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Abstract—Mobile crowdsensing, through which a requester
can recruit a group of crowd workers via a platform and
coordinate them to perform some sensing tasks, has attracted
lots of attention recently. However, most of the existing mobile
crowdsensing systems assume that the qualities of workers are
known in advance. Based on this assumption, they study the task
assignment and worker recruitment problems. Unfortunately, the
qualities of workers are generally unknown in reality, so the
platform must find the tradeoff between exploring and exploiting
the qualities by using reinforcement learning. At the same time,
all sensing tasks are required to be covered in each round
(covering constraint), and the requester usually has a limited
budget (budget constraint). In this paper, we study how to recruit
unknown workers under the budget and covering constraints
so that the total expected achieved qualities can be maximized.
To this end, we model the problem as a combination of a
maximum weight matching problem and a special multi-armed
bandit problem. We first consider that the recruitment costs of
workers are homogeneous and propose a recruitment algorithm
with a performance guarantee. Then, we study the heterogenous
case and devise a heuristic algorithm. Finally, we demonstrate the
performances of our algorithms through extensive simulations.

Index Terms—Mobile crowdsensing, multi-armed bandits,
maximum weight matching, budget and covering constraints.

I. INTRODUCTION

Recent years have witnessed the increasing proliferation and
popularity of smartphones in day-to-day life. These smart-
phones with powerful sensing, computation, communication
and storage abilities can be considered as powerful mobile
sensors. In order to fully utilize the resources of these smart-
phones, a new paradigm called mobile crowdwsensing [12, 17]
has attracted lots of attention. In mobile crowdsensing, a
requester can coordinate a group of mobile users carrying
smartphones to perform some large-scale sensing tasks that
one single user cannot deal with. Due to the unparalleled
advantages, lots of crowdsensing-based applications such as
traffic information collection, noise pollution collection, water
pollution monitoring, urban WiFi characterization, and so on,
have been fully developed [4, 8, 20, 22].

A typical mobile crowdsensing system mainly consists of
three parties: a platform, requesters and crowd workers. After
generating some sensing tasks, a requester would submit these
tasks and his budget to the platform. Here, these sensing
tasks will be performed in multiple rounds while the total
recruitment cost cannot exceed the given budget (i.e., budget

constraint). In each round, all tasks are required to be complet-
ed (i.e., covering constraint). For example, the requester wants
to collect the traffic state in some intersections of an urban
city every 10 minutes from 7:00 a.m. to 9:00 p.m., so that he
can draw the real-time traffic map of this city. On the other
hand, there are lots of registered crowd workers distributed
in the city. Each worker can perform each task with different
qualities and costs. A natural question is how to recruit suitable
workers in each round so that the total achieved qualities can
be maximized under the budget and covering constraints.

Most existing works [10, 20] assume that the qualities of
each worker performing each task are known in advance,
and then they mainly study the quality maximization or cost
minimization problems under various constraints. To solve
this type of optimization problems, they generally model the
worker recruitment problem as a special set cover problem
with various constraints. However, in real life, the qualities
of workers conducting tasks are wunknown in prior. In this
situation, how to recruit suitable workers in each round to
perform these tasks is quite challenging. To this end, we adopt
the famous reinforcement learning technique, i.e., multi-armed
bandits [3, 23], during the worker recruitment process.

In fact, only a few literatures [12, 17, 21] on mobile crowd-
sensing involve multi-armed bandit algorithms. Thereinto, [12]
proposes a context-aware hierarchical online learning algo-
rithm for performance maximization in mobile crowdsensing,
where a worker’s performance includes its acceptance rate and
quality; [17] studies how to maximize the task completion
in the face of uncertainty, while task arrivals are dynamic
and worker reliability is unknown; [21] investigates how to
select most informative contributors with unknown costs for
budgeted crowdsensing, and then model the problem as a
budgeted multi-armed bandit problem based on stochastic
assumptions. However, the existing work [12, 17, 21] either
neglects the budget constraint or considers that the crowdsens-
ing only includes one sensing task. Different from the existing
researches, we consider that mobile crowdsensing has multiple
tasks and all tasks must be covered in each round. We study
how to recruit suitable workers with unknown qualities in each
round so that the total achieved qualities can be maximized,
under the budget and covering constraints.

We summarize three main challenges as follows. First, it is
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Fig. 1. Illustration of the main procedures in the mobile crowdsensing.

very hard to find the tradeoff between exploring and exploiting
the qualities of workers during the recruitment process. Espe-
cially, our problem with the budget and covering constraints,
which is actually a special combinational multi-armed bandit
problem, differs from the general multi-armed bandit problem.
Second, due to the covering constraint, our unknown worker
recruitment problem can be modeled as a combination of
the maximum weight matching problem and the multi-armed
bandit problem. This makes it more complicated to apply the
bandit algorithm in our problem directly. Third, in the mapped
maximum weight matching problem, each edge (i.e., worker-
task pair) involves not only the quality values but also the
recruitment cost values. This also makes our problem different
from the trivial maximum weight matching problem.

In this paper, we introduce and extend the Upper Confidence
Bound (UCB) adopted in multi-armed bandit algorithms to
estimate the qualities of workers. We first study a simple case
where the recruitment costs of workers are homogeneous. For
this scenario, the total number of rounds operated is deter-
mined, which means the budget constraint is removed. After
combining the multi-armed bandits with maximum weight
bipartite matching, we apply the maximum weight matching
algorithm to maximize the total UCB-based qualities in each
round. For the heterogeneous case where the costs of workers
are different, we also model our problem as a combination of
multi-armed bandits and maximum weight matching. Since
the total recruitment costs in each round are unfixed and
the workers here involve quality and cost simultaneously, the
selection criterion in the heterogeneous case becomes the ratio
of UCB-based quality and cost. More specifically, our major
contributions are summarized as follows:

o We consider a more realistic mobile crowdsensing sce-
nario in which the platform has no knowledge about the
qualities of workers in advance, and then propose an
unknown worker recruitment problem with the budget
and covering constraints.

o« We first study the homogeneous case where the re-
cruitment costs of workers are uniform. By combining
multi-armed bandits with maximum weight matching, we
propose an efficient worker recruitment algorithm. We
also analyze the worst regret guarantee in this case.

o« We then investigate the heterogeneous case in which
the workers involve the quality and cost simultaneously.
Here, we apply and extend the maximum weight match-

ing algorithm by using the new selection criterion in
terms of the combination of UCB-based quality and cost.

o We conduct extensive simulations to evaluate the signif-
icant performances of the proposed algorithms.

The remainder of the paper is organized as follows. We
first describe the crowdsensing system model and introduce
the optimization problem in Section II. Then, we design two
worker recruitment algorithms for homogeneous and hetero-
geneous cases in Section III and Section IV, respectively.
In Section V, we evaluate the performances of the proposed
algorithms. After reviewing the related work in Section VI,
we conclude the paper in Section VII.

II. SYSTEM MODEL & PROBLEM
A. System Overview

Consider a typical crowdsensing system which consists of
a platform, lots of registered requesters and crowd workers,
and time is divided into a series of time slots (called “round”)
in the system. A requester first generates some crowdsensing
tasks, e.g., noise pollution information collection, traffic state
collection, etc, and then submits these tasks to the platform.
These sensing tasks are continuous (e.g., collecting traffic state
of a city from 7:00 am. to 9:00 p.m.) and location-related
(e.g., Points of Interest). This means that the platform needs to
continuously recruit workers to conduct the tasks for a period
of time, and the recruited workers must go to specific locations
to perform them. In fact, each worker must consume a certain
cost (time, effort, etc.) when conducting sensing tasks. Hence,
a worker can only perform one sensing task in each round. At
the same time, in order to obtain the overall sensing effect for a
requester, all sensing tasks must be conducted simultaneously
in each round. In reality, covering all sensing tasks in each
round is necessary. For instance, in order to construct the real-
time traffic map of a city, the local government always wants to
collect traffic condition in multiple locations simultaneously in
each round. Moreover, a requester usually has a limited budget
to complete the sensing task.

After receiving the sensing tasks and the limited budget
from a requester, the platform publishes the tasks to all
registered workers. Then, each worker estimates all location-
related sensing tasks, and replies to the platform with the tasks
he can complete, as well as his corresponding recruitment cost.
Note that here the qualities of each worker performing each
sensing task are unknown. Thus, the platform needs to learn
the quality values and at the same time maximize the total
achieved qualities in all rounds. The main procedures of the
crowdsensing system are shown in Fig.1.

In this paper, we concentrate on the unknown worker
recruitment problem with budget and covering constraints for
mobile crowdsensing, where the term of “unknown” means
that the platform has no knowledge about the ability (i.e.,
quality) of a worker performing a crowdsensing task. Actually,
the unknown worker recruitment problem with the budget
and covering constraints falls into the dilemma between “ex-
ploitation” and “exploration”. On the one hand, the platform
always wants to select the best set of workers to conduct



TABLE I
DESCRIPTION OF MAJOR NOTATIONS.
Variable| Description
N, M the sets of workers and sensing tasks, respectively.
N, M the numbers of workers and tasks, respectively.
i, J, t the indexes for workers, tasks, and rounds (slots).
Cij the cost of the worker ¢ conducting the task j.
the limited budget given by the requester.
Tijt the observed quality of ¢ conducting j in round ¢.
Gi,j the mean of the distribution {z; j |t > 1}.
it 75t €{0,1} means the recruitment decision.
(%, 4) the worker-task pair.
(<] the recruitment strategy in all rounds.
Oy, C the recruitment strategy and total cost in round ¢.
E[] the expected function.
T;;(t) | the average quality value until the ¢-th round.
n;,;(t) total times of ¢ performing j until the round ¢.
Z;,;(t) | the UCB-based quality in homogeneous case.
Z;,;(t) | the UCB-based quality in heterogeneous case.

the tasks according to the estimated qualities so far (i.e.,
exploitation). Here, the quality values will be revealed after
workers complete the related tasks. On the other hand, in
order to seek the optimal set of workers in each round, the
platform will also recruit workers to conduct different tasks
so that it can discover the qualities totally (i.e., exploration).
Additionally, the constraints of covering all tasks in each round
make the worker recruitment problem more challenging.

In the crowdsensing system, we use ¢ to denote the in-
dex of round, and we consider N workers and M sensing
tasks in the system, denoted as N ={1,--- ,4,--- , N} and
M ={1,---,j4,---, M}, respectively. Furthermore, we let
¢;; denote the cost of the worker i € N conducting the task
7€ M. At the same time, the requester has a limited budget
to complete these sensing tasks (i.e., recruit workers), which
is denoted as B. We assume that B is enough so that it can
at least cover the initializing cost, i.e., B>}, ZjeM Cij-

In addition, we use a normalized nonnegative random
variable x; ;; € [0,1] to denote the quality of the worker
1 completing the task j in the ¢-th round. Actually, for
Vi € N and VjeM, {$17j71, Ti5,25 0 s Tijty } follows
an unknown independent and identically distribution with
an unknown expectation g; ;. Also, x;;; and xy j v are
independent for Vi,i' € N, Vj,j' € M and Vt,t' > 1. Here,
if the worker ¢ is not recruited to conduct the task j in
round ¢, we have x;;; = 0. Else, the quality values z; ;;
will be revealed. Actually, how to estimate the qualities of
each worker accurately and meanwhile to maximize the total
achieved qualities of all sensing tasks under the limited budget
is challenging. Especially, all sensing tasks are required to be
covered in each round, making our problem more complicated.

B. Problem

In the crowdsensing system, each sensing task must be
assigned to one and only one worker and meanwhile, each
worker can only perform no more than one task in each round.
Thus, we assume that the number of workers is larger than that
of tasks, i.e., N > M. If N <M, we can expand the alternative

worker set A/ by inviting more mobile users to participate in
the crowdsensing system. When a task j € M is assigned to
a worker ¢ € N, we say that the task is “covered”, and we
use the worker-task pair (7, ) to describe the relationship. In
this paper, we focus on finding the optimal worker-task pairs
in each round, so that all sensing tasks can be “covered” and
the total qualities of all tasks can be maximized under a given
budget. This problem is quite challenging because the qualities
of workers are not known to the platform. Thus, the platform
must find the tradeoff between the exploration (i.e., searching
the optimal assignment in each round) and exploitation (i.e.,
utilizing the best results so far). Even though the qualities of
workers are known, the recruitment problem is still difficult.
This is because the worker recruitment problem involves the
maximum bipartite matching problems in which the edges (i.e.,
worker-task pair) include two factors: cost and quality.

For the simplicity of following descriptions, we use ® =
{mijilt€N,jeEM,t>1} to denote the recruitment strategy,
in which 7; ; : =1 means that the worker 4 will be recruited to
perform the task j in the ¢-th round, and otherwise m; ;; =0.
When 7; ;. =1, the worker ¢« must perform the task j in the
round ¢, and then gets a reward c; ;. Only after the task j is
conducted, the corresponding quality in this round (i.e., ; ;1)
can be observed by the system. Here, we use ®; to denote the
solution in the ¢-th round. In fact, ®; is a maximum quality
bipartite matching with cost. Due to the limited budget of a
requester, the recruitment process is finite, and we use 7' to
denote the total rounds. Based on this, we have @:U{zlfbt.
Also, we let Cp =) .\ ZjeM cij - ;¢ denote the total
recruitment cost in the ¢-th round.

The objective of platform is to maximize the total expected
obtained qualities under the budget and covering constraints.
More specifically, the problem is formalized as follows:

T
Mazimize : E| > > > mije -xi,jyt} (1)
t=14ieN jeEM
T T
Subjectto: Y Ce=3 > > mii-¢; <B 2
t=1 t=1ieN jeM
Z Z T, 4.t = M for Vit > 1 (3)
iEN jeEM
Z T4t = ].7 Z Ti,5,t S 1 for th]. (4)
1EN JEM

mi gt € {0,1} for Vie N, je M, t>1 (5)

Here, Eq. (2) and Eq. (3) mean the budget constraint and
the covering constraint, respectively, while Eq. (4) indicates
that in each round each task can only be assigned to exactly
one worker, and each worker can conduct at most one task.
Furthermore, we suppose that there exists at least one feasible
solution for the optimization problem in each round. That
is, all sensing tasks can be covered in each round. This
is reasonable because we can expand the alternative worker
set A/ by inviting more mobile users to participate in the
crowdsensing system, until the solutions to the optimization
problem appear. Additionally, we summarize the commonly
used notations throughout the paper in Table I.



III. HOMOGENOUS COST

We first study the homogeneous case where the recruitment
cost of each worker conducting each task is uniform. In
fact, the unknown worker recruitment problem here is still
challenging because the budget and covering constraints make
the worker selection nontrivial. We first introduce the basic
solution and then present the detailed algorithm. Finally, we
analyze the performance guarantee of the proposed algorithm.

A. Basic Solution

Since one worker can only perform at most one task and
one task must be assigned to one worker (covering constraint)
in each round, the worker recruitment can be seen as a special
maximum weight bipartite matching problem in which the
qualities of workers can be considered as the weights of
edges. Note that the qualities of workers here are not known
a priori. Moreover, due to the homogeneous recruitment cost,
ie., ¢;j=c for Vi € N and Vj € M, we get that the total
recruitment cost in each round is fixed, i.e., ¢ x M. Based
on this, the total rounds of the user recruitment problem is
constrained by |2 | (budget constraint).

Then, the focus of the worker recruitment problem is how
to explore the qualities of workers accurately and at the same
time to maximize the total expected achieved qualities in
LCEMJ rounds. In order to learn the qualities of workers
effectively, we adopt the famous online reinforcement learning
technique (i.e., multi-armed bandits [16, 19]) in this paper.
However, our problem including the budget and covering
constraints differs from the general (combinatorial) multi-
armed bandits. Thus, the techniques of (combinatorial) multi-
armed bandits [3, 5] cannot be applied in our problem directly.
To this end, we will propose an effective worker recruitment
algorithm in the homogeneous case, where we adopt the Upper
Confidence Bound (UCB) to evaluate the qualities of workers.

More specifically, we model the unknown worker recruit-
ment problem as a combination of the maximum weight bi-
partite matching problem and the special combinatorial multi-
armed bandits problem. Here, the stopping round is determined
in the homogeneous case, i.e., Lﬁj According to this,
we just study how to solve the unknown worker recruitment
problem with covering constraint in each round. Since the
number of tasks is less than that of workers, i.e., M < N,
the recruitment algorithm (i.e., a special maximum weight
matching algorithm) must output M worker-task pairs in each
round. Since our problem is actually a special maximum
weight bipartite matching problem, we use G ={NUM, &, X'}
to denote the bipartite graph where N and M mean the sets
of left and right vertices, respectively, £ indicates the set of
edges (i.e., worker-task pairs) in the bipartite graph, and X
represents the weights of the corresponding edges. Here, the
weights of edges are defined as the UCB-based qualities of
workers performing tasks, which will be presented in the next
paragraph. For simplicity of following descriptions, we first
let &, ={(¢, j)|m; =1} denote the set of the selected edges,
where ®; CE. In this paper, the terms (4, j) € ®; and 7; j ;=1
have the same meanings.

Algorithm 1 Recruitment Algorithm with Homogeneous Cost
Require: N, M, B, and ¢; j=c for Vie N/, Vje M
Ensure: @, = {(i, ])\77” ¢ =1,VieN,Vje M} for Vt>1.
1: Initialization: 7= 2|, t=0, Q(t)=0, n; ;(t)=0 and
7;,;(t)=0 for \ﬁe/\/ and VjeM,
2: Platform builds the bipartite graph G = {NUM,E, by 1,

T; 5+ M € X is initialized to 0;
n;,5(t)

where Z; ;(t)=
while t < T do
if n; j(t) = 0 for V(i,j) € € then
/I The platform explores the qualities of workers;
t<=t+1;
Obtain the matching @, including (7, j) based on G
in terms of weight value Z; ;(t) € X';
Output the qualities x; ; ; for V(i, j) € ®y;
9: Update the two matrixes (n; ;(t))yxm = 0 and
(Zi,;(t)) Nxar =0 according to Eqs. (6) and (7);
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10: Q) =Q(t—1)+ Z(i,j)ecbt Li,jts
11:  end if
122 t<=t+1;

13:  Conduct the maximum weight matching algorithm [7,
9] in terms of the weight Z; ;(¢), and output ®;;

14:  Obtain the qualities x; ;+ for V(i, j) € Py;

15:  Update the two matrixes (n;;(t))nxm = 0 and
(%i,;(t)) Nx =0 according to Egs. (6) and (7);

16: Q(t) = Q(tfl) + Z(i,j)@pt T j.ts

17: end while

18: Output: &, for t € [1,T], and Q(T);

Here, we first introduce two N x M matrixes to record the
average quality values (denoted as (Z; ;(t)) N x as) and the total
times (denoted as (n; ;(t))nxar) of each worker performing
each task until the ¢-rounds, respectively. After the matching
(denoted as ®;) is determined in round ¢, the two matrixes
will be updated as follows.

fi,]'(t—].) . m,j(t—l)—&—xi,j,t

El](t) = ni,j(t—1)+1 5 ((Lv]) € q)“ (6)
Faglt = 1); (i,) # .
ni(t—=1)+1; (i,5) € Py,
ng, J(t) {m,](t —1); (i,7) & ®s. 7

In order to obtain the matching result (i.e., ;) which has
the maximum expected total qualities in each round, we first
introduce the expression of the UCB-based quality value. That
is, we use 7, ;(t) to denote the UCB-based quality value
according to the average quality value T; ;(¢), that is,

(M +1)Int
nij(t)

In the modeled bipartite graph G, we let the UCB-based
quality values denote the weights of edges. Based on this,
the set of weights X is determined. Then, we can adopt the
maximum weight matching algorithms [7, 9] to output the
selected worker-task pairs ®; according to the bipartite G =

//‘L?iyj (t) =T ; (t) + (8)



{NUM,E ,2? }+. Similar to the solution in the multi-armed
bandit problem, we first explore the qualities of each worker-
task pair in the initial stage. After that, we estimate the UCB-
based quality of each worker-task pair. Then, we focus on
selecting suitable worker-task pairs in each round. Note that
whether in the exploration stage or in the exploitation stage,
the covering constraint must be met in each round.

When determining the selected worker-task pairs ®; in
round ¢, the workers will perform the corresponding sensing
tasks. Then, the quality values of workers conducting the
corresponding tasks can be observed by the platform (i.e.,
x; 5, for (4,7) € ;). After that, the two N x M matrixes, i.e.,
(Zi,;(t)) Nxar and (n; ;(t)) nxar, Will be updated according
to Egs. (6) and (7), respectively.

B. Detailed Algorithm

Based on the above solution, we present the detailed algo-
rithm as shown in Alg. 1. More specifically, we first initialize
the values ¢, T, Q(t), n; ;(t), T; ;(t) in Step 1. The platform
builds the bipartite graph G and the weights are initialized to 0
in Step 2. In Steps 4-10, the platform explores the qualities of
workers, that is, it conducts the matchings in multiple rounds
so that all worker-task pairs will be included at least one
times. The round index ¢, the total achieved qualities Q(¢), the
two matrixes (n; ;(t)) nxar and (Z; ;(t)) v x ar Will be updated
accordingly. After that, the platform focuses on the worker
recruitment problem by using the explored qualities in Steps
12-17. Here, the maximum weight matching algorithms are
adopted to select the worker-task pairs in each round. After
®, is determined, the values of z;;, for V(i,j) € ®; can
be observed, and then Q(t), (n;;(t)) nxar and (Z; ;(t)) Nxm
will be updated accordingly. After the budget is exhausted,
ie., t=|2;], the algorithm terminates and outputs the total
achieved qualities and the recruitment results in each round.

Moreover, we analyze the computation complexity of Alg. 1
here. First, the algorithm contains 7= | 2| rounds. Second,
in each round, the computation complexity is dominated by
the maximum weight matching algorithm in Steps 7 and 13,
which is denoted as O(N?M?). By combining this, we get

that the overall computation overhead is O([ -2 |IN?M?).

C. Performance Analysis

In this section, we analyze the performance guarantee of
Alg. 1. For the bipartite graph G = {N UM, E, X}, we
let II denote the set of all matchings. Here, V& < II is an
M x M matching and (i, j), a worker-task pair, is an element
of a matching ®. Among all matchings, we first identify
the optimal matching, denoted as ®*. Based on the expected
means of quality distribution and the covering budget, we have

o* = afgmax@en(Z@,ﬁe@ ij)- ©)

Note that in this paper we always let * denote the corre-
sponding identification of the optimal matching. For simplicity,
we define Ay as the total quality difference between the
optimal matching ®* and one matching & €1l i.e.,

Ay = Z(i,j)efb* Qi3 — Z(i,j)etbk Q5 (10)

At the same time, we have A,,;, = argming, .;j A and
Apaz = argmaxg, .y Ag. Here, we also let k denote the
corresponding identification of a non-optimal matching.

Then, we analyze the regret of our proposed algorithm,
denoted as R(B) in which B is the limited budget. Here,
the regret means the difference of total achieved qualities
between the optimal matching and the obtained matching of
our algorithm in each round, that is,

_B_
R(B)=| 21 i jyew 05~ EISE Y yew, i1

We show that the proposed algorithm can achieve a
O(In(B)) worst-case regret on average. More specifically, we
have the following theorem:

Theorem 1: The regret of the proposed algorithm is at most

B
R(B) < p1In(—7) + 2,

12
cM (12)
40z M? (M 4+ 1)N
901 = A2 .
where men 9 are two constants.
502:MNAmaa: (1+M37T _237]\/[2
( cM+1 )

Before proving the worst-case regret bound, we first in-
troduce the concept of Chernoff-Hoeffding inequality in the
following lemma.

Lemma 1: Chernoff-Hoeffding bound [I]. Suppose
Xq,Xs,--+,X, are independent random variables whose
values lie in [0,1] and whose expected value is u, i.e.,
E[X.| X1, -+, X, 1]=pforVz€[l,n]. Let X:% PP, o
The Chernoff-Hoeffding inequality gives an exponential bound
on the probability that the value of X deviates from its mean
w. That is:

P{Xzﬂ+9}§e‘2"92, and P{Xﬁu—ﬁ}ge_%”ﬂ. (13)

We here let 0,,, ,1),e=+/(M+1)Int/n, ;(t) for simplicity.
Also, we introduce T; ;(t) as a counter after the initialization
period, which is updated as follows. In each round (e.g.,
t) after the initialization period, one of the following cases
must happen: 1) the optimal matching is played; 2) a non-
optimal matching is selected. In the former, T; ;(¢) will not
change; in the latter, we denote the non-optimal matching
as ®y. Then, there must exist one edge (i,j) € ®j such
that (i,j) = argming jyeq, nirj(t). Based on this, the
corresponding value of T; ;(¢) is increased by 1. Here, if
there are multiple such edges, we arbitrarily choose one. Since
exactly one element in (T ;(t))nxas is increased by 1 when
a non-optimal matching is selected, the total number of non-
optimal matching is equal to the summation of the values in
(T,;(t)) Nx m- According to this, we get

Yopza L) =2 ien 2 jert Tij(t), (14)
and further have
Yo e E[Tk(t)] = Xien 2 jem Bl (1)]. (15)

At the same time, we have T; ;(t) <n; ;(t) for Yie N and
Vj € M. Moreover, we let I; ;(¢) denote the indicator function



in round ¢ where I; ;(t)=1 means that T} () is increased by
1, and let [ denote an arbitrary positive integer. Then, we have

750 3 {10} <+ 3 {1,0.7,0-121}.a6

t=x+ t=z+1

where T = |2 | and = means the number of initialization
period. We further get @ = 3, \r > i rq7i;(t) in which
all elements in (n; ;(t))nxasr just change to a non-zero state.
When I; ;(t) =1, a non-optimal matching, denoted as ®, # &*,

has been selected in round . Next, we get

T ~
Ti,j(t) < Z+Zt:z+1 { Z(i,j)eqﬂxi,j (t—1)

Sz(ivj)eq)ﬁi,j(t—l),Ti’j(t—l)Zl}, 17)
T
<ty { Y @0 ¥ #0502 a8)
t=x *(i,7)€d* (4,5)€EPt41
in which Z; ;(t) = T; j(t)+0,, ;(1),- Then, we have
(%@{2{ min_ PORECRICHY
0<nl1 1 ~~~,niM,jM§ (i,j)e®* »J
< max > &) a9)
gl <) €@
Tt t t t
<+ Y D
t=1nj , =1 e Pry1 _
1-J1 M :IM 77/11 i1 NI M
o~ * D¢
{ & sutp)s ¥ @uei™) @)
(i,5)ed* (4,5)€Pt41
where n; ; and ni“fll mean the first element in the optimal

matching ¢* and the matching ®,,, respectively.

Next, according to the proof in [1, 5, 16], we conclude that
at least one of three cases must be true. The detailed expression
is similar to [1, 16], so we will not present it here. After
applying the Chernoff-Hoeffding bound stated in Lemma 1,
we find that the upper bound of the probability for one subcase
of the inequalities is less than ¢t~ 2(M+1) Thus, the ultimate
upper bound for the inequalities is at most M¢—2(M+1) Note
that for [ > [%] we get that one of the three cases
is false. Based on this, we have
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mn t 1
2 n 7'r
Then, we can derlve the regret bound as follows.
R(B) = Lo, o (MET(ED]) @4
< Aoz Yo, 20 BTk (| 57 ))] (25)
< Amaw EiEN Zje,/\/l [ (I_ J)] (26)
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Algorithm 2 Recruitment Algorithm with Heterogeneous Cost
Require: N, M, B, «a, and ¢; ; for Vie N, Vje M
Ensure: ®;, = {(4,j)|m; j+=1,VieN,¥je M} for Vt>1.
1: Imitialization: ¢t =0, B, = B, Q(t) =0, n; ;(t) =0 and
Z;,;(t)=0 for Vie N, Vje M;
2: Platform builds the bipartite graph G={NUM, &, x,C 1
T (t)+4/ O‘ln(f) € X is initialized to 0;
3: Platform obtains the matching with minimum cost (i.e.,
D,in), so that Cppin = Z(i,j)efbmm ¢ ; < Cy for VO, €15

where Z; ;(t) =

4: while B; > C,,,;», do

5. if n; ;(t) =0 for V(i,j) € £ then

6: t<=t+1;

7: Obtain the matching (i.e., ®;) including (4, j) based
on G in terms of the weight Z; ;(¢) € X;

8: Observe the qualities x; ;¢ for V(i, j) € ®y;

9: Update the two matrixes (n;;(t))nxym = 0 and
(@i, (t)) Nxar =0 according to Egs. (6) and (7);

10: Q) =Q(t-1) + Z(m’)eq)t Li,j,t5

11: By = Bi_1 — (i,))€®, Ci,js

12:  end if

13: t<=t+1;

14:  Conduct the maximum weight matching algorithm [7,
9] in terms of the criterion ;7( ) and output ®y;

15:  Obtain the qualities x; ;. for V(z J)EDy;

16:  Update the two matrixes (n;;(t))nxm = 0 and
(%i,j(t)) nxmr =0 according to Eqgs. (6) and (7);

17: Q(t) = Q(t—l) + Z(i,j)edn Ti gt

18: By =By 1 — (4,§) €D, Cijs

19: end while

20: Output: &, for ¢ > 1, and Q(t);

The theorem holds. O

IV. HETEROGENOUS COST

In this section, we consider the general case where the
recruitment costs of workers are heterogeneous. To address
this issue, we first introduce our basic idea and then present
the algorithm in detail.

A. Basic Solution

For the homogeneous case, we model the worker recruit-
ment problem as a combination of the combinatorial multi-
armed bandit problem and the maximum weight bipartite
matching problem. In the heterogeneous case, we also use
the special maximum weight bipartite matching problem to
model our problem. The difference is that the edges in the
bipartite graph contain not only the weight (i.e., the unknown
quality) but also the cost. We let G={NUM, &, X,C} denote
the special bipartite graph, in which N (the set of user) and
M (the set of tasks) mean the set of vertices on two sides
of the bipartite graph, & = {(i,j)|i € N,j € M} is the set
of edges, X = {z; ;(t)|(¢,j) € £} indicates the set of edge
weights, i.e., the special UCB-based quality values that will be
expressed in the following, and C={c; ;|(%, j) € £} represents



the recruitment cost. Actually, even if the edge weights are
known in advance, the special maximum weight matching
problem is quite complicated, because it involves weight and
cost simultaneously.

To solve this problem, we refer to the solution of the
homogeneous case. More specifically, we let (T; ;(t))nxm
and (n; ;(t))nxar denote the average qualities of workers and
the selected number until the ¢-th round, respectively. Then,
=T (t)+y/ 2 1;‘(:) to denote the special UCB-
based quality values where o is the empirical parameter. We
will discover the effects of the parameter « in the simulations.
Similar to the solution to the homogeneous case, we also
apply the maximum weight matching algorithm [7, 9] in the
heterogeneous case. The difference lies in that the selection
criteria is changed from Z; ;(t) to 2. That is, the edge
wel%ht in the maximum weight matchlng problem becomes
Zi32)  The heterogeneous case is more challenging than the
homogeneous case because the total recruitment cost in each
round is different. This means that the total rounds are not
determined. Also, we use ®;, ={(4, j)|m; ; = 1} to denote the
solution outputted in round ¢. After the recruitment result (i.e.,
®,) in each round is determined, the update of (Z; ;(t))nxm
and (n; ;(t)) nx s will follow Eq. (6) and Eq. (7), respectively.
Based on the presented solution, we propose a new unknown
worker recruitment algorithm for the heterogeneous case.

B. Detailed Algorithm

We introduce the detailed worker recruitment algorithm for
the heterogeneous case (i.e., Alg. 2). In Step 1, the algorith-
m initializes the values ¢, B;, Q(t) and the two matrixes
(ni; () nxm (Tij(t))Nxar- In Step 2, the platform builds
the bipartite graph G in which the edges involve the weights
X and cost C simultaneously. The weights are denoted by the
special UCB-based quality values. That is, for z; ;(t) € &,

we have ii,j(t) = -’Ifi,j(t) + %

X are updated in each round, and they are initialized to 0.
Then, the platform first computes the matching (i.e., .in)
which has the minimum recruitment cost, in Step 3. When
the remaining budget By is less than C\,;p, :Z(i,j)eémm Cijs
the recruitment process will terminate, in Step 4. In Steps 5-
12, the platform focuses on exploring the qualities of workers.
More specifically, when the number of some edges is 0, the
matching ®; including these edges will be outputted in this
round. After observing the values of qualities in this round, i.e.,
x; 5, for (i,j) € Py, the corresponding values in the matrixes
(n4,5(t)) nxar and (T ;(t)) nx s Will be updated according to
Egs. (6) and (7), in Steps 8-9. Then, the total achieved qualities
Q(t) and the remaining budget B; will be updated in Steps
10-11.

In Steps 13-18, the algorithm mainly exploits the obtained
qualities so that the total qualities can be maximized under the
remaining budget constraint. More specifically, the platform
will conduct the maximum weight matching algorithm [7, 9]
according to the criterion ”’;J(f) EIORRY Mnf)/n”(f

Step 14. After getting the recruitment result <I>t in this round

we use Z; ;(t)

Here, the values of

TABLE 11
SIMULATION SETTINGS.

[ Parameter name [ default | range |
the number of tasks/workers, N =M 20 10 — 50
the budget, B 10000 500 — 100000
the recruitment cost, ¢; 1 0—5
the parameter, o 1 0.5 —10
the qualities of workers, z; ;¢ Gaussian| 0 — 1
the mean of Gaussian, g; ; uniform | 0 —1

the recruited workers will go to perform the corresponding
tasks. Thus, the platform can observe the relevant qualities
x;,5,¢ for (i,j) € P, in Step 15. Same as the procedure of the
exploration, the matrixes (n; ;(t)) nxar and (Z; ;(t)) nvx s Will
be updated in Step 16. After that, the function value of Q(t)
and B; will also be updated in Steps 17-18. At last, when the
remaining budget is exhausted, i.e., By <C),p, the algorithm
will terminate and output the recruitment results ®, for ¢ >1
and the achieved total qualities ()(¢) in Step 20.

In addition, we analyze the computation complexity of Alg.
2. Since the budget B is limited, the worker recruitment
process is finite. That is, the maximum recruitment round
is Cfm where ®,,;, indicates the matching which has the
minimum cost. In each round (i.e., B; > C,,in), the com-
putational overhead is dominated by the maximum weight
matching algorithm in Steps 7 and 14, which is O(N?M?).
Therefore, the unknown recruitment algorithm will result in
O(%N 2M?) computation complexity.

V. PERFORMANCE EVALUATION

In this section, we evaluate the performances of the pro-
posed algorithms with extensive simulations. We conduct the
simulations on a computer with Inter(R) Core(TM) 17-8700
CPU @3.20GHz and 32GB RAM under a Windows platform.
Moreover, all simulations are implemented in Matlab.

A. Evaluation Methodology

Simulation Settings: Since the number of workers (i.e., N) is
required to be not less than that of sensing tasks (i.e., M), we
let N =M for simplicity. Moreover, the value of NV is selected
from {10, 20, 30, 40, 50}. Then, we set the parameters of each
worker-task pair (i, 7) for €A and j € M. We let the quality
of each worker-task pair (i.e., x; ;) be randomly sampled
from a Gaussian distribution. Here, the Gaussian distribution
is truncated to the interval (0,1]. Moreover, the expected
mean ¢; ; and the variance of the Gaussian distribution are
randomly sampled from the uniform distribution (0, 1). Note
that the expected mean g; ; needs to be recorded to calculate
the optimal recruitment solutions in the homogeneous case.
Furthermore, we let the recruitment cost of each worker
conducting each task (i.e., ¢; ;) be randomly sampled from the
uniform distribution on (0,5). In the homogeneous case, the
values of all recruitment cost are set as 1, i.e., ¢; j=1forie N/
and j € M. Also, we select the requester’s budget B from the
range [500,10°]. The parameter « is selected from the set
{0.5,1,2,5,10}. The default and range for some parameters
are displayed in Table II.

Compared Algorithms: In order to compare our proposed
worker recruitment algorithms with others, we design a few
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compared algorithms. Since our proposed algorithms are suit-
able for the homogeneous and heterogeneous cases, respec-
tively, we divide the compared algorithms into two parts. First,
for the homogeneous scenario where ¢; ; =1, we first design
an optimal algorithm, called opt, in which the expected mean
gi,; 1s assumed to be known in advance. Thus, opt always
outputs the worker-task pairs whose total expected mean ¢; ; is
maximum based on the maximum weight matching algorithm
in each round. In addition, we also devise a greedy algorithm
which always selects the worker-task pairs with the maximum
UCB-based qualities (i.e., Z; j(t)) in turn, until the covering
constraint is satisfied. Second, for the heterogeneous scenario,
since the worker-task pair involves not only the qualities but
also the recruitment costs, the opr algorithm designed above
cannot be applied here. We evaluate the performances of Alg.
2 by controlling the parameter .

On the other hand, we track three performance metrics in
the evaluations: the accumulative qualities, the average regret
and the consumed time. The accumulative qualities mean the
total achieved qualities (i.e., Q(t) in the algorithm) when the
budget is exhausted. The average regret is the value of the
total regret divided by the value log(B) where B means the
budget. Here, since there exists no optimal solution in the
heterogeneous case, the metric of average regret can only be
adopted in the homogeneous case.
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B. Evaluation Results

First, we display the evaluation results in the homoge-
neous settings. We evaluate the performances of accumulative
qualities in the homogeneous case (i.e., Alg. 1), and show
the simulation results in Fig. 2. We see that our algorithm
outperforms the greedy algorithm at any time. When the
budget increases, the total achieved qualities in all algorithms
will increase accordingly, as shown in Fig. 2(a). Also, we
validate the performances by changing the number of sensing
tasks, and further get that our algorithm is more effective than
greedy. When the number of tasks increases and the budget is
fixed (10* here), the total qualities overall show a downward
trend in Fig. 2(b). This is because that the exploration phase
will cost a lot when the number of tasks increases.

Furthermore, we evaluate the metric of average regret in
the homogeneous case and present the results in Fig. 3(a).
Since this metric is based on the comparison between the
optimal algorithm and other algorithms, the performance of
opt is not shown here. We then find that our algorithm has
less average regret than the greedy algorithm, and when the
budget rises, the average regret of all algorithms will increase.
Additionally, we present the performances of Alg. 1 in terms
of computation overhead, as shown in Fig. 3(b). The maximum
weight matching algorithm included in our algorithm leads to
the relatively high computation overhead. These observations
exactly validate our theoretical analysis results.

Second, we demonstrate the simulation results in the het-
erogeneous settings. When the budget and the number of tasks
change, we show the simulation results in Fig. 4. We evaluate
our algorithm by controlling the parameter o in the UCB-

based quality (i.e., Z; ;(t) =T, ;()+y /72 l;‘(f)). We get that the
total achieved qualities have slight discrépancy in terms of a.
In addition, we also present the total rounds and the consumed
time in the heterogeneous case in Fig. 5. The total rounds of
our algorithm under different values of o are almost the same.
Here, the consumed time of Alg. 1 is less than that of Alg. 2.
This is because the average cost in the heterogenous setting is
larger than 1 in the homogeneous setting. These observations
still remain consistent with our theoretical analysis results.

VI. RELATED WORK

In this paper, we study the unknown worker recruitment
problem with budget and covering constraints for mobile
crowdsensing. So far, there have been lots of researches on
the worker recruitment problem in crowdsensing, such as
[6, 10, 11, 18, 20, 21]. However, most of the existing works
assume that the qualities of workers are known in advance, and
then focus on the quality maximization or cost minimization
problems under various constraints. To solve this type of
optimization problems, they generally model the worker re-
cruitment problem as a special set cover problem with various
constraints. Unfortunately, the qualities of workers conducting
tasks are generally unknown in real life. Thus, how to solve
this unknown worker recruitment problem is more practical.

In fact, only a few researches [12, 13, 17, 21] consider that
the qualities of workers are unknown in mobile crowdsensing.
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However, they either neglect the budget/covering constraints or
consider that the crowdsensing only includes one sensing task.
Different from the existing works, we consider that crowdsens-
ing has multiple tasks and all tasks must be covered in each
round. We study how to recruit suitable workers with unknown
qualities in each round so that the total achieved qualities
can be maximized, under the budget and covering constraints.
We model our problem as a combination of maximum weight
matching and multi-armed bandits. The algorithms for multi-
armed bandit [1, 2, 14-16, 19, 23] cannot be applied in our
problem directly due to the budget and covering constraints.

Actually, the most related works are [3, 5], in which the
concept of combinatorial multi-armed bandit is proposed. The
authors in [3] design an algorithm that achieves O(logn)
distribution-dependent regret where n is the number of rounds
played, based on an offline («, 8)-approximation oracle. The
authors in [5] propose an algorithm, which can achieve regret
that grows logarithmically with time and polynomially in the
number of unknown variables. This algorithm in [5] only
requires linear storage and polynomial computation. Never-
theless, both of them ignore the budget constraints.

VII. CONCLUSION
In this paper, we study the unknown worker recruitment
problem under budget and covering constraints for mobile
crowdsensing. We first consider a homogeneous case where
the recruitment costs of workers are uniform. By modeling
our homogeneous problem as a combination of a multi-armed
bandit and a special maximum weight matching, we propose
an efficient worker recruitment algorithm which can achieve
O(In(£;)) regret where B, ¢ and M mean the budget,
uniform cost, and the number of tasks. Second, we focus
on the heterogeneous case in which the recruitment costs of
worker are different. We also use a special maximum weight
matching problem to describe our heterogenous problem. By
replacing the UCB-based qualities in the homogeneous case
with the ratio of the special UCB-based qualities and the
cost, we devise a new worker recruitment algorithm. At last,
extensive simulations are conducted to verify the significant

performances of the proposed algorithms.
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