¢ should
satisfy

Ait < Biy + pig. 2)

Moreover, in order to establish sustainable operation, sensors
cannot consume more energy than what they can collect [25],
[26], i.e

T T
S A <Y pi 3)
t=1 t=1

Let surplus variable o; ; denote the amount of harvested energy
that cannot be stored in the rechargeable battery by sensor i, i.e.,

0it = [Bis +pit — Asy — Bt 4)
where [-]T = max(0, -). Obviously, a smaller o; ; means that
sensor ¢ utilizes the harvested energy more efficiently.

B. Energy Consumption Model

We only consider the energy consumption for transmitting,
receiving and sensing in this paper. Let 2% 7, e, and ;™ denote
the average energy cost at sensor ¢ for transrmttmg one unit data
to sensor j, receiving and sensing one unit data, respectively.
For sensor i transmitting one unit data over distance r;; using
the logical link (3, §), the minimal transmit energy consumption
E;;, E;; € E, can be given by

where 3 is a distance-independent term, p is a distance-de-
pendent term and « is the path-loss exponent (2 < a < 4
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for the free-space and short-to-medium-range radio communi-
cation) [27], [28]. The receive energy consumption for each
sensor to receive one unit data from other sensors can be ar-
ranged at a certain level. For simplicity, we assume that the
signal interference between sensors can be eliminated by under-
lying MAC layer (e.g., by TDMA or FDMA mechanism). Each
sensor can adjust its transmit energy consumption within a cer-
tain range to establish a new logical link with another sensor.
Thus, the transmit energy consumption, which can be adjusted
in [0, €™2%], needs to be larger than the minimal transmit energy
consumption, i.e.,

t,
Eij S ei; S e™*, (6)

We use an accessible matrix R to represent the established
logical links for the sensors, whose ijth entry is given by

o b .
Ry = { 1, ife;; satisfies constraint (6), %)

0, otherwise.

When the element R;; equals to 1, sensor 4 can transmit sen-
sory data through the logical link (7, j). Let O(¢) denote the set
of sensors that sensor ¢ can directly forward sensory data to, and
I(i) denote the set of sensors that can directly forward sensory
data to sensor i. Therefore, if j € O(i), the transmit energy con-
sumption for sensor 4 needs to satisfy R;; = 1. Let ; ; denote
the total amount of the sensory data sensed by sensor ¢ at slot
t, and f;;; denote the total amount of sensory data that should
be transmitted from sensor i to sensor j using the link (7, j) at
slot £. Since the sensory data needs to be transmitted to the sink
node at slot ¢ so that it can be retrieved timely, the total amount
of incoming flow and outgoing flow for sensor 7 should satisfy
flow conservation condition,

it T = £ ®)

where

in out __
it E frit and it

kel(i)

Z fzgt (9)

Je0()

The in-network traffic in sensor networks is typically low,
thus we assume that the link capacity is large enough to sup-
port data transmission [12]. According to the energy consump-
tion model, the total amount of energy consumption F; ; for re-
ceiving, transmitting and sensing for sensor ¢ at slot ¢ is

= ¢ Z fklf+e xzt+ Z fljtelj

kel(i) JEO(E

(10)

which cannot exceed the total amount of the allocated energy
for sensor 7 at slot £, as

Aie > Py (11)
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C. Problem Formulation

Let U(z; ) denote the utility function of sensor i, which is
continuously differentiable, increasing and strictly concave. In
this paper, we set U(a;;) = log(x; ), since it can guarantee
the fairness of sensing rate [17], [29], [30]. We aim to maximize
the network utility by managing energy allocation, controlling
optimal sensing rate and choosing optimal routing, i.e.,

Objective max U(z; (12)
o 22 Vo)
st i+ iy = FAR N (13)
Air > Py, Vigt (14)
”t > I, Vi, j € Oi),t (15)
Ay < Biy + pig, Vit (16)
T T
D A<D pig, Vit (17)
t=1 t=1

Equation (13) is flow conservation constraint, and (14) is en-
ergy conservation constraint. Equation (15) is transmit energy
consumption constraint, which ensures that the transmit energy
consumption needs to be larger than the minimal transmit en-
ergy consumption. Equations (16) and (17) are used to guarantee
that the energy allocation is reachable and uninterrupted. Note
that ¢ denotes a sensor excluding sink node.

Remark: In this problem formulation, we do not take the con-
straints for the sink node into consideration, due to the following
reasons:

+ Since the sink node s does not transmit sensory data to
other sensors, f2%* always equals to 0 at each slot £. Hence,
sink node does not satisfy the flow conservation constraint.

 Further, all the flows are unidirectional as one sensor only
relays data for other sensors, which are farther from sink
node. Note that the sink node does not have the energy con-
straint, i.e., it is connected to the power source. Therefore,
there is no Variable associated with sink node in the con-
straint ) _ ;s = f¢7;, and this constraint will always hold.
In other words, if all the sensors satisfy the flow conser-
vation constraint, > z;; = fS”; will also be satisfied. In
view of this, we omit this constraint for the sink node in
our formulation.

It can be observed that problem (12)—(17) is a dynamic
problem, since the energy allocation needs to be adjusted
according to both remaining energy and harvested energy in
the future. To solve the problem (12)—(17), we need to optimize
sensing rates & = {x; 4, 1 =1,2,...,N, +=1,2,...,T} and
flow rates F' = {fij+ 4,5 = 1,2,...,N, t = 1,2,..., T},
which are coupled with the amount of energy allocation, i.e.,
A= {A, i=12...,N ¢ =12,...,T} Moreover
each sensor can adjust its transmit energy consumption to
establish new logical links for routing selection. Hence, in the
next section, we design a DoSR, which consists of an efficient
energy allocation scheme and an optimal sensing rate and
routing algorithm.
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IV. DATA GATHERING OPTIMIZATION BY DYNAMIC SENSING
AND ROUTING (DOSR)

In this part, we design an algorithm for DoSR, which consists
of two schemes, i.e., BEAS and DSR2C. During the operation,
DoSR is run dynamically at the beginning of each period and
then all sensors follow the decision obtained by DoSR in the
rest of the period.

A. Balanced Energy Allocation Schemes

We first focus on the energy allocation for each sensor. Due
to the time-varying profile of the harvested energy, it is hard for
the rechargeable sensor to provide balanced and fair data service
without an efficient energy allocation scheme.

As introduced in [24], an optimal energy allocation scheme
should satisfy the following four requirements:

1) Maintain Energy-neutral operation, i.e., (3);

2) Minimize total amount of the wasted harvested energy, i.e.,
minimize max{o; ;,t = 1,2,...,T},Vi;
3) Minimize variations in the energy allocation, i.e., minimize
T 2
D= (Ai — mig)?s
4) Never runs out of energy, i.e., min{Bi;t,t =
1,2,...,T} > 0,Vi, where B, is given by (19).
In the above, 1) guarantees that each sensor cannot consume
more energy than that it can collect, 2) ensures that each
rechargeable sensor can well utilize the harvested energy and
never misses any recharging opportunity, 3) requires that each
sensor use its energy as smooth as possible, 4) guarantees that
each sensor never runs out of energy, since running out of
energy means the interruption of the continuous sensing.

We propose a balanced energy allocation scheme (BEAS),
which can satisfy the aforementioned four requirements. Specif-
ically, let

(18)

1 Z
Tt = T Zpi,t-

t=1
Since the total amount of utility is an increasing and concave
function of energy allocation (given in Theorem 4), it can be
found that if the battery capacity is large enough, the energy
allocation for sensor ¢ in all slots will equal to m; ;. Thus, we
take the 7; ; as an initial energy allocation, i.e., A;; = m; ¢, Vt.

Let B;; € (—00, 20) denote the virtual battery level, which
is a dummy variable for ease of presentation. We have

Bii11 =B+ pigy — A (19)
Then, we design BEAS for each sensor to manage its energy use
in an efficient way, which guarantees 0 < B.L-,t < Bmeax,

The initial A, ; is set to be 7; ¢, and the virtual battery level
will be updated accordlng to (19). Then we define an upper and
a lower bound, denoted by B and B!*", respectively, i.c.,

B,?P — max{B“Jrl7 t=1,2,... 7T}7

plow _ min{Bi,tJrh t=1,2,...,Th

2

(20)
ey
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i(m)=1{0,3,5,8,15,18,20,24} 7,(m)=5 1, (m)=18
fi(m) 4(m) f(m) H,(m) G,(m) 7,(m)
1 !
0 3 38 8 15 18 20 24
Fig. 1. An illustration of ().
Energy allocation
«— mem+
Ai.t(m) ol
Update B, (m). B (m), B (m) Update
4, (m+1)
Update 4 (m), 7,(m) No t Yes
Find 7,(m). £;(m).7, (m), 7, (m) Case I1I?

No L
¢ No T Yes Update
Case 1?7 —2———><Case 17 > 4 (m+])
iYes

4, = 4, (m)
Fig. 2. The structure of BEAS.

Denote the slot by #' when B} is reached and the slot by ¢”
when Bl® is reached. If B/ > BI"®, we set f; = t'; other-
Wise t1 = 0. Also, if BZD“’ < 0, we set &, = t''; otherwise,

= 0. Hereby, #1(# 0) and t2(# 0) indicate the slots at which
the virtual battery levels B .+ and B .+ reach B P and Bl”“
respectively. In order to make the energy allocatlon sat1sfy the
second and fourth requirements, the total amount of energy al-
location before #; should be increased and the total amount of
energy allocation before 75 should be decreased, respectively.
Thus, we design a balanced energy allocation scheme to reduce
Bf P and increase Béow based on the values of Z; and %,. The
detailed adjustment is given in the following.

Let m denote mth adjustment of energy allocation.
Let B*(m) and Bl*(m) denote the upper and lower
bound after (m — 1)th adjustment, and Z;(m) and Z:(m)
denote the corresponding slots, respectively. We set
t(m) = {0,T,%1(m), t2(m),t(m — 1)}, where m = 1,2,...,

and £(0) = &. Then, we define the following four parameters:

. % (m) is the largest slot in set £(m), which is smaller than
I?l (m) .

. t_f(m) is the smallest slot in set #(m), which is larger than
t_l (m) .

. <g(m) is the largest slot in set £(m), which is smaller than
t2(m), and

. t_)( ) is the smallest slot in set £(m), which is larger than
ta(m).

For example, if {(m — 1) = {0,3,8,15,20,24}, £;(m) = 5
and 7, = 18, then we have i(m) = {0,3,5,8, 15,18, 20,24},
i (m) =3,% (m) =8 5 (m) = 15 and £ (m) = 20. An
illustration is shown in Fig. 1.

Based on the values of 71 (m) and #2(m), the BEAS can be
divided into three cases, which is elaborated in the following:

1) Casel: t;(m) = ta(m) = 0:

A7, = Ai(m). (22)
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2) Case Il: t1(m) # 0:

Ai.’t(m + 1)
Aji(m), t< ¥ (m),
bep(rn)fB’,max _
Aii(m) + —————, Ot1(m) <t <t (m),
— t1(m)—t1 (m)
Aig(m) — BBy <t < F (m),
t1 (m)ftl (m)
Aiz(m), I (m) < t.
(23)
3) Case IIl: ts(m) # 0:
A;im—+1)
Ai;t(m)7 t < <5(7%),
plow _
Aig(m) + =B m) < £ < By(m),
= 72(7{11)* 2 (m) - (24)
A; 4(m) — %B’ (in) , ta(m) <t <ty (m),
ts (m)—ta(m)
%
Ai,t(m)y tQ ( ) < t.

At each iteration, A; ; will be updated according to (23) and
(24) until Z;(m) = 12(m) = 0. The structure of Algorithm 1
can be given by Fig. 2.

Different from a constant energy allocation scheme in ex-
isting algorithm, BEAS aims to dynamically allocate energy as
smoothly as possible, while satisfying the aforementioned four
requirements. It is easy to find that after mth adjustment, the
battery level at slot ¢/, ' € £(m) \ {0,T}), equals to B™** or
0. Furthermore, the battery level at slot ¢’ will not change in the
rest of adjustments. Thus, BEAS will converge to the optimal
solution after at most 1" adjustments. We sketch BEAS in Algo-
rithm 1 and have the following result about its performance.

Algorithm 1 Balanced Energy Allocation Scheme (BEAS)

repeat
fort=1,2,...,T

* Each sensor updates the virtual battery level B,i’t(m)
according to (19).

* Each sensor updates the upper and lower bounds, B (m)
and B!°*(m), according to (20) and (21), respectively.
Meanwhile, the values of #1(m) and Z3(m) are setted.

* Each sensor finds the values ofﬁ(m), t_f(m), <5(m) and
g(m), respectively.

end

« Each sensor updates its energy allocation 4; ;(m + 1)
according to (22)—(24).

em=m+1.
until £; (m) = t3(m) = 0
return A7, = A; ;(m)
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Theorem 1: Sensor i under BEAS will obtain a unique en-
ergy allocation, which satisfies the aforementioned four require-
ments.

Proof:

1) The initial energy allocation is =;; and m;; =
% ZZ;I i+ Hence, 23:1 A (1) = 25:1 pi. We only
need to prove that the total amount of energy allocation
after the adjustment equals to the total amount of energy
allocation before the adjustment.

For Case I, since all the energy allocation are not changed,
it satisfies the equality condition.

For Case II, the BEAS only changes the energy allocation
forslot ¢, ¢ € [%(m) +1, t_f(m)] Thus, we only need
to calculate the total mount of energy allocation for slot ¢,

te[ (m) + 1, tl( )]. As

t1(m)

)D
t:?l (m)+1

the total amount of energy allocation does not be changed
by BEAS.

For Case III, similar to Case II, we only need to calcu-
late the total amount of energy allocation for slot ¢, £ €

%2 (m) + 1, 75 (m)]. As

Br(m) B %) B g
= 2 =
t=t1(m

fi(m) — T (m) 1 (m) — Fi(m)

Zz m
t:?g(mv)Jrl (

the total amount of the energy allocation is not changed.
Hence, we know that BEAS only changes the energy allo-
cation in each slot, and does not change the total amount
of energy allocation. Thus, we have

T T
==Y 40 =Y pise
t=1 t=1

2) In BEAS, it is known that the necessary conditions for
the convergence of BEAS is that the battery level should
satisfies B"(m) < B> and Bl°*(m) > 0 at the
same time. Otherwise, the energy allocation will be up-
dated until it satisfies these two necessary conditions. As
B”(m) < B™* means that the maximal battery level
is not larger than B;"®*, o; , for each slot equals to zero.
Thus, the total amount of the wasted energy is minimized.
Since B! (m) > 0 means that the battery level for each
slot always is no smaller than the energy allocation, each
sensor never runs out of energy. Hence, the second and the
fourth conditions are satisfied.
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3) In the BEAS, if there exists a Z;(m) (or Z2(m)), the first
task for the sensor is to find the <E(m) and E)(m) (or

g(m) and t_z)(m)), and the following task is to adjust the
energy allocation. In order to prove that BEAS minimizes
the variations of energy allocation, we need to prove that
each adjustment of energy allocation minimizes the varia-
tions.

Assume that the (m — 1)th adjustment minimizes the varia-
tions. We need to prove that the mth adjustment also minimizes
the variations.

For Case I: since the energy allocation will not be changed,
the variations will not be changed. Thus, the variations are min-
imized. Furthermore, it is easy to find that Case I indicates that
the energy allocation converges to the optimal solution.

For Case II: since B?(m) is larger than the B™**, which
means that the sensor needs to increase the energy allocation for
the slots before Z; (m) to make battery level satisfy B! (m -+

1) < B®=*_ According to the definition of <E(m), it can be
found that there are two possible values for % (m): the first one
is <E(m) = t;(m’) and the second one is <ﬂ(m) = t2(m'),
where m’ € {1,2,...,m — 1}. Now, we analyze the perfor-
mance based on these two possible values, respectively.

F
i,t1(m)
Ifﬁ( ) =1t (m ), the battery level B &7 oy (m) i larger
than B and B «- (m') > Biz, my(m ) Hence, we can

"1 (m
obtain that A i om , Z A; v (m), where t' € (% (m), T, (m)).
This is because B e (m') will be smaller than B, 7, )y (m')

i, 1 (m)

if Agp(m) > A&

i, t1 (m)

If? (m) = t2(m'), the battery level Biﬁ(m)(m') is smaller
than 0, and B T om )(m’) < Bl-ygl(m) (m'). After m'th adjust-
ment, B o m )( m') equals to 0, Hence, we cannot increase the
energy allocation before <E(m) and can only increase the en-

ergy allocation for the slots between (ﬁ(m), t1(m)], as, other-
wise, the qu.(t_um,)(m’) will be smaller than 0 again.
Hence, the sensor can only adjust the energy allocation be-

tween the (% (m), 11 (m)] to decrease the B (m), as

t1(m)
Yo Ap(m+1)=B"(m) - B+ > Au(m).

t:ﬁ(mu)Jrl
If we aim at minimizing Zil %’j( )+1(Ai’t(m +1) — pig)?, it
=t1 {(m
is easy to find the optimal energy allocation, which is given by
BI'?(m)— B — -
Asam = 1) = Aig(m) 4 2B e (B (). By )]
1(m)— t1{(m

Similarly, there are two possible values for t_l)(m) the first

is t_f(m) = #;(m’) and the second is t_f(m) = #3(m'), where
m’ € {1,2,...,m — 1}. By a similar process, we can find that

the sensor can only adjust the energy allocation between the

(t1(m), t—f(m)} and the optimal energy allocation is glven by

Aj(m+1) = A;y(m) — #,t € (i (m), 1 (m)].

t1 (m)—2t1(m)
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For the Case III, since B!°“(m) is smaller than 0, which
means that the sensor needs to decrease the energy alloca-
tion for the slots before #2(m) in order to make battery level
B (m + 1) > 0. According to the definition of%(m), it can
be found that there are two possible values for <g(m): the first
is g(m) = 13{m') and the second is E(m) = I3(m’), where
m' € 1,2,...,m — 1. We can analyze Case III in the same
way as Case II. Thus we omit the detail. The optimal solution
for Case III can be given as follows:

When ¢ € (13 (m) + 1, 2(m)],

NDlow
Aia(m+1) = Agy(m) + — D g5
tQ (m) — t2 (m)
and when ¢ € (f3(m) + 1, 5 (m)),
Plow ¢,
Aiy(m+1) = Aiy(m) — B (m) (26)

& (m) — h(m)

In general, we find that the mth adjustment is the optimal
adjustment solution. Thus, we can conclude that each adjust-
ment is the optimal adjustment solution for the energy alloca-
tion, which minimizes the variations in the energy allocation. ll

B. Distributed Sensing Rate and Routing Control
With the energy allocation A} ,, calculated by BEAS, we pro-
ceed to design a distributed sensing rate and routing algorithm.

Based on BEAS, the problem (12)—(17) can be rephrased as

objective rfnax Z Z Ux;) (27)
Tt ij,tvez;‘,t PR

s.t. leiz + xi,t = i‘??tj‘a V’L, t (28)

Ar,t 2 Pi,ta Vl’t (29)

In this optimization problem, the variables are sensing rates
x, flow rates f and transmit energy consumptions e". From
the primal problem (27)—(30), it is easy to find that the primal
problem is a convex optimization problem since the relationship
between e} ; and fi;; is independent. Thus, the primal problem
can be solved by employing dual decomposition and sub-gra-
dient method [30]. In such an approach, updating Lagrange mul-
tipliers of one sensor only relates to its neighbors' information
and updating variables of one sensor only depends on its neigh-
bors' Lagrange multipliers. However, this leads to the fact that
the difference between two updates is very small. Thus, this ap-
proach has a very slow convergence rate in a large-scale sensor
network. Note that there is an underlying relationship between
x; and fi;4, as fi;+ can be described as a function of ;. Thus,
we transform this optimization problem into another one by em-
ploying variable substitution.

A summary of notation for matrix used in this paper is given
in Table II.

Now, we introduce flow variables to describe the relationship
between flow rates f and sensing rates 2. We define a diffluent
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TABLE 11
NOTATION DEFINITIONS OF MATRIX

Definition

N X N unit matrix

N x 1 column vector, in which all the elements are 1

The transpose of matrix (-)

+ The matrix (-) at slot ¢

‘ All the elements of the column vector (-) at slot ¢

The i-th row and j-th column element of matrix () at slot ¢
The i-th row elements of matrix (-) at slot ¢

The i-th column elements of matrix (-) at slot ¢

All the elements of the matrix (-) are O except (-);; , at slot ¢
All the elements of the matrix (-) are O except (-);, ; at slot ¢
All the elements of the matrix (-) are 0 except (~):i,t at slot ¢

Symbol

IR 2

matrix h, where h;;; represents the ratio of the total amount
of sensory data that can be transmitted by sensor # using the
logical link (4, j), to the total amount of sensory data that can
be transmitted by sensor i at slot ¢, i.c.,

€2))

0, otherwise.

In order to satisfy the flow conservation in (8), the diffluent ma-
trix h needs to satisfy the following condition:

hi: eS8 =1, Vi, t (32)
where S isa N x 1 column vector, in which all the elements are
1. As the total number of sensors is [N, the number of relays in

the routing path of each sensor is at most V. Let

HY —h), H® = HY 1+ 12,
H®Y =H? + 83, B =H" 4 B}

where A’ = b} 'h; and n, n € [2, N], is the sequence number
of transmission. Note that H. §"> is a function of h;, which is a
constant in each slot.

Lemma 1: All the variables of flow rates can be expressed as
functions of  and A, i.c.,

N
fzg t— :('TtHE”))tS (33)
i =al o) (34)
ou (V)
st =oTH,H) LS (35)
where IAIEN) =T+ Hngl)) and I isa N x N unit matrix.

Proof: According to the definition of H and the properties

of matrix multiplication, H\™ and H E?j)). , can be given by

H{ =hy+ b} + b} +---+ by G6)
HE =T+ hy+ B+ b+ + B Db,
()
=H; hij). 37)
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where f[in) = (I+H" Y)andn € [2, N]. Since one sensor

only serves as relay node for the other sensors, which are farther
away from sink node, all the flows are un1d1rect10nal and there
is no cycle routing in the network topology. Let f 4 ) denote the
total amount of sensory data that will be transm1tted by sensor ¢
after n — 1 times relays from the source sensors using the logical
link (7, 7). We have

) =2k 8

13,3

f;,(_fz _lT ht (i5), fS

FO) =T RN

13,t

h(u) ¢S,

It can be found that fl(;i denotes the total amount of data (sensed
) denotes

by sensor ) sent out by sensor i using link (7, j), f;;

the total amount of data (received by sensor ¢ from its front
sensors, which are the source sensors, after 1 time relay) sent
out by sensor 7 using link (i, j). Similarly, fL(J 2 denotes the total
amount of data (received by sensor i after n — 1 times relays
from the source sensor) sent out by sensor ¢ using link (4, 7).
Thus, the total amount of sensory data that can be transmitted

by sensor ¢ using the logical link (i, j) is

Fiix =IG0+ FG+ G+ 4 1Y
el (I +he+hi + -+ kY Dhy .S
= tHE )) S.
Similarly, we have
=Y al T+ he+ b+ B RS
kEI(i)
=25, (I +hy +B] + -+ B hy
Sy H(ZAP’
it = Z (T4 he+ B+ + B b8
JE0()
=al,(I+hy + b+ + b)Y Dhy,S
—Ta, =) s,
|
Now, (28) and (29) can be rewritten as follows:
I HE g, = o HY S,
(38)
ercal HY ega +al ) Quy S < Ais, (39)
where
HWMetr - ip gt £
L= 13,8vig,t0 13,t 40
@iz { 0, otherwise. (40)
The optimization problem (27)—(30) can be rephrased as
Objective max . Z Z Ulz; ) 41

-’Eizq ij,41€45 ¢
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st el > Ey, Yije0(i)t 42)
‘l:.tS = ]-7 V’L,t (43)

ST HY 40y, = T )H S, Vit (44)

eraT HYY + ey + a7 tH Q(l 5 < Ay, Vit
(45)

By employing dual decomposition and sub-gradient methods,
we design a DSR2C algorithm to solve the optimization
problem (41)—(45).

Through relaxing (42) with Lagrange multipliers 7, (43) with
Lagrange multipliers %, (44) with Lagrange multipliers # and
(45) with Lagrange multipliers 8, respectively, the dual problem
is given as follows:

ma.X
@i,t,hig.e,e 1‘7 -

D(T;77n70): ZZ{ xlt +’V1t(1 h/Z tS)
(N

1
+ i (2T H, HEL))tS—QL HY

+0i,t(A tferel,TH( )

S+ > Tij,t(€§§,t—Eij)}-

JEO(i)

- wi,t)

€i ;L’Lt
. (V)
_x:qtht Q(i:).t

The dual problem of (41)—(45) is

min D(r,n,8,%). (46)
Tig, 6 Yi,6:74,8,04 .1
This dual problem can be decomposed in each slot ¢, i.e.,
Dy(T:,m:,0:,7:)
= znax o Z {U(.fiﬁt) =+ ’Yi,t(l — ]’Li;’tS)
zipihig ey, B
+ ni,t(fftﬁi )H(l S =Tl — 314
+ 0, 4 (Aiy — eT%T H( )~ es”m ¢
. (N) ”
H Q #S)+ Z Tijt (egj.t 1])} (47)
JED(i)
Let Ty = (Tij’t,i,j = 1,27...,;7\[), 'Yt = (’yi.hi =
172,...71\“7),1% = (‘Th"t,i = 1727...7N) andot = (ei’t,i =
1,2,...,N). For simplicity, we use e*" and e"® denote the

average energy cost for sensing and receiving one unit data. The
dual problem D; (T, 1+, 8%, ;) can be rephrased as follows:

Dt("'tﬂ?t»ata’)'t)

- max
i, t.h

> {U(@ie) +7:(S — heS)
(N)
+q,tmTH H(Z)tS 9”:1: H Q(z)t‘s}

mmffﬂmmm+W£>

~zg (] e O] ) Y Y Tigalel, — Ei).

i jeO()

. £
i5t1€55 ¢

(48)
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Due to the convexity and differentiability of (41), the sub-gra-
dient method can be adopted to update the Lagrange multipliers
Tijts Vit> Mt and 8; ; iteratively at each sensor according to

Tije(m+ 1) = [1i3,(m) — e(ef; — By)|” (49)
Yie(m + 1) =7i1(m) — €(1 — hi.4S) (50)
Mialm + 1) =nia(m) — T A, H) S

— 2L N —a,) (51)
Os0(m+ 1) =[0; 4 (m) — e(Ais — e"exT 1)

— ey — aly(H, )Q(z ST (52)

where m is the iteration number, € is step size, satisfying € > 0,
and [-]T = max(0, ).
Since U(x; ) is a strictly concave function of z; ; and all
the constraints are continuously differentiable for x; 1, h;; ; and
Z ] +» respectively, we have that D; (Tt, 7, Bt, ¢ ) is continuously
differentiable for @; ¢, hy;+ and eIJ +» respectively. The deriva-
tives of Dy (7,11, 04, v¢) with respect to x; 4, ks, and efgt can
be calculated by

ODy (T, M, 64,71)

ey U @) ) 5
0D
ODy (T, M, 6:,7:) :‘bl(hijt) (54)
Ohij ’
8Dt(7't777t:0t7’7t)
aef;t _(I’Q( €ij, t) (55)
where
D(x;+) Z{nk tS(Z H HE,? S
_gk,ts(i)(Ht )Q(k:),ts}
— SEHM (nf + o]y — ST (nf + eo])
(56)
3H(N)
@1 (hiji)= —vie — 1 ——(n] +e"0))
Ohij+
(1)
i) T ™) Qi) 4
i H 62 .
i 6h”, Thy, S ariHy G oES
(V)
OH,
+ Z {nkta o HEI{)) g
ke ki
~ (N)
o OH
9]1: t;v 't 8h;7 Q k)7t5} (57)
By(elt,) =mije — Bival HI sy oS, (58)

According to the properties of matrix derivation, we have

oHY

(i)t 1, ifk=idiandl =},
Ohijy { 0, otherwise, (59)
iy { efn,, ifk=1iandl=j, (60)
Ohij+ 0, otherwise,
o™ pH™ D

t t (61)

Ohij,  Ohisy
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8H§n) - 8ht1 (’)h? ah?
Ohije  Ohij:  Ohijy Dy
8ht1 8ht 8h aht .
= hi+h . -
Ohij.t +3hm . " "Ohija T dhija "
Ot pnos n-1 Oht
h h o4 B 62
TGt M G (62)

where n € [2, N], k denotes a sensor excluding sink node, and
[ denotes a sensor or sink node. Note that each sensor does not
need to know all the elements of h, since only the values related
to its data transmission can affect the values of @1 (h;; ;).

By using the KKT optimality, the extremal points for the z; ;,
hij: and e}, can be obtained as

Tia = max Dy, 01,0
S AT TE9) e (63)
hiji(m +1) = { g}fij’t( )+ el ol ;ilii;;)vi:sel,’
(64)
epatmer1) = { B

We sketch DSR2C in Algorithm 2 and have the follovx(/i6ri%
results on the performance of DSR2C algorithm.

Theorem 2: For a sufficiently small positive constant e and
optimal energy allocation A, the DSR2C algorithm will con-
verge to optimal solution.

Proof: Since the primal problem is a convex optimiza-
tion problem, the global optimal solution can be obtained by
employing dual decomposition and sub-gradient method [30].
After variable substitution, the primal problem can be rephrased
as another transformed problem. By using the gradient method,
Zi ¢, hije and el i for the transformed problem will converge to
their extremal points, respectively. Thus, we only need to prove
that the extremal points are the global optimal points.

Algorithm 2 DSR2C

Initialization (A", F)
repeat
for: =1,2,...,N
* Each sensor locally updates the Lagrange multipliers 7;; ¢,
Vi > Mi,¢ and 0; , using (49), (50), (51) and (52), respectively.

* Each sensor sends its A;. ¢, ef:’it and Lagrange multipliers to
sensor j, j € 1(i), meanwhile collecting and forwarding all the
information from sensor j, j € O(3).

* Each sensor calculates its sensing rate z; ;, diffluent matrix
h;. 4 and transmits energy consumption el”, using (63), (64)
and (65), respectively.

end

until 2 (m + 1)

= x:(m), he(m + 1) = hy(im) and
e"(m+1) = e;"(m)

return z;(m), h;(m) and " (m).
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Let D} be the Lagrangian function of the primal problem
(27)—(30) and D; be the Lagrangian function of the transformed
problem (41)—(45), respectively.2 Thus, we have

oD, 0D} Ofuy
al'i.t 0% 1t Z Z afkl,t 3€Bz‘,t (66)
oD, 0Dt 8ka +
= : 67
Ohij+ ; ; Ofris Ohijy (67)
aD,  aD)
3655 t (")eﬁj’-‘t . (68)

According to the properties of matrix derivation given by
(59)(62), ggm > 0,k,l, and Bf“tt > 0 always holds.

If af M.t = (), the data transmitted through link (k,7) does
not go through link (4, j). If the constraint (44) is satisfied,
constraint (43) will always holds. Thus, we omit it in (67).
Using the KKT optimality conditions, the necessary condition

. . . oD ¢
associated W1th hij ¢ isthat >, Y, Ot)fkltt gfl’”i = 0. We can
if,

prove that 5 L= = 0,Vk,1, holds. Let s denote the sink node
and (i, s) denote the link through which sensor i transmits
data to sink node directly. Since only flow fi,+ is transmitted

. . aD, df OD; Ofiss
through the link (4, s), >, 3, s Oh):ii = iy = 0

holds. Due to g,]:l—“ > 0, we have a‘;Dﬁ = 0. Let k be a
sensor who can transmit data to sensor i through link (k, 7).

According to the definition of h;, .. Y, Bc}fu gl{ili

OD; Ofiie oD} Ofias

DFris Ohnes Bfia: Bhnis — = 0 holds. Since af = 0 and
Ofki,e aD,

D, 0, Py 0 holds. Similarly, we can show that
2D, _ 0,Vk, 1, holds. Hence, the necessary condition asso-
Ofkre

ciated with optimal h;;; is the same as that associated with
optimal f;; .
Due to a‘?D = 0,Vk,l, we have ng £
necessary conditions associated with optlmal LLL 4 h.ij,t and
Zt in transformed problem (41)—(45) are the same as these
in primal problem (27)—(30). Since the primal problem is a
convex problem, these necessary conditions correspond to the
global optimal solution of the primal problem. This means that
our proposed algorithm finds the global optimal solution of the
primal problem. u
If all sensors can transmit data to sink node directly, such as
e € [0,00), the following properties for the optimal solution
can be obtained by DSR2C:
Lemma 2: The total amount of utility > U (z} ,) will increase
as energy allocation of any sensor increases.
Proof: Please see the proofin supplementary document. ll
Lemma 3: In order to maximize network utility, all the sen-
sors will consume all the allocated energy.
Proof: Please see the proofin supplementary document. ll
Lemma 4 For the optimal solution, the transmit energy con-
sumption e " should equal to the minimal transmit energy con-
sumption EU, which is given by (5).

Proof: Please see the proofin supplementary document. il

2For simplicity, we do not present the variables for D and D;.

According to Lemma 3 and 4, the optimization problem can
be rewritten as

objective $rh%x” ZU Zit) (69)
N
s.t. H(”)—I—xlt—xTH( )HE ))tS (70)

erca, Y + ey + o7, il Q(ms Ay (71)

Since the transmit energy consumptions for all sensors are
given, variables in this optimization problem are z; and h;.
Also, we can derive that this problem has optimal solution,
since there exists at leat one available solution, i.e., all the
sensors transmit their data to sink node directly. Thus, there
exists an optimal matrix M3 to obtain the optimal solution,
while satisfying the aforementioned constraints, i.e., .CLTt *
M, = AT Letz;, be (M;*).;)T A; and the total utility can
be given by >, U(((M, *).,)T Ay).

Theorem 3: For the different energy allocation A; and A},
we have the following property for total amount of utility:

ZU(((M; D) ZU (M]
< ZU // 1

where A} > A, means that at least one of the sensor's energy
consumption A + 1s larger than A;+ and other sensors' energy
consumption AJ ¢»J # i, is not smaller than 4;;, A, — A, =
{4, — Aigi = 1,2,...,N}, My, M| and M]' denote the
optimal matrix for the energy allocation A;, A; and A, — A;,
respectively.

Proof: Please see the proofin supplementary document. B

Theorem 4: The total amount of utility is a concave function
of energy allocation A;.

Proof: Assume that there are three different energy alloca-
tions A;, A; and A}, where A}, > A; > A}, 2A; > A and
24; = A, + A, M;, M} and M} denote the optimal matrix
for the energy allocation A;, A} and A}, respectively. For the

TA — T Ay)

):)T (AL — Ar)) (72)

optimal solution, it is known that A; = P}, A; = P; and A} =
P. According to the Theorem 3, we have
IICTRNIES WELTR s

> Z U(((M]1).)" AY).

Letzl, = (M; 1)) A @10 = (M, 1)) Ar and 2, =
(M1 .)T AL Thus we have z; > ”Lwt
send out a mount of =t data using matrix Al ¢+ and a amount of

since sensors can

t data usmg matrix M , and the total amount of energy cost is

AI/
At = . Due to the optimal matrix M, the total amount
3Here, M, can be viewed as a function of the diffluent matrix A, but more
complicate than A, . Furthermore, the matrix M, is full rank since matrix M,
can be converted into an upper triangular matrix and the determinant of the
matrix only relates to the e;”
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’ 1
T+

of utility will satisfy 32, U(zis) > 3, U ( f) Since
the objective function is an increasing and concave function,
we have + m;l,t

YU + YUk <23 U
S 2 Z U(zii)v

which shows that the total amount of the utility is a concave
function of energy allocation A;. |
Since the total amount of utility is a concave function of en-
ergy allocation for any A;; and the total harvested energy for
each sensor is given, the optimal energy allocation needs to min-
imize the variation of energy allocation. Thus, in this paper, we
take Zthl (A; 1 —pis)? as the objective function and prove that
the variation of energy allocation is minimized in Theorem 1.

(73)

C. Improved BEAS

Computing the optimal data sensing and data transmission
strategies more frequently can lead to more efficient data gath-
ering. However, it also incurs more overhead for information ex-
change, which bring extra energy cost for communication and
computation to obtain optimal data sensing and data transmission
strategies. According to Lemma 3, all the sensors will consume all
the allocated energy, means that if the energy allocation changes,
the optimal data sensing and data transmission under BEAS will
change. Since too much extra energy costmay lead to the decrease
of network performance, we need to consider the trade-off be-
tween the extra energy cost (for communication and computa-
tion) and network utility when updating the energy allocation.

Assume that the energy cost for communication and compu-
tation for sensor i to obtain the optimal data gathering is given
by a constant £;. If one sensor needs to change its energy alloca-
tion, the extra energy cost for sensor in the network will be in-
creased by &;, which is called extra energy cost in the following
sections. If the sensors employ BEAS, which does not take the
extra energy cost into consideration, they may incur too much
extra energy cost, which decreases network performance. Even
worse, sensors may run out of energy at some slots.

For Case I (see its details in Section IV), the sensors does
not need to change their energy allocation. For Case II and I1I,
the sensors should make decisions whether to change their en-
ergy allocation or not according to the values of available en-
ergy and extra energy cost. If the extra energy cost is very high,
the network performance may be worse than that before. So we
propose an improved BEAS according to the value of &; and
available energy, given as follows:

For Case IL: £; (m) # 0: Since BEAS does not take the extra
energy cost into consideration, the maximal virtual battery level
after the adjustment by BEAS will be lower than the maximal
battery level, which increases the average variation of the energy
allocation. For the improved BEAS, the energy allocation will be
adjusted, according to the values of extra energy cost and battery
level,tominimize the average variation of the energy allocation.

A;4(m), t < ¥ (m),

Apalm 1) = § Avalm)+ sl T (m) <0< Gm),
Aig(m) — Ay(m), ti(m) <t <t (m),
Ai(m), T om) <t
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where A;(m) = [BYF (m) - BP™ —£:]"

- and A4,(m) =
. t1(m)— 3] (m)
[BY7 ()~ B

s - .

ty (m)—ti(m) _ . .

For Case III: £2(m) # 0: Since the total amount of optimal
utility is an increasing function of energy allocation and the
total amount of utility satisfies (72), the total amount of optimal
utility by BEAS will be decreased if §; < (f2(m) — <g(m) —
1)Ble¥(m) — s and s, where ¢ > 0, is a parameter determined
by the function of U(z), B!** (m) and &;. Thus, the energy al-
location will be changed only if

%
t=13 (m)

D> D UK+ Y (U(Xi(l2(m)=U (X' (E2(m))))
. i i
=12 (

m)

1=t3 (m)

< Y YuEie)

K

1=t (m)

where X (1) is the optimal solution for A(#), X'(t) is the op-
Alow .
timal solution for A(#)+ %’gf’) and X" () is the optimal
R ta(m)—-1T9 (m
solution for A(t) + Bl°*, and the improved energy allocation
scheme can be given as follows:

A; 1(m), t < 13 (m),
) Ai(m) + As(m), B (m) <t < Ea(m),
A,"t('m + 1) = ! B N
Ajr(m) — Ay(m), t2(m) <t < t2(m),
A; 1 (m), t_;(m) <t
where Ay(m) = —Béow(@%i and A,(m) = —%Béow(m) .
£a(m)— b3 (m) £ (m)—E2(m)

D. Topology Control Scheme

So far, when all the logical links between the sensors are
available and the transmit energy consumption matrix are prede-
termined by Lemma 4, the optimization problem can be solved
by the DSR2C algorithm based on the improved BEAS.

According to the definition of h;; ¢, if hi; s # 0, sensor 7 will
transmit sensory data to sensor j at slot ¢, and the total amount
of the data transmitted by link (i, j) is f;” * hj; ;. Otherwise,
the sensor will not transmit any sensory data to sensor j through
link (i, 7) at slot ¢.

In optimization problem (41), the sensor ¢ should communi-
cate with sensor j, satisfying {j|R;; = 1} and collect infor-
mation from these sensors, to determine whether transmit/relay
sensory data to sensor j or not. Hence, sensor 7 needs exchange
information with sensor j in despite of h;;; = 0, which in-
volves large overhead. In order to decrease unnecessary network
overhead, we design a topology control scheme to decrease the
message exchange by deactivating the unused established log-
ical links, and activating them again when needed. Typically,
the computational complexity for the sensor can be treated as
increasing function of number of sensors that it communicates
with. Since decreasing the number of sensor's logical links will
decrease the number of sensors that it will communicate with,
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Fig. 4. Experimental data of solar panels obtained from BMS for a period from
Sep. 4th to Sep. 8th, 2012.

topology control scheme can reduce the computational com-
plexity.

Initially, the sensors establish all the available logical links to
calculate the optimal data sensing and data transmission. When
the optimal data sensing and data transmission are obtained by
the DSR2C for the first slot, the transmit power control scheme
for the next slot can be designed by deactivating the established
logical links or activating new logical links as follows:

1) Deactivating:

R'. = R.;
! (%] 139
R {R;j—o,

if hijz 7 0,
else 74)
deactivating action means that the logical link (z, ) will not be
established between sensor ¢ and sensor j to calculate the op-
timal data sensing and data transmission. Thus, sensor ¢ and
sensor j do not need to communicate with each other directly,
which can reduce information exchange between them. The goal
of the deactivating action is to decrease the unnecessary infor-
mation exchange for the sensors, which has no direct data trans-
mission between them.

2) Activating:
R = {g?i — T

ij

ij?

it Py < Ajyand Py < Ajs,

else. (75)

Activating action means that if one of the sensors between the
logical link (i, 7) does not use all of the allocated energy, the
logical link (4, 7) will be established to calculate the optimal
data sensing and data transmission, since the remaining energy
has the potential to increase the network performance. Thus, the
sensors will not miss any opportunity to improve the network
performance.

V. PERFORMANCE EVALUATION

In this section, numerical results are shown to demonstrate
the performance of proposed algorithms over the existing algo-
rithms. All the results are obtained by MATLAB.
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TABLE III
NETWORK PARAMETER VALUES
solar panel 37 x 33mm? B 0.0108J/kb
Bmax 304mWh (1094.4J) “w 0.0002
al31] 3.14 e /e | 0.9936/0.0792)/kb
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Fig. 5. Energy allocation for sensor C' under BEAS, QuickFix with Snaplt and
DELX, respectively. (a) Energy allocation. (b) Total energy allocation.

A. Simulation Setting

Fig. 3 shows the network topology for simulation, in which
the distance between every two neighboring sensorsisd = 10m
and (d) denotes the maximal transmission distance d (similar to
(2d) and (3d)). All the sensors have the same wireless module,
such as TelosB from Crossbow [25]. The values of network pa-
rameters are given in Table III. Fig. 4 presents the solar pro-
file obtained from baseline measurement system (BMS) of Solar
Radiation Research Laboratory (SRRL) for a period from Sep.
4th to Sep. 8th, 2012 [32]. The total amount of harvested en-
ergy for the five days are 939.77 mWh, 976.39 mWh, 570.74
mWh, 498.62 mWh and 1001.31 mWh, respectively. Let the ini-
tial energy of the rechargeable battery for all senors be 140mWh
(504J), and the utility function be U(x; ;) = log(x; ,).

The proposed algorithms are compared with QuickFix with
Snapltin [17], where 4 = 0.2z;, and DLEX [12]. QuickFix cal-
culates the optimal sensing rate using the average energy har-
vesting rate ; 4 (see (18)) for each cycle, and Snaplt adapts the
sensing rate with the goal of maintaining the battery at a desired
level. DELX is designed to compute an optimal lexicographi-
cally data collection rate and routing path for each sensor such
that no sensor will run out of energy.

B. Performance Evaluation of BEAS

Fig. 5 depicts the results of energy allocation at each slot and
total amount of energy allocation during each day for sensor
under BEAS, QuickFix with Snaplt and DELX, respectively. It
can be observed that sensor C' under QuickFix with Snaplt runs
out of energy at some slots, which means that sensor C at these
slots stops working. Also, it can be found that the values of al-
located energy by BEAS are much larger than that by QuickFix
with Snaplt or DLEX at most slots. From Fig. 5(b), it can be
seen that the total amount of allocated energy for sensor €' under
BEAS during the five days are much higher than that under
QuickFix with Snaplt or DLEX, especially for the second and
fifth days. The simulation results demonstrate the efficiency of
our BEAS, especially when the battery capacity is deficient to
store all the harvested energy.
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TABLE IV
NETWORK UTILITY FOR EACH DAY

Total Network Utility

Approach First Day  Second Day  Third Day  Fourth Day  Fifth Day
DSR2C(d) 332.65 33492 277.63 263.34 337.028
DSR2C(2d) 405.82 408.09 350.80 336.51 410.20
DSR2C(3d) 413.11 415.38 358.09 343.80 417.48
QuickFix with Snaplt 332.11 -00 -00 -00 -00
DLEX 286.57 292.89 279.55 230.46 317.86
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Fig. 6. Battery level and surplus variables for sensor C under BEAS, QuickFix (a) (b)

with Snaplt and DELX, respectively. (a) Battery level. (b) Surplus variable.
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Fig. 7. Total amount of minimal and maximal sensing for each day under
DSR2C, QuickFix with Snaplt and DLEX, respectively. (a) Minimal sensing
rate. (b) Maximal sensing rate.

Fig. 6 illustrates the battery level and surplus variables oc
for sensor C' under BEAS, QuickFix with Snaplt and DLEX,
respectively. As shown in Fig. 6(a), the battery level for sensor
C under QuickFix with Snaplt reaches zero at some consecu-
tive slots, which means that sensor C' has run out of energy and
cannot provide data service at these slots. From Fig. 6(b), it can
be seen that sensor € under QuickFix with Snaplt or DLEX
cannot store all the harvested energy in the rechargeable battery
due to the limited battery capacity, and that under BEAS can
reserve all of the harvested energy. Since the harvested energy
can be reserved to power the sensor for providing data service,
thus the sensor under BEAS has more potential to improve the
network performance than that under other two approaches.

C. Performance Evaluation of DSR2C

Minimal and maximal sensing rate usually are used to demon-
strate the weakest and strongest performance of the network,
so the total amount of minimal and maximal sensing for each
day are shown in Fig. 7. It can be found that when the max-
imal transmission distance is d, sensors under DSR2C obtain
highest total amount of minimal and maximal sensing among
DSR2C, QuickFix with Snaplt and DLEX, respectively. More-
over, with the increasing of maximal transmission distance, the
total amount of minimal and maximal sensing for sensors under
DSR2C increases.

Fig. 8. Total amount of sensory data and energy utilization ratio for each day
under DSR2C, QuickFix with SnapIt and DLEX, respectively. (a) Total amount
of sensory data. (b) Energy utilization ratio.

The total amount of sensory data and energy utilization ratio
for each day are shown in Fig. 8(a). When the maximal trans-
mission distance is d, sensors under DSR2C achieve the highest
total amount of sensory data for each day among DSR2C,
QuickFix with Snaplt and DLEX, respectively. With the in-
creasing of maximal transmission distance, the total amount
of sensory data obtained by sensors under DSR2C increases.
Generally, larger amount of sensory data means better network
performance. From Fig. 8(b), it can be easily found that sensors
under DSR2C with maximal transmission distance 3d can best
utilize the harvested energy, since all of the harvested energy
has been spent. With the decreasing of maximal transmission
distance, the energy utilization ratio decreases. When the
maximal transmission distance is d, sensors under DSR2C can
better utilize the harvested energy than those under QuickFix
with Snaplt or DELX. Thus, sensors under DSR2C obtain best
performance among those under these three algorithms, which
demonstrates the efficiency of DSR2C.

Table IV exhibits the results of network utility for each day.
It can be seen that sensors under DSR2C (3d) obtain the highest
network utility for each day. Note that the utility obtained by
sensors under QuickFix with Snaplt drops to negative infinity
except the first day, because sensors under QuickFix with Snaplt
run out of energy and stop working at some slots during these
days. Moreover, when the maximal transmission distance is d,
the overall network utility of the five days obtained by sensors
under DSR2C is larger than those under other two algorithms.
All these demonstrate that the performance of DSR2C is better
than that of other two algorithms.

In summary, simulation results show that the network per-
formance can be increased by adjusting the transmit energy
consumption of each sensor to establish new logical links for
routing selection. Furthermore, energy utilization ratio can
be improved by adjusting transmit energy consumption and
selecting optimal sensing rate and routing.
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Fig. 9. The average amount of data and utility during the five days. (a) The
average amount of data. (b) The average amount of utility.

D. Performance Evaluation of DoSR for Large Rechargeable
Sensor Network

In order to understand the performance of DoSR in large
rechargeable sensor networks, we perform simulations in a
200m x 200 m area, in which sink node is located at (100, 100)
and and n, n = {10,20,30,...,140,150}, sensors are de-
ployed into this area randomly. The simulation results can
be found in the Fig. 9, where Long means that the maximal
transmission distance for each sensor is 150 m and Short means
that the maximal transmission distance for each sensor, which
is the same as that set by QuickFix with Snaplt or DLEX, is 60
mm.

It can be found that with the increase of the number of sensors,
the total amount of data, as well as the total amount of utility in-
creases. Also, it can be seen from that DSRC (Long) obtains the
highest average amount of utility while DSRC (Short) obtains
the highest average amount of data. Combined with the simu-
lation results in Table IV, we observe that similar conclusions
can be made by comparison with the simulation settings where
small number of sensors are used.

E. Performance Evaluation of Improved BEAS

In this section, simulation results under BEAS and improved
BEAS are given to demonstrate the efficiency of the proposed
algorithms. Fig. 10 shows the relationship between the &; and
the total amount of utility. It can be found that the total amount
of the utility will be decreased with the increase of extra energy
cost. More important, the total amount of utility for the sensors
under BEAS decreases faster than that under improved BEAS.
It can be seen from Fig. 10(b) that the difference of the total
amount of the data for the sensors under BEAS and improved
BEAS is very small, but difference of the total amount of utility
is much larger. That is because the improved BEAS can maxi-
mize the total amount of data while keeping the fairness of net-
works. Thus, improved BEAS can deal with the extra energy
cost to maximize the total amount of utility.

F. Performance Evaluation of Topology Control Scheme

We use the values of sensing rates x for each iteration to
demonstrate the convergence rate of DSR2C with or without
topology control scheme, when maximal transmission distance
is 3d. The simulation results are shown in Fig. 11. It can be
found that the sampling rates under DSR2C with or without
topology control scheme have the similar convergence rate.
Table V shows the change of accessible matrix E when the
topology control is added to the DSR2C. The sensor under
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TABLE V

CHANGE OF R FOR ADDING TOPOLOGY CONTROL TO DSR2C

R:A R:B R:C R:D R:E R:S
Ry 0 1 1-0 ] 1—-0]|1—>0 1
Rp. 0 0 1 0 1—-0 1
Rc. 0 0 0 0 0 1
Rp. 0 1—0 1 0 1 1
RE. 0 0 1—-0 0 0 1
Rs. 0 0 0 0 0 0

DSR2C should communicate with a certain number of sensors
defined by accessible matrix R to compute optimal data sensing
and routing. It can be found that topology control scheme can
reduce the communication between the sensors in an efficient
way. For example, without topology control scheme, sensor A
should communicate with sensors B, ', D, E and sink node S,
but with topology control, sensor A only needs to communicate
with sensor B and sink node 5. Thus, DSR2C with topology
control can reduce computational complexity while it will not
affect convergence of the algorithm.

VI. CONCLUSION

In this paper, we have studied dynamic sensing and routing
problem to maximize overall network utility for rechargeable
sensor networks. We first proposed a balanced energy alloca-
tion scheme (BEAS) to manage energy use for each sensor as
smooth as possible. By introducing flow variables to simplify
the relationship between sensing rates and flow rates, we de-
veloped a distributed sensing rate and routing control (DSR2C)
algorithm to obtain the optimal sensing rate and routing by em-
ploying theory of dual decomposition while taking the dynamic
feature of network topology into account. An improved BEAS
was proposed by taking extra energy cost into consideration to
manage the energy allocation and a topology control scheme
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was proposed to reduce computational complexity. Extensive
simulation results are given to demonstrate the efficiency of our
algorithms by comparing with existing algorithms.
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