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Abstract—Mobile devices play an important role in crowd-
sensing with the help of storage infrastructure. In the event of
emergencies, a wireless sensor network can be constructed for
people to sense the environment. When devices’ mobility is out
of control, collection trees are considered to route all the data
to the sink. We propose a new wireless coverage problem in
mobile crowdsensing when the core network is corrupted, and
our aim is constructing collection trees to minimize the average
delay of information. We propose two kinds of algorithms to
construct the collection trees. We first propose Greedy Collection
Tree (GCT) and Dynamic Greedy Collection Tree (DGCT) with
two different objective functions, transferring probability and
entropy increment. Then we propose Improved Greedy Collec-
tion Tree (IGCT) based on the assumption of low population
fluidity. The effectiveness of our algorithms is testified in aspects
of transmission average delay, delay’s standard deviation and
entropy evolution.

Index Terms—wireless coverage, mobile crowdsensing, greedy
collection tree, sensor networks, communications

I. INTRODUCTION

Mobile crowdsensing platforms are created for monitoring
the traffic situation [1] and the surrounding environment [14]
as many sensors are embedded in mobile devices. A wireless
sensor network can be constructed based on the capacity of
wireless communication.

In this paper, we suppose that data are transferred through
wireless communication, which means communication be-
tween mobile devices and relay nodes. In the case of emergent
situations, such as earthquakes or thunder and lightning de-
structing a base station, it would be hard to restore the function
of base station in a short time and therefore cause a core
network corruption. At this point, an opportunistic network
would replace the role of cellular network since it can be
established by making use of users’ mobility.

Our paper considers the scenario that the core network is
corrupted, but people want instant information of the whole
area. There are still two kinds of components in the network,
static infrastructures and mobile devices. The infrastructures
have large storage spaces while the mobile devices could sense
the environment, keep the sensing data and transfer them to
the relay nodes. A mobile device would exchange data with
an infrastructure when they are close since wireless sensor
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network provides the capacity of wireless communication in
proximity.

In traditional self-organizing wireless sensor networks, com-
munication depends on mobile terminals with a routing func-
tion. However, when users wear wireless sensors and randomly
walk in the network, the mobility of users is out of our control
in mobile crowdsensing, i.e., users don’t gather information
in a specific location. For example, smartphones contain
many sensors to support their performance, including sensors
for light levels to adjust screen brightness, pressure sensors
to complement the GPS for an accurate (vertical) location
estimation, and thermometers for the battery to avoid damage
from overheating. Readings from such sensors can be used
for opportunistic environmental sensing by collecting them
through mobile applications (apps). and then when users carry
the mobile phones, they can collect the information at any
time by the sensors embedded in mobile phones. Although
the trajectories of users are predictable if there exists some
historical data, we should exploit the feature of the crowd and
propose a method in a macroscopic way.

We consider the scenario that all the collected data should be
transferred to a sink. For example, the sink should process all
the sensor data and make some decisions after an earthquake.
In this scenario, we propose the data transferring process
of mobile device, store-carry-forward, which is illustrated in
Fig. 1. The gray lines represent the collection tree. The black
lines represent the trajectories of mobile devices. The blue dot
represents that the mobile device stores the information. The
yellow dot represents that the mobile device is carrying the
information. The orange dot represents that the current node
is not the parent of the previous node. The mobile device
would keep its information. The green dot represents that the
mobile device reaches the parent node of the previous node
and it would forward the information to the static node.

Our contribution mainly includes:

« We propose a new wireless coverage problem in mobile
crowdsensing. The objective is to minimize the average
delay of receiving messages.

o We propose two kinds of algorithms to solve the problem.
Greedy Collection Tree (GCT) is constructed by a greedy
strategy based on geographical information. Improved
Greedy Collection Tree (IGCT) is a sub-optimal solution
of minimizing the maximum working time. Dynamic
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Fig. 1: Structure of Network and Data Transferring Process.

Greedy Collection Tree (DGCT) is generated based on
the prediction for the crowd’s circulation. The candidate
nodes’ entropies are calculated. The node with the max-
imum increase of entropy is chosen as the parent node.

The remainder of the paper is organized as follows. Section
II introduces the related works of wireless coverage and mobile
crowdsensing. Section III formulates the problem. Section IV
analyzes the problem and proposes three algorithms. Section
V evaluates the performance of our algorithms through simu-
lation. Section VI concludes the paper.

II. RELATED WORKS

Data dissemination and collection in crowdsensing are based
on several techniques. [3] improved mobile crowdsensing
by collecting sensing data from other devices through oppor-
tunistic communication. [9] proposed a routing protocol for
data collection which can determine a packet’s value. [18]
disseminates the data using existed infrastructure in the vehic-
ular network. Piggyback crowdsensing [19], [20], [22] reuses
the existed network link to decrease energy consumption. [8]
improved the efficiency of mobile networks in cooperative
transmission, where crowd members are treated as relays to
extend the network coverage.

Collection Trees are applied as routing protocols in sensor
networks. Collection Tree Protocol (CTP) [5] is a Distance
Vector routing protocol designed for dynamic wireless sensor
networks. [12] analyses and improves CTP [5] in mobile
sensor networks. [10] proposed a time slot schedule algorithm
that avoids the communication interference in dense tree-based
sensor networks. [2] proposed collection trees for concurrent
data streams in the scenario of IoT. [13] designed a data
collection protocol for unmanned aerial vehicles (UAV) to
reach difficult sensing areas.

Under the scenario of opportunistic network, several works
are proposed. [17] proposed an adaptive sampling scheme
in opportunistic sensor networks. Sparse area will be more
sampled while oversampling will be avoided around the static
nodes. Hybrid Crowd Sensing [4] deploys the static nodes in
the way of triangular tessellation. Sensing tasks are distributed

between the static nodes and mobile nodes opportunistically.
Lower-bound of transferring probability is calculated by using
the Markov chain.

Traditional crowdsourcing topics are also discussed in mo-
bile crowdsensing, including incentive mechanisms, worker
selection and task assignment. To attract workers to finish
the tasks, incentive mechanisms are proposed. [16] offers
augmented reality game to induce the action of users in crowd-
sensing. [7] adjusts the benefit for each user according to
revenue and sensor amount to achieve the market equilibrium.

Worker recruitment and task assignment are considered to
accomplish the crowdsensing task. [22] recruits the workers
according to their utilities until satisfying the probabilistic
target coverage. [6] considered the worker recruitment in
vehicular crowdsensing to maximize the coverage rate while
minimizing the number of vehicles. [11] selects the most
popular nodes in social networks as the initial sensing nodes.
Then the sensing nodes with the lowest utilities and the non-
sensing nodes with the highest observability are exchanged.
[15] constructs route for the tasks which must be done.
Optional tasks with higher profits are added to the list if
the time constraint is satisfied. [21] allocates the tasks while
minimizing the total time finishing all the tasks by calculating
the encounter probability of two nodes based on the historical
data.

III. PROBLEM STATEMENT

For a region R, suppose that there exists a set of static relay
nodes S = {sg, s1,...,8,} with their location L; = (z;,y;),
where sq is the sink as the destination of all the messages and
i =20,1,...,k. The former Region R is partitioned in the way
of

R(sj) ={P = (z,y)|argmin |P — Li|l2 = j}, (1)

where P is the location of each node in region R. Nodes
within one hop count of s; are noted as

N(si) = {s5|R(s:) " R(s;) # 0}. (2)

Obviously, s; € N(s;) and N(s;) # 0. Meanwhile, users (or
mobile devices) wear wireless sensors and randomly walk in
the network. Let U (s;, ) represent the population in R(s;) at
the instant ¢, and p(s;, s, t) represent the estimated probability
of users going to s; from s; at the instant ¢. The actual number
of users going to s; from s; at the instant ¢ is F'(s;, s;,1).

We suppose that each relay node and user (or mobile device)
keep a heap respectively. The construction of each heap is
based on the comparison of messages. The properties of the
heap ensure that all messages popped by the heap will be the
most “important” messages in the current heap. Here, we take
the generating time of messages as the criterion.

Messages will be exchanged when a user (or mobile device)
and a relay are close, and the distance is smaller than a thresh-
old dy;,. The exchanging process is described in Algorithm 1.
Since each user has limited storage space, it would push all
the messages it had into the relay’s heap. Then a relay would
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Algorithm 1: Exchanging Process
input : Heap of user H,, heap of relay node H,,, the
next location of user O
output: An improved collection tree, B¢

1 push(new message, H, );(users keep gathering new
messages before they exchange messages with relay
nodes.)

2 while H,.size > 0 and distance(H,, H,) < ds, do

3 | push(pop(H,) Hy,);

4 if O = parent(n) then

5 while H,.size < maxy,s and H,, .size > 0 do

6 L | push(pop(Hy),H,);

push the messages with the smallest collection time to the
heaps of users which will visit the node’s parent at the next
time period. The number of messages is up to users’ storage
Space mapyf-

To promise the quality of data aggregation, multiple mes-
sages are needed. The knowledge K (i,t1,to) is defined as
the number of the messages about s; at t; which the sink
so has received until ¢o. Noticing that K (4,11, t2) is an non-
decreasing function for t5, we note that

T(i,ty) = argmax K (4,11, t2), 3)
t1

H%?JXK(i,tl,tQ) > K, )
where K| is the threshold and

Vi, ta, K(i,0,t3) = K. Q)
The delay of s; at ¢, can be calculated as

D(i,to) =t — T(i, t2). (6)

We need to construct a series of collection trees for different
instants to control the flow of sensing data. The data will be
transferred from low-priority nodes to high-priority nodes. The
priority is determined by the hop count to the access point,
i.e. the root in the determined collection tree. We define the
parent of the node s; at the instant ¢ as parent(i,t). The set
of children for the node s; at the instant ¢ is noted as

parent (i, t) = {j|parent(j,t) = i}. 7
The function of hop count, hop, is defined under the condition
Vi, parenth"p(s'l)(i) =0, ®)

i.e., hop(s;) is the number of hop between s; and the sink sg.

We need to determine the matrix Parent = {parent(i,t)}
to construct the collection trees. They should satisfy the
connectivity and minimize the average delay from each point
to the sink. The schedule can be formulated as:

arg min E (ZZD(L@)) . 9)
to 4

Parent

IV. ALGORITHM

The population of s; at ¢t + 1, U(s;,t + 1), is the sum of
F(si,sj,t), where s; € N(s;). And Py is the transferring
probability matrix at time ¢. So the expectation of U(s;,t+1)
can be calculated by

E(Ut41)) = PyUp), (10)
where
Py = [p(si, 55, 1) kxk (1r)
and
Uy = (U(s0,t). U(s1,t), ..., U(sp, )" (12)
After ¢, P ;) is generated,Vi, j,
F(s4,85,1)
S t+1)= S R 1
p(S SJ + ) U(Sj,t) ( 3)

A. Greedy Collection Tree

We consider a simple case at first. Assuming that there are
infinite users transferring from any node to any of its neighbors
at any instant. Infinite messages are generated at a node and
transferred to the node’s parent. Therefore, the delay of s;,
D(i,ts), equals to the hop count from s; to so. The problem
(9) is converted to determine a tree which minimizes the total
hop count, where sg is the root. Mathematically, the problem

is defined as
min Z hop(s;). (14)

A greedy collection tree is constructed in Algorithm 2. It
keeps the connectivity to the sink si;. We first set the status of
the sink sg as 1. Others’ status are set as 0. And we define a
variable, level, as 1. For all the nodes whose status are 0, find
their neighbors with the current status’ level. Then set itself a
status of level + 1. level is increased by one when none of
the nodes have a neighbor with the current status level. The
process is cycled until all the nodes’ status are not 0. We note
the collection tree constructed by the algorithm as B, (t).

In the algorithm, f is a metric of two adjacent nodes at the
instant ¢. Then we propose two following algorithms based on
two different objective functions f:

o Greedy Collection Tree (GCT)

A node would simply choose the node with the largest
transferring probability among the candidate nodes as its
parent node. Here,

f(ivjvt) :p(sjvsivt)‘ (15)

¢ Dynamic Greedy Collection Tree (DGCT)

To optimize the distribution of the messages, the entropy
is considered. K, (i,k,t) is defined as the number
of the messages from s; at time ¢; entering the heap
H; and still being H; at time ¢ (t, < t). We note
the frequency of messages, which is from s; entering
H; at the time ?; and still being H; at time t, as
w, (i, k,t) = |H(j,t)| ' K, (i, k. t), where |H(j,t)| is
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Algorithm 2: Greedy Collection Tree Algorithm 3: Improved Greedy Collection Tree

input : A set of static relay nodes S, nodes set within input : The greedy collection tree By, the transferring
one hop count N, the instant ¢, the objective probability matrix P
function f output: An improved collection tree B,
output: The collection tree By (1) 1 Funetion [s,,, D, (s,)]=Delay(B)
1 Set status(sg) < 1; 2 for i = I to k do
2 Vs; € S\{so},' Set status(s;) < 0; 3 L De(si) = p(gjsi‘bi% + hop(s;);
3 Set level + 1; - ) o
4 Set By(t) = @; 4 Find s,, which maximizes D.(-);
5 while —(Vs € S, status(s) # 0) do s | return /s, De(sm));
6 Vs; € status 1(0); 6 Flag + True;
7 | if 3s; € N(si), status(s;) = level then 7 while Flag = True do
8 L By(t) = By(t) U (Si, Sarg max £(i,5,1)); 8 [84,ts]=Delay(B,);
o ) DY 9 for
’ status(sq)  level +1; si € sub(sg) U {parent™(sq),n € [0, hop(sy)]}
10 level < level + 1; do
11 return B, (t); 10 for s; € N(s;)\sub(s;) do
11 Biemp < Bg;
12 In Biepyp, parent(i) < j;
13 [Stemp’ttemp]=Delay(Btemp);
defined as the the number of messages in heap H; at time 14 if tiemp < t, then
t. And the frequency of messages, which are originally ;5 Byes <+ Biemp;
stored in heap H; and still in heap H; at time ¢, is defined 16 L ty < tremps
as wy, (t) = |H(j,t)| ' Ku,(t), where Kp,(t) is the | L
number of message originally stored in heap H; and still 17 if B,.s # B, then
being in heap H; at time t. 18 L By < Bres;
The entropy of the heap H; at time ¢ is 1 else
A _ . L 20 Flag < False;
S(H;(t)) = {;w wn, (i ks ) e, (i, k1) 2 L st Bl

wpr, (i, k,1)#0} =
! 22 return B,p;;
—wp, (t) Inwgy, (1).

(16)
The estimated population transferring from s; to s; at

the instant ¢ is p(s;, si,t)U(si, 1), which is noted as We define ¢ ¢4, (s;) as the retiring time of s;. After ¢ f;,,(s;),

F(si, ‘?j’t)' The set of the first I (S}" s, ) messages in node s; will neither receive messages from its children nor
H;(t) is “‘)teq as U(s;, s;,1). To decide where to gonext, o4 messages to its parent. For the node s; which has
si would testify the entropy of H;(t) U C(si, s5,1). At children, i.e., parent'(i) # &, we have the inequality

the instant ¢, the next hop of s; is the node s; which

maximizes trin(s;) >  max » trin(s;) + 1. (18)
fi — SULOUCG.5,.0) = SELW) 1 separem 19
It = S(H;(t)) ’ Because the node s; must handle with the messages sent from

its children.
The delay for messages sensed in the region R(s;) can be
From the description above, we can know that GCT and formulated as

DGCT are only different in their objective functions f.

where s; € N (s;).

Dc(s’i) = 1?38( (hop(sparentj(i)) + tfin(sparentj(i))) . (19

B. Improved Greedy Collection Tree . ) .
_ . . According to Eq. (18), Vj € parent (i),
Now we consider an another specific case that the environ-

ment is sensed only at the instant 0. Our objective is sending  hop(s;)+trin(si) > hop(s;)+trin(s;)+1 = hop(s;)+trin(s;).

all the messages to the sink as soon as possible. Assuming (20)
that the transferring matrix is independent of time. Assuming So, we have D.(s;) = tyin(so) for each node, i.., our
that Vi, ¢, U(s;, t) = Ko, which means that we need to collect objective is equivalent to minimize ¢ f;,(s¢).

all the data and the fluidity is low. We neglect the change of The total messages, which can be received by s;, are
population. products of the cardinality of its sub-tree and K. For each
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Fig. 2: An instance

instant, it is estimated that there will be Ko - p(Sparent(i)s i)
users transferring from the node s; to its parent node S,qcni(s)-

The minimum ¢ which makes |H;(t)|] = 0 is noted as
teiear(Si), 1.€., the number of messages in s; at tejeqr(s;) is
0. We have

% 21
p(sparent(i) ; Si)

tclear(si) Z
where |sub(s;)| is the node number of s;’s sub-tree. As the
node s; transfers messages to its parent node at the rate of
Ko - p(Sparent(i), si) and the maximal number of receiving
messages is Ko - |sub(s;)].

We have

trin(s;) = max [ —————, max
p(sparent(i)asi) JjE€parent=1(i)
(22)

where 7 # 0, and

max

tei ; 1.
jEparent—1(0) fm(s]) +

trin(s0) = (23)

We conclude that the collection tree should minimize

|8Ub(5i)| + hop(«%)) ’

— (24)
p(spa’r‘ent(i) 5 57)

trin(s0) = max (
k2

where i # 0.

tpnls) +1)

We modify the solution B,(t) of GCT algorithm. And we
note the node which maximizes % + hop(s;) as
Sm. To decrease ¢, (s0), we have three following strategies.

o Change parent of parent’(m),j € [1,hop(sm)] to a

node with lower hop count to decrease hop(s,,).

o Change parent(m) to a node with higher transferring

probability to increase p(Sparent(m)s Sm)-

o Change parent(j), s; € sub(sm)\{sm} to other node

to decrease |sub(sm)|.

During the modification, a node should not choose the nodes
in its sub-tree as its new parent node to promise the connec-
tivity. Each choice should be enumerated. The solution which
decreases t i (so) most would be taken as the modification.
The process cycles until the tree does not change and the final
tree is noted as B,y The detailed algorithm, IGCT, is given
in Algorithm 3.

V. PERFORMANCE EVALUATION

In this section, we observe the performance of our algo-
rithms under different initial conditions. The set of nodes .S,
where |S| = 9, is deployed in a 25 x 25 area. The initial
population U(s;) in each region and the initial transferring
probability matrix are generated randomly. We will observe
the delay of each area and its average and standard deviation.
Under this situation, the Dynamic Greedy Collection Tree
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(DGCT) has the performance of the lowest average delay and
the smallest standard deviation of average delay.

The map is shown in Fig. 2(a). The index of each region
R(s;) is indicated on the map. An instance of collection trees
generated by our algorithms under one same transferring prob-
ability matrix is shown in Fig. 2(b), 2(c), 2(d). In Fig. 2(e), we
show the average delay in each region under three algorithms.

The simulation is conducted 50 times with the same map
and different transferring probability matrix.We compare the
performance of GCT and IGCT in the metrics of average delay
and its standard deviation among all the regions. In Fig. 3, we
find that IGCT can reach low latency and low jitter in some
cases. In Fig. 4, we observe the shift of IGCT according to
GCT, i.e. the difference of two algorithms in aspect of average
delay and its standard deviation. We find that in most cases,
IGCT has lower standard deviation, which means that IGCT
makes the knowledge for each region more balanced.

To indicate the freshness of messages in the heap Hy,
we propose an entropy-like metric Sa(H;(t)) to indicate the
freshness of messages in the heap H;.

Sa(H;(t)) = S(H;(t)) — S(H;(t — A)) (25)
where ¢ represents the current time. Messages generated in the
period of [t — A, t] are considered.

The evolution of Sa(Hp(t)) in three algorithms for the
above instance is shown in Fig. 5, in which A = 10. The curve
of Sx(Hp(t)) proves that the messages are fresher under the
dynamic collection tree(DGCT).

Therefore, DGCT performs better with low and stable
latency, which verifies the rationality of the modified objective
function. IGCT shows a good advance in standard deviation
and the freshness of messages in general compared with
GCT. The improvement contributes to better efficiency and
stability. Complex situations can be simplified according to
the conditions of static nodes, mobile nodes and information

STD

20 © =

-30

-40
-30 -20 -10 0 10 20

AVG

Fig. 4: Shift of IGCT according to GCT
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collection requirement so that the hypothesis of the algorithms
can be satisfied.

VI. CONCLUSION

In this paper, we consider the application of wireless
coverage problem in mobile crowdsensing. The scenario is
that the sensing information needs to be delivered to the sink
through existed relays and mobile devices. Without cellular
network, the wireless communication is based on wireless sen-
sor network. Collection trees should be founded to minimize
the average delay. We propose two kinds of algorithms for
constructing collection trees to optimize the average delay.
First we propose two algorithms based on greedy strategy with
different objective functions, GCT and DGCT. Then under the
condition of low fluidity, IGCT is proposed. The simulation
proves that IGCT performs generally better than GCT in the
aspect of jitter. And DGCT has the best freshness of messages
for the sink.
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