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Abstract—Battery-Free Wireless Sensor Networks (BF-WSNs)
have been attracting increasing interests in the recent years. To
reduce the latency in BF-WSNs, the Minimum Latency Aggre-
gation Scheduling (MLAS) problem with coverage requirement
q is proposed recently, which tries to choose g percent of nodes
for communication and aggregation. In the existing method, the
authors try to select nodes adaptively according to their energy
status and schedule these nodes to achieve the minimum latency.
Unfortunately, it cannot guarantee the distribution of the aggre-
gated nodes and may result in these nodes being squeezed in a
small area and a poor aggregation quality. Thus, we re-investigate
the g-coverage MLAS problem in this paper, which can guarantee
that the aggregated nodes are distributed evenly. Firstly, the 1-
coverage MLAS problem, in which each node can be covered by
at least one aggregated node, is studied. To reduce the latency, we
intertwine the selection of aggregated nodes and the computation
of a collision-free communication schedule simultaneously. Two
algorithms are proposed by scheduling the communication tasks
in the bottom-up and top-down manner respectively. Secondly,
to satisfy the arbitrary coverage requirement ¢, three algorithms
are proposed to guarantee the aggregated nodes are evenly
distributed in the network with a low latency. Additionally, the
method to extend the proposed algorithms for the BF-WSNs
with multiple channels is also studied. The theoretical analysis
and simulation results verify that the proposed algorithms have
high performance in terms of latency.

Index Terms—Data aggregation, latency-and-coverage aware,
battery-free, multiple channels, wireless networks.

1. INTRODUCTION

Thanks to the emerging energy harvesting technology,
Battery-Free Wireless Sensor Networks (BF-WSNs) have
drawn extensive attentions from researchers, where the
rechargeable devices can be charged with a wireless charger
through the air [1], [2]. Through harvesting energy from
ambient environment, BF-WSNs can operate in a more au-
tonomous fashion, which increases the applicability of BF-
WSNs and Internet of Things (IoTs), making IoT a major
source of big data. However, the harvested energy at each
node remains scarce and differs greatly due to their limited
capability. Thus, how to exploit the harvested energy at each
node for sensing and networking algorithm design, has drawn
a growing research interest recently [3], [4].
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Data aggregation is an essential operation in wireless sensor
networks, where the sink node tries to obtain the summary
information of the whole network [5]-[9]. Due to the lim-
ited communication range of sensor nodes, the problem of
Minimum Latency Aggregation Scheduling (MLAS) is proved
to be NP-hard and has attracted extensive attentions from
researchers. In traditional battery-powered WSNs, the MLAS
problem has been studied by [10]-[17], where the authors try
to minimize the interference between wireless communication
links to reduce the latency. Furthermore, when the sensor
nodes exploit the duty-cycled working scheme for energy
conserving, the MLAS problem has been studied by [18]-
[22]. In their algorithms, the sleep latency between nodes is
considered to further reduce the latency. However, all these
methods are not suitable for BF-WSNs due to the dynamic
energy status of sensor nodes.

For BF-WSNs, a sensor node can only transmit and receive
messages after it has been charged enough energy, and the
captured energy remains scarce and differs greatly among
sensors. For example, according to [4], the harvested energy
ranges from 1.44mJ/s to 20uJ/s at different distances, which
means the charging time at each node are highly different. In
such networks, the MLAS problem has been firstly studied by
[4], where the energy-collision problem between communica-
tion tasks is introduced for BF-WSNs and three centralized
algorithms are proposed to construct the aggregation tree
and schedule BF-nodes adaptively according to their current
energy status. Since the latency is mainly caused by the
charging time in BF-WSNs, the authors in [1] proposed the
MLAS problem with coverage requirement g recently, which
tries to pick up g percent of nodes to participate in the
aggregation process and schedule these nodes to achieve the
minimum latency. However, their algorithm has the following
two problems:

i) Problem 1. The nodes participated in the aggregation
process are not evenly distributed in the network, which
may cause the aggregated nodes being squeezed in a small
area incurring a poor aggregation quality. This is because
they only consider the latency during the selection of the
aggregated nodes.

Problem 2. Even only choosing g percent of nodes to
participate in the aggregation process, their algorithm
can be improved greatly. This is because the aggregation
latency is not only related to the charging delay, but also
the structure of the aggregation tree.

ii)
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The example of g-coverage data aggregation scheduling in BF-WSNs, where (a) denotes a BE-WSN, (b), (c) and (d) denote the resulted aggregation

tree and communication schedule by three methods. The aggregated nodes are marked blue.

For example, Fig.1(a) gives the example of a BF-WSN, where
the numbers in the brackets above the nodes denote their initial
energy and charging rate, and the energy for transmitting and
receiving a packet are assumed to be 1 for simplicity. If we
set ¢ = 30, then by choosing 30% of the nodes at each level,
the algorithms in [1] may generate the aggregation tree and
schedule the communication tasks as in Fig.1(b). However,
there are a large number of nodes that cannot be covered by
the aggregated nodes, which may greatly reduce the accuracy
of the aggregation result [6]. In addition, if we just consider
the coverage requirement g and generate the aggregation tree
as in Fig.1(c), the aggregation latency will be much less, but
the aggregated nodes also cannot cover the whole network.

To address the above problems, we study the coverage
aware MLAS problem in multi-hop BF-WSNs in this paper.
To guarantee all the nodes can be covered, we first investigate
the l-coverage MLAS problem, in which each node can
be covered by at least one node which participates in the
aggregation process. On the basis of the 1-coverage MLAS
problem, we then propose the g-coverage MLAS problem
to satisfy the arbitrary coverage requirement g (g percent
of nodes to be aggregated) while the aggregated nodes are
evenly distributed in the network. For these two problems,
we propose the first latency-and-coverage aware scheduling
algorithm by intertwining the selection of aggregated nodes
with coverage requirement and the computation of a collision-
free communication schedule simultaneously. For example,
for the network shown in Fig.1(a), the resulted aggregation
tree and communication schedule when g = 30 is shown in
Fig.1(d), in which not only all the nodes are covered, but also
the aggregation latency is comparable with that of [1]. Our
main contributions are as follows.

1) The 1-coverage MLAS problem is firstly defined in BF-
WSNs, in which each node can be covered by at least one ag-
gregated node. On the basis of the 1-coverage MLAS problem,
the g-coverage MLAS problem is also defined and proved to
be NP-hard, in which the arbitrary coverage requirement g can
be ensured while the aggregated nodes are distributed evenly.

2) For the 1-coverage MLAS problem, a parent choosing
algorithm is first proposed to intertwine the selection of the
aggregated nodes and the computation of a collision-free
communication schedule simultaneously. Then, two latency
aware algorithms are proposed to schedule the communication
tasks in the bottom-up and top-down manner respectively. The
theoretical latency bound of the proposed algorithm is also
analyzed.

3) For the g-coverage MLAS problem, three latency-and-

coverage aware algorithms are proposed to satisfy the arbitrary
coverage requirement g while the aggregated nodes are evenly
distributed in the networks with a low latency. Additionally,
we also study how to extend the proposed methods when there
are multiple channels in BF-WSNs.

4) Through extensive simulations, it is shown that the
proposed algorithms have high performance in terms of both
aggregation latency and coverage quality.

The rest of the paper is organized as follows. Section II
introduces the related works. Section III presents the wireless
network model and problem definition. Section IV and Section
V describe the detailed algorithm design for the 1-coverage
and g-coverage MLAS problem in BF-WSNs respectively.
Section VI explains the theoretical analysis for the proposed
algorithms. The simulation results are shown in Sections VII.
Finally, Section VIII concludes the paper.

II. RELATED WORKS

The MLAS problem in traditional wireless sensor networks
has been studied by [10]-[17], where a sensor node is as-
sumed to be battery-powered and always awake. With this
assumption, the MLAS problem is firstly proved to be NP-hard
in [10], where a Shortest Path Tree (SPT) is constructed for
data aggregation, and the latency bound is (A — 1) = R, where
R denotes the radius of the wireless network and A is the
maximum node degree. By making use of a balanced SPT for
data aggregation, Malhotra et. al. further reduced the latency in
[11]. Huang et al. improved the latency bound to 23R+A—-18 in
[12] by exploiting a CDS-based (Connected Dominating Set)
tree for aggregation. The latency bound is further reduced to
16R + A — 11 by [13] with an improved First-Fit scheduling
algorithm. Wan er al. proposed a pipeline scheduling algo-
rithm with a latency bound of (1 + 0(log(R)/\3/§))R + A in
[14]. Besides the above centralized solutions, the distributed
aggregation algorithm with a latency bound of 48R + 6A + 16
was proposed by Yu et al. [15]. The latency bound was reduced
to 16R+A—14 by Xu et al. [16] through setting the center node
as the aggregation source. After that, Bagaa et. al. proposed a
distributed algorithm which outperforms all the above methods
in [17] by choosing the parent from neighbors smartly.

When the sensor nodes work cyclically to save energy in
duty-cycled wireless networks, the MLAS problem is studied
by [18]-[22]. The MLAS problem in duty-cycled wireless
networks was firstly proved to be NP-hard in [18], and a
centralized algorithm with latency bound of (15R+ A —3)«|W]|
was proposed based on a CDS-based tree for data aggrega-
tion, where |W| is the length of a working cycle. The data
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aggregation scheduling algorithm based on a SPT tree was
proposed in [19]. The latency bound was further improved to
(BR+6A+O(logR))|W| in [20] by using a pipelined scheduling
method. Recently, Chen er al. [21] proposed the first dis-
tributed data aggregation scheduling algorithm for duty-cycled
networks, where they try to exploit all the active time slots
among the neighbors to reduce the latency. The delay efficient
algorithm for duty-cycled networks with multiple channels
was studied by [22]. However, all the above methods are not
suitable for the battery capacity constrained networks.

For BF-WSNs, the MLAS problem was firstly studied by
[4], where three centralized algorithms are proposed to con-
struct the aggregation tree and schedule BF-nodes adaptively
according to their current energy conditions. But it is aimed
for the whole network. To the best of our knowledge, the g-
coverage MLAS problem in BF-WSNs has been only studied
by [1] recently, in which they try to choose g percent of
nodes for aggregation and communication. However, they only
consider the latency during data aggregation. It may result in
the aggregated nodes being squeezed in a small area, which is
not beneficial to obtain an approximate result [6]. Except the
data aggregation scheduling problem, the minimum latency
broadcast scheduling and CDS construction problem in BF-
WSNs are studied by [2] and [3] recently.

III. NETWORK MODEL AND PROBLEM DEFINITION
A. Network Model

Considering a multi-hop wireless network G = (V, E), where
V =1{1,2,...,n} is the set of battery-free sensor nodes deployed
in a target area, and E = {(v,u) | 1 <v,u <n & v # u} denotes
the one-hop neighborhood relationships among nodes (For any
two nodes u and v, they are neighbors if only if (v,u) € E,
and thus, they can communicate with each other directly).

Similar as in [1]-[4], we assume the network time is divided
into a series of time slots with fixed length 7 (which is enough
for one transmission, and can be set according to CC2420 [23],
i.e., T = 50ms), and each node can be charged by wireless
power transfer. Let 6, be the charging rate of node v (Note
that, the charging rate can also be varying with time, which
will be introduced in our future work). For node v € V, let
B,[k] (k > 0) denote the residual battery level of v at the
beginning of k-th time slot, and B, [0] denotes the initial energy
at node v and can be just set as 0. As in [2]-[4], we assume
the charing rate of each node can be obtained by the sink to
calculate the communication schedule for each node.

As for data aggregation operation, the energy is mainly
consumed by receiving or transmitting a packet [1] (we
omit the energy consumption of data processing and sensing
here, which can also be added in the proposed model, i.e.,
reserve the energy for sensing at the beginning and the energy
for data processing before transmitting its own packet). Let
E,/E, denote the consumed energy for receiving/transmitting a
packet. Additionally, the battery level at each node is bounded,
then we can have B, < B,[k] < Bx, Where B, and B,
denote the minimum residual energy and the battery capacity
respectively. For simplicity, we just set B,,;,, as O in this paper.
Then, the residual battery level of v, ie., B,[k] (k > 1), can
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be updated with

min{B,[k — 1] + 0,, Buax}, if v is charging
min{B,[k — 1] + 6, — E,, Bax}, if v is receiving
min{B,[k — 1] + 6, — E;, Byax}, if v is transmitting

B,[k] =

B. Wireless Channel and Interference Model

Data aggregation scheduling problem in BF-WSN expects
a data aggregation tree routed at the sink and a collision-free
transmission plan for each node in the tree. Assume NB(V)
denotes the set of v’s neighbors. Let Child(v) be the set of
v’s children. Node v’s parent and transmitting time slot are
denoted by p(v) and #(v), respectively. Then, we can have the
following definition:

Definition 1. (Transmission Plan) Given node v € V, let
sch(v) = [v, p(v), t(v)] denote the transmission plan of v, where
(v, p(») € E and B,[1(v)] 2 Byin+E; and By [t(v)] > Bin+E;.

Actually, it means node v is scheduled to transmit its data
to its parent p(v) at time #(v) for data aggregation, where node
v and v’s parent satisfies the battery level constraint.

For wireless communication, we first consider the MLAS
problem with single channel under protocol interference mod-
el (the collision occurs when the receiver hears two and more
messages simultaneously) as in [1], [4] in this paper. Note that,
the proposed algorithm can also be suitable for the physical
interference model (the collision occurs when the receiver’s
SINR value is less than a certain threshold) through a little
modification, which will be shown in our future work. Given
two transmission plans [u;, p(uy), #(u1)] and [uy, p(uz), H(uz)],
these two communication tasks are conflicted under protocol
interference model if the following two conditions are satis-
fied: 1) #(u1) = t(uz); 2) p(u1) € INF(up) or p(uz) € INF(uy),
where INF(u) denotes the set of nodes lying in u’s interference
range. This is called Time-Collision, since the communication
tasks are conflicted by transmitting in the same time slot.

Different from traditional WSN, there exists a new kind of
collision between communication tasks in BF-WSNs, which
is called Energy-Collision [4]. As the example shown in
Fig.2(a), assume the candidate transmission plan of node u
and w are calculated as [u,v,0] and [w, v, 3] respectively. We
can find these two transmission plans are time-collision free
and satisfy the battery level constraint. However, they cannot
be scheduled simultaneously. If [w,v,3] is scheduled, then
[u, v, 0] cannot be scheduled. This is due to node u and w share
a same parent v. The common parent v won’t have enough
energy to receive w’s packet at time 3 (B,[3] = 0.3 < E,)
after receiving u’s packet at time 0. Thus, one must be very
careful when scheduling in BF-WSNs. Additionally, energy-
collision also occurs in the two cases as in Fig.2(b) and 2(c).
Generally, the transmission plan [u;, p(uy), #(u;)] is energy-
conflicted by [uy, p(u2), t(u)] if the following two conditions
are satisfied: 1) p(uy) = p(uz) or p(uy) = uy or p(uz) = uy; 2)
[u1, p(uy), t(u;)] cannot be scheduled due to the battery level
constraint when [u,, p(us), t(uz)] is scheduled.

C. Problem Definition

In [1], the MLAS problem with coverage requirement g
in BF-WSNs is proposed to further reduce the aggregation

1536-1276 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorizeg) ligenises Jse fimitest io5Gegras MasandniyarsittRwnioaded e kehrtaty k& BA%t 800 3R 188 T framdFRbARiome. i Rraiiations apply.



This article has been accepted foFipistiki¢ht am thnoafistensidssof i thris ettt b bees pobbistie duillythiti jedirGaln €ha mgey wleangagiedotthfinaipidiibytthn (Githisber ipfrmmtatparblio@iorn. 1109/ TWC.2020.3036408, IEEE
il v pidse.doi.org/10.1109/TWC.2020.3036408

The final version dfzesartic reless Communk

{1,0.1} {1,0.1} Loy E=E= R J—
v @ p R i
Q’/ \\ \\/ /f //'@ //\\ '® \\
’ !

& S S <, 7 SN kil s
\ \ ' NG @"”_”‘@,,___@’ (& !

@ 7(=3 @ _1:‘3 @\\\\ N ,

; 7

(1,027 {0303} {102} 7 N{0303) {102} {0303} *

(a) (b) (c)
Fig. 2. Energy-collision between wireless communication tasks.

latency, in which only a part of nodes are chosen to participate
in the aggregation process. In their proposed problem, the
number of aggregated nodes is required to be no less than
[V|*gq, i.e., |T| = |V]|*q/100, where T denotes the constructed
aggregation tree, and ¢ is the coverage requirement. However,
it may result in the aggregated nodes being squeezed in a small
area, which is not beneficial to obtain an approximate result
[6]. Thus, to improve the aggregation quality, we consider the
following g-coverage problem, which has the following two
coverage requirements:

1) For Yu € V, we have T N {NB(u) U {u}} # 0;

2) IT1/IV] =z q/100.

Actually, the Requirement 1 requires that for any node
Yu € V, either u or one of its neighbors has been included
in the aggregation tree. In this case, we can guarantee all
the nodes in the network can be covered by the aggregated
nodes. This can greatly improve the aggregation quality by
utilizing the spatial relationship between nodes. Note that, we
call Requirement 1 as the l-coverage requirement, and the
MLAS problem with only Requirement 1 as the 1-coverage
MLAS problem in this paper. The Requirement 2 can be used
to further improve the aggregation quality by adjusting the
parameter g. Obviously, when g = 100, it is equivalent to the
traditional MLAS problem in wireless networks.

Now, we will introduce the formal definition of the g-
coverage MLAS problem in BF-WSNs.

Input:

1) A BF-WSN G = (V,E);

2) A sink node s, and the coverage quality requirement

q (0 < g <100).

Output: An aggregation tree 7 and a collision-free (includ-
ing time-collision and energy-collision) aggregation schedule
S ={ [u, p(w), t(w)]|, Yu € T — {s}}, which satisfies :

1) The aggregation tree T satisfies the above two coverage

requirements.

2) The data aggregation schedule has the minimum aggre-

gation latency.

It is proved to be NP-hard in Theorem 1 since the traditional
MLAS problem in BF-WSNs is NP-hard [4], which is a special
case of the g-coverage MLAS problem.

Theorem 1. The g-coverage MLAS problem in BF-WSNs is
NP-hard.

IV. Data AGGREGATION SCHEDULING FOR THE 1-CovERAGE MLAS
PROBLEM

Before introducing the algorithms for the g-coverage MLAS

problem in BF-WSNs, we first introduce two efficient algo-

rithms for the 1-coverage MLAS problem in BF-WSNs, which

are: 1) Bottom-Up and coverage aware data Aggregation

. INF

J
INF(x) #

Fig. 3. The example of avoiding time-collisions.
Scheduling (BUAS) algorithm; 2) Top-Down and coverage
aware data Aggregation Scheduling (TDAS) Algorithm. Note
that, these two algorithms can construct the aggregation tree
and schedule the communication tasks in a bottom-up and top-
down manner respectively.

A. Bottom-Up and Coverage Aware Data Aggregation
Scheduling Algorithm

In this subsection, we will first introduce the BUAS algo-
rithm for the 1-coverage MLAS problem in BF-WSNs. Note
that, BUAS can select the aggregated nodes and compute
a collision-free communication schedule simultaneously in a
bottom-up manner.

Before introducing the method, we first introduce four
bit vectors [4] for collision-avoiding (including time-collision
and energy-collision). Then, with these special structures, we
would introduce a Candidate Transmission Plan Calculation
algorithm to choose the nodes participating in the aggregation
tree and determine the transmission plans of these nodes. Last,
we introduce the BUAS scheduling algorithm to construct a
latency and coverage aware aggregation tree for the 1-coverage
MLAS problem in BF-WSNs.

1) Special Structures to Avoid Collisions between Wireless
Communications Links: For any node u € V, we maintain the
following four bit vectors in the proposed algorithm:

i. Forbidden-to-Receive (F2R) F2R,. If F2R,[k] =1 (k >
0), it means u cannot receive messages at time k for time-
collision avoiding.

ii. Forbidden-to-Transmit (F2T) F27T,. If F2T,[k] =1 (k >
0), it means u cannot transmit messages at time k for time-
collision avoiding.

iii. Slot-to-Receive (S2R) S2R,. If S2R,[k] = 1(k > 0), it
means u receives a packet at time k.

iv. Forbidden-to-Use (F2U) F2U,. If F2U,[k] =1 (k = 0),
it means u cannot receive messages at time k for energy-
collision avoiding.

The F2R/F2T vectors denote whether a node can re-
ceive/transmit in time slot k for time-collision avoiding, while
the S2R and F2U vectors are used for energy-collision avoid-
ing. In the following, we will introduce how to set these
vectors during data aggregation.

First, to avoid time-collision during wireless communica-
tion, the F2R/F2T vectors are used to forbid the interfered
nodes to receive/transmit in time slot k respectively. For
example in Fig.3, when the transmission plan sch(u) = [u, v, k]
is scheduled, then we do as follows:

F2R, [kl =1, ifne INF(u) & sch(u) € S (D

F2T. [kl =1, ifve INF(x) & sch(u) € S )
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Fig. 4. The example of F2U calculation, where "P’ denotes that the time

slot is scheduled to receive a packet.

Actually, it means when the transmission plan sch(u) = [u, v, k]
is scheduled, the following nodes cannot receive/transmit in
time slot k : 1) The nodes in u’s interference range, i.e., node
n in Fig.3, they cannot receive a message in time slot & to avoid
themselves being conflicted; 2) The nodes whose interference
range contains the receiving node v, i.e., node x in Fig.3, they
cannot transmit a message in time slot k to avoid v being
conflicted.

Next, we introduce how to avoid energy-collision with the
S2R and F2U vectors.

Assume node v has been scheduled to receive a message
from node w in time slot k, i.e., sch(w) = [w, v, k]. At this time,
another node u also wants to choose v as its parent in time
slot &' (k' < k) as in Fig.2(a), where the time slot &’ satisfies
F2T,[k'] =0& F2R,[k'] = 0 and B,[k'] > E;+ B, & B,[k'] >
E, + By,. This does not mean sch(u) = [u,v,k’] can be just
scheduled since it may result in the parent v doesn’t have
enough energy for receiving w’s message at time k, and then
the existing transmission plan sch(w) = [w, v, k] being failed.

To handle this case, we design the F2U vector to reflect
whether time slot &’ (k' < k) can still be used by node v to
receive some other node’s message. When the transmission
plan sch(w) = [w,v, k] is scheduled, the S2R vector of the
receiver v can be just updated as :

S2R,[k] = 1,if pw) = v & sch(w) € S 3)

In addition, since node v cannot receive messages in time slot
k any more, we can also have:

F2U,[k] = 1,if p(w) =v & sch(w) € S 4)

As for any time slot &' (kK" < k & B,[k'] > E, + B,,;,) (Note
that, if B,[k'] < E, + Bp», we can just set F2U,[k'] = 1), do:

F2U,[K] = 1,if 3k € Ry(K') & By[k] — E, =¥ < Bpin  (5)

where R, (k') = {tlt > k' & S2R,[t] = 1} and 7} denotes the

reduced battery level in time slot k if node v wants to receive

a message at time k', which can be calculated as follows [4]:

o Case 1: yf = E, if 15 <k’ <k, where 15 denotes the last
time slot that the battery level is full as in Fig. 4.

o Case 2: ¥ = max{E, — ¥ (6, + By[f] = Byax), 0} if 0 <

teSy
K < 15, where Sp = (| S2R[1] = 0 & Bylr] > Byas —
Oy &k <t <k}

Similarly, for the sender w as in Fig.2(b), if it is scheduled
to transmit a message in time slot k, we can also set the F2U
vector of w as follows for time slot ¥’ (k' < k & B, [k'] >
Er + Bmin):

F2U,[K] = 1,if B,lkl — E, =" < Buin (6)

Note that, as for the scenario as in Fig.2(c), one can just set
F2U,[k] = 1 if B,[k] < E, + B,,;, after it has been scheduled
to receive a message in time slot k' (k' < k).

2) Candidate Transmission Plan Calculation: Before in-
troducing the BUAS method, we first introduce a concept of
Candidate Transmission Plan (CTP), which is used to choose
the nodes participating in the aggregation tree and determine
the transmission plan of these nodes with the above bit vectors.
Let CTP(u) = [u, p(u), t(u), w(u)] be node u’s CTP, where
p(u) and #(u) denote its candidate parent and transmitting
time slot respectively. The weight w(u) is used for choosing
the nodes participating in the aggregation tree, which will be
introduced later. Let L(u) denote the level of u, which can
be obtained by a breadth-first search from the sink node s.
Assume NB,,(u) = {v | L(v) < L(u),Yv € NB(u)} denote the
set of neighbors whose level is less than u. For node u, we try
to choose an upper level neighbor who can receive u’s message
earliest as its parent. This parent and chosen time slot will be
set as node u’s candidate parent and transmitting time slot. It
mainly works as follows.

First, for data-freshness guaranteed, node u’s children can-
not be chosen as the parent of u, and node u« can only transmit
its packet after it has received all the packets of its children.
Thus, we set the Earliest Transmitting Time (ETT) of u, i.e.,
ETT,, as ETT, = min{k|B,[k] > E, + By & k > t(u)},
where top(u) = max{t | t = sch(v).t(v),v € Child(u)} denotes
the largest transmitting time slot of its children. Note that, the
condition B,[k] > E; + B, is used to make sure node u has
enough energy at time k.

Second, for each neighbor v (v € NB,,(u)), we try to
calculate its smallest time to receive u’s packet. Note that,
such time slot must be time-collision and energy-collision free
from other transmission plans. Let such smallest time slot
from neighbor v be ¢, (u). Note that, the neighbor v may have
been scheduled. In this case, the time slot #,(x) must satisfy
that 1, (1) < sch(v).t(v), where sch(v).t(v) denote v’s scheduled
transmitting time slot. This is because node # must transmit
the packet to v before v transmitted its message. With the four
bit vectors in above subsection, #,(«) can be calculated as:

o If node v has not been scheduled, then ¢,(u)
min{k |F2R,[k] = 0&F2T,[k] = 0&F2U,[k] = 0&k
ETT,}. Note that, the condition F2R,[k] = 0&F2T,[k]
0 is used for avoiding time-collision from other transmis-
sion plans, and the condition F2U,[j] = 0&j > ETT,
is used for energy-collision avoiding and data-freshness
guaranteed.

o Otherwise, we can have t,(u) = min{k |F2R,[k] =
0&F2T,[k] = 0&F2U,[k] = O&sch(v).t(v) > k > ETT,}.
Note that, if there does not exist such a time slot, then
we can just set £,(u) « co.

Actually, for each neighbor v (v € NB,, (1)), we can calculate
a CTP for node u. Let CTP,(u) denote node u’s CTP from
neighbor v. Then, we can have CT P, (u) « [u,v,t,(u),0]. To
reduce the latency, the neighbor which can provide the smallest
time slot #,(#) will be picked as the candidate parent, i.e.,
CTP(u) = argmin; (,,{CT P,(u), Vv € NB,,(u)}.

For example in Fig.1(d), as for node nj9, we can first
calculate its earliest transmitting time slot as ETT,,, = 7 since
B,,[7] = 1.0 > E; and ¢(n19) = 0. In addition, we can find
it has two upper level neighbors, i.e., ns and ng. Then, node
nyp’s smallest transmitting time slot to ns, i.e., t,,(n1p), can

v
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be calculated as t,,(nj9) = 7 according to the above analysis.
Similarly, as for neighbor ng, we can have f,,(n;9) = 10. Since
ns can provide a smaller time slot, then it will be chosen as
nyo’s candidate parent, i.e., CT P(nyg) < [ni0,ns,7,0].

Now, the CTP for node u in BF-WSNs, i.e., CT P(u), can
be obtained. For simplicity, we call this algorithm as CTP
Computation Algorithm in this paper.

3) The BUAS Scheduling Algorithm: Here, to satisfy the
1-coverage requirement, we utilize the concept of Connected
Dominating Set (CDS) to construct the aggregation tree. In
a CDS, a maximal independent set is first chosen to cover
all the nodes in the network G (called dominators), and then
a minimum number of intermediate nodes are chosen as the
connecting nodes between two dominators (called connectors).
The left nodes which are dominated by a dominator are called
dominatees. However, one cannot just exploit the existing
methods to generate the CDS here, which may result in a
huge latency in BF-WSNs.

In this subsection, we will introduce the method to construct
a CDS with low latency in BF-WSNs by intertwining the
construction of CDS and the computation of a collision-free
aggregation schedule simultaneously.

In the proposed algorithm, each node has four states:
Dominator, Connector, Dominatee, and White. Initially, all the
nodes in the network G are marked White. Let V! denote the
set of nodes at level /, and let V/,,, Vi, and V! . denote the
set of Connector, Dominator, and White nodes at level [ in the
network G respectively.

The proposed BUAS algorithm is executed level by level in
a bottom-up manner, where the following two steps are execut-
ed intermediately from level R to 1, where R = max{L(u),Vu €
V} denotes the maximum level in the network.

First, we try to schedule all the Connector nodes at level
[ (i.e., the parent node of the chosen dominators). For each
node u € V!, we try to choose a Dominator or White neighbor
with minimum latency from its upper level as its parent. Note
that, the White neighbors can also be picked as the parent of
the connectors. This is because the White neighbors have not
been dominated by any dominators yet and can still be chosen
as the dominator. It works as follows:

i. For each node u € V!, we first calculate a CTP with the
algorithm introduced in the above subsection. To find the
parent for the connectors, we make a little modification to
the CTP Computation Algorithm, where we only choose
the upper level neighbors who are marked Dominator or
White as its candidate parent.

Let the connector with maximum transmitting time be
x (The node with larger latency will be scheduled
early). Schedule x according to its CTP, ie, & «
[x, CT P(x).p(x), CT P(x).t(x)].

If CTP(x).p(x) is marked White, marked it Domina-
tor (which will be scheduled lately). For all the white
neighbors of CTP(x).p(x) in the wireless network G,
marked them Dominatee.

Remove x from V!, ie., V! = V! —{x}. Update the
F2R, F2T, S2R and F2U vectors as introduced in the
above subsection.

The above four steps repeat until V/,

ii.

ii.

iv.

is empty. Note that, the

on

connector ¥ may cannot find such a dominator as its parent

in some cases, and we will introduce the method to handle it

laterly.

Second, we try to schedule all the Dominator nodes at level
[, i.e., the nodes in Vfiom U va nire- Note that, V[ljom denotes the
set of dominators which has been chosen by the above step,
and vahite denotes the set of white nodes which can be picked
as the dominators. It works as follows:

i. For each node u € Véom U va hite? calculate a CTP with the
algorithm introduced in the above subsection. Note that,
we can choose any node at its upper level as its parent
here. This is because we want to choose a connector
parent for the dominators. If # is a dominator node,
its upper level neighbors will be either connector or
dominatee nodes. And if u is a white node, its upper level
neighbors will be dominatee, connector, white nodes. Note
that, the dominatee or white neighbors can also be picked
as a connector.

To reduce the number of dominators, we try to choose the

node with more uncovered neighbors as the dominator.

Let NBywpi(1) denote the set of u’s neighbors which are

uncovered by any dominators. Thus, we set the weight of

the calculated CTP, i.e., w(u), as w(u) = |[NBwpiz(1).

Let the node with the maximum weight be x (The

node with larger weight will be scheduled early). Note

that, the White node will be scheduled prior, since it

has more uncovered neighbors, while the dominator n-

ode has none uncovered neighbors, i.e., |NBwpi(u) =

0. Schedule x according to its CTP, ie, S «

[x, CT P(x).p(x), CT P(x).t(x)].

If x is a white node, mark it dominator and all the white

neighbors of x Dominatee. If CTP(x).p(x) is marked

dominatee or white, mark it connector (which then can
be scheduled by the above step).

v. Remove x and x’s white neighbors from Vfiom U va niter UP"
date the F2R, F2T, S2R and F2U vectors as introduced
in the above subsection.

The above steps repeat until all the nodes in Vi UV! . are

either scheduled or marked in the wireless network G. Note

that, for any node u € Vflom U Vvlv nire» WE can always find such

a neighbor as its parent, which is shown in Lemma 1, and the

proof is omitted here.

ii.

iii.

iv.

Vl

Lemma 1. For any node ueV, uv!
dom white

a Connector node as its parent.

it can always find

After we scheduling all the connectors and dominators
at level 1, the aggregation tree from level R to level 1 is
constructed. As for the dominators and connectors at level
1 in the wireless network G, we can just pick the sink node s
as their parent. That is, for each node u € VU leom, we can
just use the above CTP Computation Algorithm to calculate a
CTP from the sink s and schedule them one by one according
to their CTPs.

As we can see, if every dominator and connector node can
find a parent with the above algorithm, then the constructed
aggregation tree forms a CDS of the wireless network G.

However, in some cases, the connector node at level / may
cannot find a dominator node as its parent in the wireless
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Fig. 5. Two special cases of BUAS algorithm. Fig. 6. The aggregation result of BUAS and TDAS algorithm.

network G. For example in Fig. 5(a), when the connector node
n; chooses ny from its upper level neighbors as its dominator
parent, and the dominator node n3 choose ns as its connector
parent. In this case, when we try to schedule the connector
node ns, we may find, all its upper level neighbors has been
dominated. As a result, there is no White node or Dominator
node can act as its parent. In this case, we choose a dominatee
neighbor which has the smallest latency as its parent. Note
that, its parent will still be marked Connector in this case. In
addition, we mark the sink s as a dominator in general. This
may result in two dominators being connected if some node
at level 1 is also picked as the dominator. For example as in
Fig. 5(b), node n; which is at level 1 is also picked as the
dominator by the algorithm.

Although the BUAS algorithm can not return a true CDS
of network G with low latency, it can guarantee that the 1-
coverage requirement is satisfied (which will be shown later).

As for the BF-WSN shown in Fig. 1(a), the generated
aggregation tree by BUAS is shown in Fig. 6(a). We can see
only 13 time slots are needed for the wireless network G. But
it also results in more nodes participated in the aggregation
tree, which may result in a larger latency.

B. Top-down Coverage Aware Data Aggregation Scheduling
Algorithm

In this subsection, we will introduce a Top-Down and cov-
erage aware data Aggregation Scheduling algorithm (TDAS),
which can construct a true, latency-aware and collision-free
CDS for the 1-coverage MLAS problem in BF-WSNs.

Different from the BUAS method, there are two steps in
TDAS: 1) The selection of dominators are conducted in a
top-down manner level by level; 2)Then, a TDAS scheduling
algorithm is executed to construct a latency and coverage
aware CDS for the 1-coverage MLAS problem.

1) The Selection of Dominators: Since the failure of con-
structing a CDS in BUAS is mainly due to the selection of
dominators. Thus, in this subsection, we introduce a method to
choose the latency-aware dominators for the wireless network
G in a top-down manner at first.

Similar as in BUAS, each node has four states in TDAS:
Dominator, Connector, Dominatee and White. And all the
nodes in the network are marked white initially. Note that,
since the latency is mainly caused by the charging delay in
BF-WSNs, we try to choose the node with more charging rate
as the dominators. It mainly works follows.

Initially, the sink node s is marked as a Dominator, and all
its neighbors at level 1 will be marked Dominatee.

Then, for each level [ (2 <1 < R), do:

i. Let x be the white node with the smallest charging rate in
va nire- TIETE, WE try to avoid choosing x as the dominator
in the wireless network G.

Let w be the node with the largest charging rate in {u | u €
NB(x)&u € vahite}. Note that, if there are two nodes that
have the same largest charging rate, the one with more
unscheduled neighbors will be chosen.

Mark w Dominator, and mark all the white neighbors of
w Dominatee;

iv. Remove w and w’s neighbors from vahite;

The above steps repeat until there are no white nodes at level
I. Then, we will go to the next level, and do the above steps
again.

Finally, when all the nodes at level R are marked, the whole
dominators are chosen for network G. In the following, we will
introduce the method to construct a latency aware CDS with
these chosen Dominators for the wireless network G.

2) The TDAS Scheduling Algorithm: Different from BUAS,
the dominators have been established in TDAS. Thus, we only
need to find the connectors between two dominators in this
case. Note that, the selection of connectors and the computa-
tion of a collision-free aggregation schedule is also conducted
simultaneously here, which mainly works as follows.

Note that, the CDS is also constructed in a bottom-up
manner level by level in TDAS. We execute the following
two steps intermediately from level R to 2 for the wireless
network G.

First, for each dominator node u € Vflom, we try to choose
a node between u and its upper level dominators with low
latency as its connector parent. To choose a connector with
low latency for dominator u, we exploit a two-step searching
technique here. It works as follows:

ii.

iii.

i. For dominator u, calculate a CTP from each neighbor
v € NB,,(u) as in the CTP Computation Algorithm, i.e.,
CTP,(u). Then, set ETT, = max{ETT,, CTP(u).t(u) + 1}.
Then, with this, node v can calculate its own CTP in BF-
WSNEs.

For each node v € NB,,(u), calculate a CTP from its
dominator neighbors in the wireless network G. Then,
node v’s smallest time to reach a dominator node is
CTP®W).t(v).

Let the neighbor of u with minimum CTP(v).t(v) be x,
i.e., x = argmin,{CT P(v).t(v),¥v € NB,,(u)}. Then node
x will be chosen as u’s connector. Schedule u according
to its CTP from node x, i.e., S « [u,x, CTP,(u).t(u)].
Note that, we cannot schedule the connector x here since

ii.

iii.
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x may be chosen as the connector by other nodes again.
iv. Update the F2R, F2T, S2R and F2U vectors as intro-
duced in the above subsection.

The above four steps repeat until all the nodes in Vfiom are

scheduled. Note that, the dominator u can always find such a

connector neighbor as its parent, which will be shown later.
Second, for each node u € V!, we try to choose a

dominator neighbor at its upper level in the wireless network
G as its parent. It mainly works as follows:

i. For each node u € VI;! (R > 1 < 2), calculate a CTP from
its dominator neighbors in the wireless network G. Since
we need to choose a dominator neighbor as its parent, we
make a little modification to the CTP Computation Algo-
rithm, where we only choose the upper level neighbors
who are marked Dominator as its candidate parent.

ii. Schedule u according to its CTP, ie, S§ «
[u, CT P(u).p(u), CT P(ur).t(u)].

iii. Update the F2R, F2T, S2R and F2U vectors as intro-
duced in the above subsection.

The above three steps repeat until all the nodes in V/,! are
scheduled. Similarly, the connector # can always find such a
dominator neighbor as its parent, which will be shown later.

Finally, when we schedule all the dominators at level 2 and
the connectors at level 1, the latency-aware and collision-free
CDS is constructed. The correctness of TDAS will be analyzed
laterly.

For the BF-WSNs shown in Fig.1, the resulted aggregation
tree and communication schedule after executing TDAS is
shown in Fig.6(b). Compared to BUAS, it forms a true CDS

of the wireless network G with fewer nodes and less latency.

V. DATA AGGREGATION SCHEDULING FOR THE ¢-COVERAGE MLAS
PrOBLEM

To further improve the aggregation quality, we propose the
the g-Coverage MLAS problem in BF-WSNs, which can not
only satisfy the arbitrary coverage requirement ¢, but also
guarantee the aggregated nodes are evenly distributed in the
wireless network G.

In this section, we will introduce three algorithms for the
g-coverage MLAS problem in BF-WSNs. First, we will intro-
duce two algorithms based on the proposed BUAS and TDAS
algorithm, which are called BUAS-g and TDAS-g¢ in this paper.
Then, we will introduce a more efficient Latency and Coverage
aware Aggregation Scheduling (LCAS) algorithm without any
waiting time for the g-coverage MLAS problem in BF-WSNss.

A. The BUAS-q and TDAS-q Scheduling Algorithm

Note that, the above BUAS and TDAS algorithms have
constructed a backbone of the aggregation tree. Thus, we
just need to add more nodes into the aggregation tree to
satisfy the g-coverage requirement. In addition, to improve
the coverage quality, we try to make the new adding nodes
evenly distributed in the wireless network G.

Since the set of dominators generated by the above BUAS
and TDAS algorithm can cover the whole network, here, we
try to assign these new adding nodes to each dominator. For

each dominator u, let N, denote the number of u’s neighbors
who are required to participate in the aggregation process.
Then the following theorem can guarantee the g-coverage
requirement.

Theorem 2. For any dominator node u in the constructed
backbone, if N, = [|D(u) U {u}| * q] — 1, then the g-coverage
requirement can be guaranteed, where D(u) C NB(u) denotes
the set of neighbors which are dominated by u.

Proof: Let Vo = {ulu € V!, .0 < [ < R} denote the
set of dominators in the wireless network G. Since these
dominators can cover all the nodes in the wireless network
G, then we can have },cy, {u} UD@)| = |V| (Note that, if
node w is dominated by several dominator nodes, we choose
the one which first dominate w as its dominator). Since the
aggregation tree 7 is constructed by the dominators and its
dominated neighbors, then we can have |T'| > } ey, 1+ N, 2
DueVpp[1D@) Ul g1 = ey, ID@) Ulull xqg = g *
vy, P@) U{u}. In addition, since ey, |D@) U {u}l =
|V, thus, we can have |T|/|V| > g, which means the g-coverage
requirement can be guaranteed. The theorem is proved. [ ]

According to Theorem 2, to satisfy the g-coverage require-
ment, we only need to re-find N, — |NB(u) N T| neighbors for
each dominator to be added into the aggregation tree, where
NB(u) N T denote the set of u’s neighbors who have been
included in the aggregation tree. For simplicity, we call these
new adding nodes as Leaf nodes in this paper, although they
may not be the true leaf nodes in the aggregation tree (they
may also have child nodes).

To reduce the aggregation latency, we try to avoid only
choose the dominator nodes as the parent of Leaf nodes. This
is because if all these neighbors choose a dominator node
as their parent, it will result in the dominator node needs
a large charging time to receive all the packets from these
neighbors. On the contrary, we choose the parent for the leaf
nodes adaptively. For a leaf node v and its neighbor u € NB(v),
u can be picked as the parent of v if it satisfies one of the
following conditions:

« Node u has been included in the aggregation tree (marked
as Dominator, Connector, or Leaf). Note that, a leaf node
can also be chosen as the parent in the proposed method.

« Node u is marked dominatee but it has an upper level
dominator neighbor w and w’s N,, has not been satisfied
yet. This condition is used to avoid adding too many
nodes into the aggregation tree. Note that, if u chooses
a dominatee node as its parent, its dominatee parent will
also be marked Leaf in the wireless network G.

In the following, we will introduce the method to choose
and add the leaf nodes into the aggregation tree level by level
from R to 0.

For each dominator u at level [ (R > 1> 0), i.e., u € VLliom’
update the variable N, by N, = N, —INB(u)NT|. Let NBy (1)
denote the set of neighbors of u who are marked leaf and have
not been scheduled (the dominatee nodes which are picked as
the parent by some leaf node). Then, we execute the following
two steps intermittently to add and schedule u’s leaf neighbors.

1) If INBreqs(u)l > 0, assume x be the first node in
NBjcqr(u), calculate a CTP from its neighbors which
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Algorithm 1: The Leaf Nodes Choosing and Scheduling
Algorithm

Input: A Dominator node u in the wireless network G;

Output: The Transmission Plans of its Leaf neighbors in the wireless
network G;

Ny < TID@) U fu}l + g1 — 1= INBu) N T1;

2 NBpeqf(u) « the set of neighbors of u who are marked Leaf and have

not been scheduled;

while (INBpqr(u) > 0) || (N, > 0) do

while |[NBp.qr(u)| > 0 do

Let v be the first node in NBpqr(u);

Calculate a CTP from its neighbors for leaf u with the CTP

Computation Algorithm;

S« SUW,CTPW).p(v),CTPW).t(W];N, « N, — 1;

8 Update the F2R, F2T, S2R and F2U vectors as introduced in

the above subsection;

9 Mark its parent Leaf if CT P(x).p(x) is a Dominatee node, and

L update the NBpeqr(u) set;

if N, > 0 then
For each unscheduled dominatee neighbor in NB(u), calculate
a CTP with the CTP Computation Algorithm;
Sorting these nodes according to its transmitting time slot;
Let x be the node with N,-th large latency;
S « SU [x,CTP(x).p(x), CTP(x).t(x)[;N, < N, — 1;
Update the F2R, F2T, S2R and F2U vectors as introduced in
the above subsection;
Mark its parent Leaf if CTP(x).p(x) is a dominatee, and

L update the NBpqr(u) set;

= T R NN —_

N

11

12
13

15

17 return The Transmission Plans of u’s Leaf neighbors in the wireless

network G;

satisfies one of the above conditions with the CTP Com-
putation Algorithm. Schedule x according to its CTP,
i.e., S « [x,CTP(x).p(x),CTP(x).t(x)], and update the
F2R, F2T, S2R and F2U vectors. Mark its parent leaf if
CTP(x).p(x) is a dominatee, and update the NBj,s(u)
set. Set N, = N, — 1. The above steps repeats until
INBpeas(u)l = 0.

Else if N, > 0, for each unscheduled dominatee neighbor
v in NB(u), calculate a CTP from its neighbors which
satisfies one of the above conditions with the CTP Com-
putation Algorithm. Sorting these nodes according to its
transmitting time slot. Let x be the node with N,-th large
latency. Schedule x according to its CTP, and update the
F2R, F2T, S2R and F2U vectors. Mark its parent Leaf
if CTP(x).p(x) is a dominatee and update the NBy.,r(u)
set. Set N, as N, =N, — 1.

2)

The above steps repeat until [NBj (1) = 0 and N, < 0. The
detail is shown in Algorithm 1.

Finally, when all the leaf nodes are scheduled and added into
the aggregation tree, we just need to schedule the backbone
of the aggregation tree. Here, we exploit a simple trick. Let
Licar = max{sch(x).t(x),Yx is marked Leaf} be the last
transmitting time slot of leaf nodes. Then, for any node u in
the backbone, one can just set sch(u).t(u) = sch(u).tu)+ Licar
as the new transmitting time slot of u, where sch(u) denotes
the transmission plan calculated by BUAS and TDAS in the
above section. It can be easily verified that the obtained
aggregation schedule is still conflict-free and battery level
constraint guaranteed.

B. The LCAS Scheduling Algorithm with Non-Waiting time

Although the above two algorithms can return a feasible
solution for the g-coverage MLAS problem in BF-WSNs.
However, all the dominators and connectors can be scheduled
only when all the leaf nodes have been scheduled. This may
result in much waiting time for the dominators and connectors.
In this subsection, we will introduce a more efficient algorithm,
i.e., LCAS, in which the nodes in the backbone do not need
to wait for any period of time.

Its main idea is that we schedule the dominators and
connectors immediately if all of its neighboring leaf nodes
have been scheduled in the wireless network G. Note that,
the dominator and connector nodes calculated by TDAS are
used in the proposed LCAS algorithm. Specially, for each level
[ (R >12>?2), the following three steps are executed.

First, schedule the leaf nodes at level . For each dominator
u at level [, i.e., u € V) exploit Algorithm 1 in the above
subsection to choose and schedule the leaf neighbors of u.

Second, schedule the dominator nodes at level /. For each
dominator node u at level [, i.e., u € Vfiom, calculate a CTP
from its connector parent as in TDAS. Let the dominator node
with the maximum transmitting time slot be x (The node with
larger latency will be scheduled early). Schedule x according
to its CTP, i.e., S « [x, CT P(x).p(x), CT P(x).t(x)], and update
the F2R, F2T, S2R and F2U vectors as introduced before.
This process repeats until all the dominator nodes at level /
are scheduled in the wireless network G.

Third, schedule the connector nodes at level / — 1. After all
the dominator nodes at level [ have been scheduled, calculate
a CTP for each connector node u at level / — 1 from its
dominator parent as in TDAS. Let the node with the maximum
transmitting time slot be x. Schedule x according to its CTP,
i.e., § « [x,CTP(x).p(x), CTP(x).t(x)], and update the F2R,
F2T, S2R and F2U vectors. This process repeats until all the
connector nodes at level / — 1 are scheduled in the wireless
network G.

The above three steps repeat until all the dominator and
connector nodes expect the sink have been scheduled in the
wireless network G. As for the sink node, we only need to
exploit Algorithm 1 in the aforementioned section to choose
and schedule its leaf neighbors.

Finally, the whole aggregation tree and the aggregation
schedule is established. For the BF-WSNs shown in Fig.1,
the resulted aggregation tree and aggregation schedule after
executing LCAS is shown in Fig.1(d). Compared to [1], the
aggregated nodes are evenly distributed and can cover all the
nodes in the wireless network G with a comparable little
latency.

C. Discussion of Scheduling with Multiple Channels

In some scenarios, each sensor node may be assigned with
multiple channels [22] in BF-WSNs to reduce the interference
among wireless communications. Fortunately, the proposed
algorithms can still work under this scenario with a little
modification. The main idea works as follows.

Different from the scenario with single channel, the ag-
gregated nodes need to decide which channel it will use for
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transmitting when there are multiple channels. In this case,
we can modify the definition of the Transmission Plan of
node v in Section III to sch(v) = [v, p(v),t(v),c(v)], where
1 < ¢(v) < m denotes the used channel of v and m denotes
the number of channels in the network. In addition, the time-
collision is also different here, where two transmission plans
are time-conflicted only when they are on the same channel.
Thus, to avoid time-collision, we need to redesign the F2R
and F2T vectors.

Here, we use F2R,;[k]/F2T,;[k] to denote whether node
v can use channel i to receive/transmit a message in time
slot k. Similar as in Section IV.A, when a transmission plan
sch(u) = [u,v,k,i] is scheduled as in Fig.3, then we can
do : 1) F2R, k] = 1, ifn € INF(u) & sch(u) € S; 2)
F2T. k] = 1, ifv € INF(x) & sch(u) € S. In addition,
since each node can only transmit/receive one message per
time slot, then if node v has transmitted/received a message on
channel i, then it cannot transmit/receive messages on other
available channels at the same time slot. To avoid this, one
just use the F2U vector to forbid node v transmit/receive
messages after it has transmitted/received a message at time
k, i.e., F2U,[k] = l,ifsch(v) € S & t(v) = k or sch(w) €
S & t(w) = k & p(w) = v. With the above structures, when u
wants to transmit a message to its neighbor v time-collisions
free, one can choose a time slot k and channel i which satisfy
F2T,[k] =0 & F2R,;[k] =0 & F2U,[k] =0 & F2U,[k] = 0.
Note that, to avoid energy-collision, one can just use the
Equation (5) and (6) in Section IV.A. After that, we can
calculate a time-collision and energy-collision free time slot
and channel for each aggregated node as in the CTP Compu-
tation algorithm. Finally, we can schedule the CTPs as in the
proposed algorithms for both the 1-coverage and g-coverage
MLAS problem to obtain the aggregation schedule S. The
detail will be introduced in our future work.

VI. PERFORMANCE ANALYSIS

In this section, we analyze the correctness and latency bound
of the proposed algorithms for the 1-coverage and g-coverage
MLAS problem in BF-WSNs.

First, we analyze the correctness of the proposed BUAS and
TDAS algorithm for the 1-coverage MLAS problem in BF-
WSNSs, which is shown in the following lemmas and theorems.

Lemma 2. For node u € Véom (R >12=2), TDAS can always
find a Connector as its parent.

Lemma 3. For node u € V!

con

find a Dominator as its parent.

(R > 1>2), TDAS can always

Theorem 3. The aggregation tree of TDAS forms a CDS of
the wireless network G.

Lemma 2, Lemma 3, and Theorem 3 can be easily verified,
and we omit the proof here.

Theorem 4. BUAS and TDAS generate an aggregation tree
satisfying the 1-coverage requirement.

Proof: First, we prove that the aggregation tree of BUAS
can satisfy the l-coverage requirement in the network G,

which means, for Yu € V, we have T N {NB(u) U {u}} # 0.
Let Vg, denote the set of dominators generated by BUAS.
If u is a dominator, we can have T N {u} # 0 since all the
dominators have been added into the aggregation tree. If u
is not a dominator, then it has been dominated at least one
node in Vy,,. This is because if there exists a node u# which
has not been dominated by a node in Vy,,, it will be marked
White, and according to BUAS, the algorithm won’t stop if
there exist White nodes. It means if u is not a dominator,
then we can have T N NB(u) # 0. Therefore, the aggregation
schedule of BUAS can satisfy the 1-coverage requirement.
Second, according to Theorem 3, the aggregation tree of TDAS
forms a CDS of the network G. Similar as the above analysis,
we can also have the aggregation tree of TDAS can satisfy the
1-coverage requirement, which means, for Yu € V, we have
T N {NB(u) U {u}} # 0. The theorem is proved. |

Lemma 4. For any node u € T, the CTP Computation
Algorithm can always return a time-collision and energy-
collision free CTP.

It can be proved by exploiting the proposed four bit vectors
in Subsection IV.A. Now, according to the above analysis, the
correctness of the proposed BUAS and TDAS algorithm can
be guaranteed in Theorem 5.

Theorem S. BUAS and TDAS generate a data-freshness guar-
anteed, time-collision and energy-collision free aggregation
schedule for the 1-coverage MLAS problem in BF-WSNs.

Next, we analyze the latency bounds of TDAS for the 1-
coverage MLAS problem.

Lemma 5. [17] Let & be the upper bound of the number
of dominators of a dominator within its 2-hop neighborhood.
Then & = |2n/arccos(1 + 1/€)], where € in [0.05, 1] is a small
number ensuring that two nodes are not neighbors.

Theorem 6. The latency bound of TDAS is at most (¢é+3)*(w+
xR+ +&-2(6+ 1) *(w+ 1), where A denotes the maximum
degree, R is the network radius, and @ = max{[f—u’-l ,Yu e V}
is the maximum charging time to transmit a packet.

Proof: As for the 1-coverage MLAS problem, TDAS
schedule the dominator and connector nodes level by level,
and two kinds of communications are performed at each level:
(i) the Dominator nodes at level [ to their Connector parents,
the latency is denoted by L’DC, and (ii) the Connector nodes
at level / to their Dominator parents, the latency is denoted by
LICD. Since these two types of communications are conducted
intermittently from level R to the first level, therefore, the data
aggregation latency of TDAS, i.e., Lrpas, can be calculated as
Lrpas = ZLR (L’DC + L’CD). In the following, we will analyze
the latency of Lgc and L’CD respectively.

First, we prove that ‘EIDC <4xw+4 foreachlevel ] (2 <<
R). According to Huang et. al. [12], a connector node u has
at most 5 dominator neighbors. Since one of these dominator
neighbors need to be acted as u’s parent, thus, there are at
most 4 dominator neighbors competing to be u’s children. In
addition, since E, < E,, then the number of time slots for node
u to receive a packet is at most @. Therefore, all the dominator
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neighbors can be scheduled in at most 4 * @ + 4 time slots,
where 4 * @ denotes the charging time for the connector to
receive all its children’s packets, and 4 denotes the number of
time slots to avoid time-collision from other communication
tasks. Thus, we can have Lﬂx <4xw+4.

Second, we prove .UCD < (€ -1)*(w+ 1) for each level
[ (2 <1< R). According to Lemma 4, each dominator u has
at most £ dominator neighbors within its 2-hop neighborhood.
Therefore, for each dominator node u at level ] 2 < [ <
R), there are at most & — 1 connector neighbors need to be
scheduled (there is one connector node needs to be acted as
its parent). Thus, the latency of the communication from the
connector nodes to the dominator nodes at each level [ (2 <
[ < R)is at most (£ — 1) * (@ + 1) time slots, i.e., Ll <
(é—1)=(w+1). Additionally, at level 1, since the sink always
has enough energy, thus we can have LICD <w+é&

According to the above analysis, then we can estimate the
aggregation latency of TDAS as:

Lrpas = ZLR (LIDC + £ICD) <
Grxw+d4+¢E-Dx(@m+1)*R-2)+4dsw+4+w+ ¢
SE+)x(@+ D*xR+w@+E-2E+ D) x(w+1).
(7
|
Finally, we analyze the proposed three algorithms, i.e.,
BUAS-¢q, TDAS-q, and LCAS, for the g-coverage MLAS prob-
lem in BF-WSNs. The correctness of these three algorithms
is shown in Theorem 7, and the proof is omitted here.

Theorem 7. BUAS-q, TDAS-q, and LCAS generate a data-
freshness guaranteed, time-collision and energy-collision free
aggregation schedule for the q-coverage MLAS problem in BF-
WSNs.

Theorem 8. The latency bound of TDAS-q and LCAS is at
most (§+3)*(@+1)*R+w+E-2E+3-[Axq])*(w+ 1),
where q denotes the coverage requirement.

Proof: To prove the latency bound of TDAS-qg and LCAS
in BF-WSNs, we first prove the latency of leaf nodes, i.e.,
Licar £ ([A*q] = 1) % (@ + 1). According to Theorem 2,
there are at most N, = [|D(u) U {u}| * g] — 1 neighbors need
to be scheduled. Since D(u) C NB(u), then we can have
N, < [INB(w)|+1)*g] —1 < [A=*g]. In addition, one of
these neighbors needs to act as the connector, then there are
at most [A xg] — 1 leaf nodes need to be scheduled. As a
result, we can have Li.y < ([Axq]—1)* @+ [Axq] -
1) = [A%q]—1) % (@ + 1). According to Theorem 6, we
can obtain the latency of TDAS-g and LCAS is at most
E+3)x(m+1)*R+w+E-2(E+ Dx(m+ D+([A = gl-Dx(w+1) =
E+3)x(@+D)*R+w+E-2E+3-[A*q])*(@w+1). The
theorem is proved. ]

Lemma 6. The time complexity of the Candidate Transmission
Plan Computation Algorithm is at most O(A* * w).

Proof: First, since the minimum number of time slots for
node u to be ready to transmit a packet is w, it takes at most
O(A + w) time to calculate node u’s earliest transmitting time.
Second, node u needs to calculate a CTP from neighbor v €
NB,,(u), i.e., CTP,(u), which needs at most OQA+(A-1)*w)
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time. This is because it requires at most 2A time slots for node
u and node v to avoid time-collisions, and at most (A — 1) * @
time slots for node v to receive all its children’s packets (node
v has at most A — 1 children). Therefore, the time complexity
of the Candidate Transmission Plan Computation Algorithm
is OA+@+Ax2A+ (A - 1) * @) = O(A? + @). ]

With Lemma 6, the time complexity of the proposed algo-
rithms can be obtained as in Theorem 9, of which the proof
is omitted here.

Theorem 9. The time complexity of BUAS and BUAS-q is at
most O(n*> * A? x @), the time complexity of TDAS, TDAS-q,
LCAS is at most O(n®> + A + @), where n denotes the number
of nodes in the network.

VII. SmmuLATION RESULTS

In this section, we evaluate the empirical performance of the
proposed algorithms for both the 1-coverage and g-coverage
MLAS problem through extensive simulations. Specially, the
following algorithms are compared to verify the performance
of the proposed methods.

First, for the 1-coverage MLAS problem, we exploit the
CDS-based algorithm as the baseline algorithm, in which a
CDS is constructed as in [14], and then we exploit a scheduling
method by time slot. For each time slot, we check if there
exists a transmission link satisfying the battery level and
time-collision constraint. The existing aggregation scheduling
algorithm for BF-WSNs, which aims for the whole network,
i.e., ECAS-E [4], is also evaluated as a baseline algorithm.

Second, for the g-coverage MLAS problem, the recently
proposed algorithm, i.e., DEAS [1], is evaluated to demon-
strate the efficiency of the proposed algorithms on the perfor-
mance of both the coverage quality and aggregation latency.
Furthermore, we also use the CDS-based and SPT-based
methods as the baseline algorithms in this scenario. In these
two methods, a CDS-based and a SPT-based aggregation tree
is constructed respectively in the network G, and we remove
some leaf nodes under the g-coverage requirement. Notice
that, the existing ECAS-E [4] algorithm is also evaluated as a
baseline algorithm in this scenario.

In the simulations, we mainly focus on the performance
of aggregation latency and coverage quality of each method
under various network topologies and coverage requirement
q. Firstly, as in [1], we randomly deploy 100 BF-nodes in a
200mx200m field, where the parameters are set as E, = 100uJ,
E, = 80uJ, By, = OuJ, and B, = 10mJ respectively. The
average charging rate of each node is ranging from 10uJ/7 to
100uJ/7, and the initial energy at each node is ranging from
OuJ to 400uJ. We set the coverage requirement g from 10%
to 70% in the experiments. Secondly, as in [17], to test more
network topologies, we use a network tool, i.e., Networkx [24],
to generate different network topologies while the number of
nodes is ranging from 100 to 400. In all the simulations, each
plotted point represents the average of 100 executions.

A. Aggregation Latency for 1-Coverage Problem

First, we evaluate the performance of the proposed BUAS
and TDAS methods for the 1-coverage MLAS problem. Note
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that, the traditional CDS-based and the existing ECAS-E
method are compared as the baseline algorithms in this group
of experiments.

Fig.7 shows the aggregation latency when we randomly
deploy the nodes in the target area and vary the charging rate
and initial energy at each node. One can first observe that,
the proposed BUAS and TDAS methods perform much better
than the CDS-based and ECAS-E methods. Compared to the
CDS-based method, the aggregation latency can be reduced by
almost a half on average. One can also find that the latency
of CDS-based method is even larger than the one of ECAS-E,
which aims for the whole network. This is because many nodes
may choose the same node as their parents in the CDS-based
method, which may result in the parents need to charge for a
long time and thus a larger latency. While the other methods
try to choose the parent for each node adaptively to reduce
the aggregation latency. Compared to ECAS-E, the latency of
BUAS and TDAS is much less since they can choose the nodes
participating in the aggregation process smartly.

Fig.8 presents the aggregation latency of each method under
different network topologies, i.e., network size n and average
number of neighbors . In both scenarios, the aggregation
latency of the proposed BUAS and TDAS methods is still
much less than the one of others, which demonstrates the
efficiency of the proposed methods for the 1-coverage MLAS
problem in BF-WSNSs. An interesting finding is that the latency
of CDS-based method is first larger than the one of ECAS-
E when the number of nodes is less than 300. But when
we continue to increase the number of nodes, the ECAS-E
performs worse. This demonstrates the efficiency of utilizing
the coverage aware aggregation scheduling algorithm for BF-
WSNs especially when the number of nodes in the network is
large. Another finding is that, the latency of BUAS decreases
greatly when we increase the average number of neighbors.
It even performs better than TDAS when the average number
of neighbors is high. This is because BUAS can find more
choices to choose the parent with low latency when the average
number of neighbors is high, while TDAS can only choose a
part of neighbors as the parent.
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B. Aggregation Latency for the q-Coverage Problem

Second, we evaluate the performance of the proposed algo-
rithms, i.e., BUAS-g, TDAS-¢q, and LCAS, for the g-coverage
MLAS problem, and g is set 35% in this group of experiments.

Fig.9 shows the aggregation latency of the proposed al-
gorithms under different charging rate and initial energy.
Firstly, we can see that LCAS and DEAS generate the least
aggregation latency in both two scenarios. Although DEAS
generates a little less latency than LCAS, it cannot guarantee
all the nodes in the network can be covered (which will be
shown later). Compared to DEAS, LCAS uses more nodes
to cover the whole network under the same coverage quality
g, which results in a little higher but comparable latency.
Secondly, we can find that the latency of TDAS-g is larger
than the one of LCAS although they share the same backbone
of the aggregation tree. This is because TDAS-¢q schedule the
leaf nodes and the backbone separately, which results in much
extra waiting time of the backbone nodes.

Fig.10 presents the aggregation latency of the proposed
algorithms for different network size n and average number
of neighbors . The first observation from Fig.10 is that
the CDS-based and SPT-based methods generate the largest
latency in all scenarios, especially when the average number
of neighbors is high, which demonstrates that the fixed-
structure based aggregation scheduling methods is not efficient
for BF-WSNs. One can also find that, although the CDS-
based method performs better than ECAS-E for the 1-coverage
MLAS problem when there are more nodes in the network,
it performs worse for the g-coverage MLAS problem. This is
because it just utilizes the dominator nodes to aggregate all
their neighbors’ message.

C. The Size of Aggregation Tree

In this group of experiments, we evaluate the performance of
the size of aggregation tree, i.e., |T|, of each method. Note that,
the larger size of |T'| means more nodes need to be aggregated
and more transmissions are required in BF-WSNs.
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Fig.11 shows the size of aggregation tree of each method
for the 1-coverage MLAS problem in BF-WSNs. One can find
that the size of |T| of ECAS-E is much higher than other
methods. This is because ECAS-E needs to aggregate all the
nodes in the network, which means the size of |T| is equal to
|V|. This results in it consumes at least 1 time more energy
than the CDS-based method and the proposed BUAS and
TDAS method. This demonstrates that the proposed coverage
aware aggregation scheduling methods can not only reduce the
aggregation latency but also the number of transmissions and
the consumed energy. In addition, compared to BUAS, we can
find the size of |T| of TDAS is less. This is because BUAS
cannot return a true CDS of the network G and may bring
some redundant nodes in the aggregation tree.

Fig.12 shows the size of aggregation tree of each method
for the g-coverage MLAS problem. The coverage requirement
q is set 35% in this group of experiments. Similarly, we can
find that the size of |T| of ECAS-E is still the largest in this
scenario. On the contrary, we can find that the size of |T|
of DEAS is the least compared with other methods. This is
because DEAS only choose |V| % ¢ nodes to participate in the
aggregation process and cannot guarantee all the nodes in the
network can be covered. Specially, there are almost 70% of
nodes are not covered in DEAS (which will be shown later).
The SPT-based method results in a larger size of |T'| due to we
only remove some leaf nodes in the SPT-based tree to satisfy
the coverage requirement g.

D. Coverage Quality Analysis

To further understand the performance of the proposed
methods, we investigate the coverage quality of each method.
In this paper, we denote the coverage quality as the number
of nodes which are not in the aggregation tree and have

not been covered by a tree node, which is computed by
_ Hu | u¢T & u¢NB(v)YveT}|
B -
Fig.13 displays the coverage quality of each method as

a function of g value, where the number of nodes is set
100 and 200 in Fig. 13(a) and Fig. 13(b) respectively. The
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first observation from Fig.13(a) and Fig.13(b) is that the
coverage quality of each method except the DEAS method is
100%. Specially, when we set ¢ = 5% in the experiments,
the coverage quality of DEAS is only 30%, which means
almost 70% of nodes are not covered. This will greatly reduce
the accuracy of the aggregation result. On the contrary, by
constructing the aggregation tree smartly, the proposed BUAS,
TDAS, and LCAS method can not only guarantee all the
nodes in the network being covered, but also obtain a small
aggregation latency.

E. Performance under Different Coverage Requirement

Last, we evaluate the performance of the proposed methods
under coverage requirement g.

Fig.14 shows the aggregation latency of each method as a
function of coverage requirement g. Compared to the CDS-
based and SPT-based methods (which can also guarantee the
coverage quality), the aggregation latency of the proposed
methods is much less. Especially, the LCAS method can
reduce the aggregation latency by almost 1 time than the CDS-
based and SPT-based methods. One can also find that, the
aggregation latency of each method grows with the coverage
requirement ¢ in both two scenarios. And the latency of CDS-
based method grows much fast than other methods since the
leaf nodes only choose the dominators as the parent.

Fig.15 shows the size of aggregation tree of each method
for the g-coverage MLAS problem. One can find that the size
of |T| of DEAS is still the least compared to other methods,
but the gap between it and the proposed methods (i.e., BUAS-
q, TDAS-gq, LCAS) is narrow when ¢ is large. This is because
most nodes can be covered when a large number of nodes
participate in the aggregation process. However, DEAS cannot
guarantee all the nodes in the network can be covered even
when g is set 70%. In addition, one can also find that the size
of |T| of each method except ECAS-E grows with the increase
of coverage requirement q.
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VIII. ConcLusioNs AND FUTURE WORK

In this paper, the 1-coverage MLAS problem in BF-WSNs
is firstly studied, in which each node can be covered by at
least one node who participates in the aggregation process. To
reduce the latency, we intertwine the selection of aggregated
nodes and the computation of a collision-free communication
schedule simultaneously, and two latency aware algorithms are
proposed. Secondly, the g-coverage MLAS problem in BF-
WSNss is also studied to satisfy the arbitrary coverage require-
ment ¢, and three latency and coverage aware algorithms are
proposed.

As for future work, we will continue to study both the 1-
coverage and g-coverage MLAS problem in BF-WSNs under
the physical interference model, including the theoretical anal-
ysis and the empirical performance. Under such model, the
transmission links are not only interfered by the neighboring
nodes but also the nodes several hops away. In addition, the
proposed algorithms for the 1-coverage and g-coverage MLAS
problem when the charging rate of each node is varying with
time will also be investigated.
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