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Abstract. In this paper, we introduce the stochastic power cover (SPC)
problem, which aims to determine the two-stage power assignment and
minimize the total expected power consumption. For this problem, we
are given a set U of n users, a set S of m sensors on the plane and k
possible scenarios, where k is a polynomial and each consists of a proba-
bility of occurrence. Each sensor s € S can adjust the power it produces
by changing its radius and the relationship between them satisfies the
following power equation p(s) = c-r(s)®. The objective is to identify
the radius of each sensor in the first stage and augment the first-stage
solution in order to cover all users and minimize the expected power
over both stages. Our main result is to present an O(«a)-approximation
algorithm by using the primal-dual technique.

Keywords: Power cover - Stochastic optimization - Approximation
algorithm - Primal dual

1 Introduction

The minimum power cover (MPC) problem is a classical combinatorial optimiza-
tion problem that can be defined as follows. Given a set U of n users and a set .S
of m sensors on the plane. Each sensor s € S can adjust the power it produces by
changing its radius and the relationship between the radio and its power satisfies
the following power equation

p(s)=c-r(s)”, (%)

where the coefficient ¢ > 0 and the attenuation coefficient o > 1 are constants.
We call a user u € U is covered by a sensor s € S if the distance between u
and s is no more than r(s), where r(s) is the radius of Disk(s,r(s)) which is
the disk centered at s with radius r(s). A user is covered by a power assignment
p: S+ RT if it belongs to some disk supported by p. The minimum power cover
problem is to find a power assignment p covering all users such that the total
power ) ¢ p(s) is as small as possible. Here, we assume that there is no limit on
the power at a sensor. For the MPC problem, when a > 1, Alt et al. [20] proved
that this problem is NP-hard. Charikar and Panigrahy [1] presented a primal-
dual algorithm to obtain a constant approximation. Bil6 et al. [2] presented a
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polynomial time approximation scheme (PTAS) based on a plane subdivision
and shifted the quad-tree technique.

By applying relevant constraints to MPC problem, we can obtain some vari-
ational problems, such as the prize-collecting cover problem [7,21], which needs
to pay the penalty if a user is not covered; the cover problem with submod-
ular/linear penalties [9-11,13,14]; the capacitated cover problem [12,22,23] in
which each sensor has a capacity; the partial cover problem [8,16], which requires
covering a specified number of elements and the stochastic cover problem etc.
Among them, the stochastic power cover problem is an important problem in
stochastic optimization problem and deserves careful study.

In recent years, an increasing number of people have focused on the stochastic
optimization problem [17], which is a basic method of dealing with uncertainty
for combinatorial optimization problems by building models of uncertainty using
the probability distributions of the input instances. The two-stage stochastic
optimization model is a popular stochastic model that can solve many combina-
torial optimization problems such as stochastic matching [15], stochastic facility
location [17], and stochastic set cover problem [18] etc. Additionally, there are
many useful techniques for designing approximation algorithms for stochastic
combinatorial optimization problems, including the linear programming relax-
ation approach, boosted sampling [24,25|, contention resolution schemes [26],
Poisson approximation [4,19] etc.

In the field of stochastic optimization problem, there are many studies on
stochastic set cover problems. In this problem, we do not know the points we
need to cover at first, but the scenarios of uncertainty go with known prob-
ability distributions. It is possible for us to anticipate possible scenarios and
purchase some subsets in advance in the first stage. In the second stage, we
obtain the probability distribution for all the scenarios. The goal is to optimize
the first-stage decision variables to minimize the expected cost over both stages.
Ravic and Sinhac [3] proposed the stochastic set cover problem and showed that
there exists an O(log mn) approximation algorithm by analyzing the relationship
between the minimum power cover and stochastic set cover problem. Further-
more, Li et al. [4] designed an approximation algorithm with a ratio of 2(Inn+1),
in which n is the cardinality of the universe. Parthasarathy [5] designed an adap-
tive greedy algorithm with ratio H(n) for the stochastic set cover problem. For
the stochastic set cover problem with submodular penalty, Sun et al. [6] proposed
a 2p-approximation algorithm using the primal-dual technique, where 7 is the
maximum frequency of the element of the ground set in the set cover problem.

Inspired by the above problems, we consider the two-stage, finite-scenario
stochastic version of the minimum power cover problem, which generalizes the
minimum power cover problem and the stochastic minimum set cover problem.
For this problem, we are given a set U of n users, a set S of m sensors on the
plane and k possible scenarios, where k is a polynomial and each consists of a
probability of occurrence. Each sensor s € S can adjust the power it produces
by changing its radius and the relationship between them satisfies the following
power equation p(s) = c¢-r(s)”, where ¢ > 0 and the attenuation coefficient
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« > 1 are some constants. The objective is to identify the radius of each sensor
in the first stage and augment the first-stage solution to cover all users and
minimize the expected power over both stages. The remainder of this paper is
organized as follows. We introduce the stochastic set cover problem in Sect. 2.
In Sect. 3, we design a polynomial-time algorithm with an approximate ratio of
O(a) by using the primal-dual technique and present the proof. In Sect. 4, we
give a brief conclusion.

2 Stochastic Power Cover Problem

Based on the definition of the minimum power cover problem, the two-stage
finite-scenario stochastic power cover problem can be defined as follows. The
input in our version of the stochastic power cover problem consists of a set U
of n users, a first-stage set Uy C U, a set S of m sensors on the plane and
k possible scenarios where k is a polynomial. As with the definition in MPC
problem introduced above, the relationship between the radius of a sensor and
the power it consumes also satisfies the power equation () where ¢ and « are
some constants. However, ¢ > 0 will change as the scenario changes and we
usually call & > 1 the attenuation coefficient. For a scenario j € {1,2,...,k},
we use p; to define its probability, U; C U is the set of users that need to
be covered, which may or may not be subsets of the first-stage set Uy and the
coefficient in the power equation is denoted by c; in scenario j. In the first
stage, the coefficient in the power equation is ¢y. We need to anticipate possible
scenarios and determine the radius of the sensors in advance in the first stage.
In the second stage, when the coverage requirements in all the scenarios appear
in the form of the probability distribution, we need to expand the radius of
the disks or pick more disks to complement the decision of the first stage. The
objective for this problem is to find a power assignment that covers all the
users and minimizes the total power of the first stage and the expected power
consumption of the second stage.

For convenience, we use a set F of disks whose centers are sensors to represent
a power assignment for the sensor set S. If 7* is an optimal assignment for this
problem, then for any disk Disk(s,r(s)) € F*, there is at least one user v € U
that lies on the boundary of disk Disk(s,r(s)); otherwise, we may reduce the
radius of the disks to cover the same set of users and find a feasible assignment
with a lower value. Since in every scenario there are at most n points of users,
each sensor can generate up to n disks with different radius and all sensors have
a maximum of mn disks that need to be considered. For all scenarios, there are
at most kmn disks that need to be considered, so in the following, we use D to
denote such a set of all disks, (U, D, k) denotes an instance of the SPC problem.
For any D € D, let ¢(D) represent the center sensor of D, and r(D,j) is the
radius of disk D in scenario j € {1,2,...,k}, U(D) denotes the users covered by
D and U;(D) denotes the users covered by D in U; for all j =0,1,... k.

Based on an analysis similar to [7], in order to control the approximation ratio,
we need to guess the disk with the maximum radius denoted by D) ;.4 in an optimal
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k
luti * = ¥ for j 1,... hat i i ) = ).
solution F jL:Jo Fiforj € {0,1,...,k}, that is 7(Dj max, J) D:r%%).;'}‘ r(D,j)

k ’
Let Dimaz = U Djmaz, OPT is the optimal value of the residual instance about
j=0
Dinaz, OPT is the optimal value of the original instance (U, D, k). Similar to the
analysis in [7], we have the following lemma:
Lemma 1. OPT = OPT + Y% pjc;r(Djmaa:J)°-

In the guessing technique, each disk Dj nqq is guessed as the disk with the
maximum radius of 77 for all j = 0,1,...,k in the optimal solution F*; there-
fore, by looping (k + 1)mn times, we can assume that D, is known. Later,
we will present a three-phase primal-dual approximation algorithm for the resid-

ual instance. And for simplicity of notation, we still use (U, D, k) to denote the
residual instance.

k
min Z cor(D,0)%zp o + Z Z pic;r(D,j)*xp,; (IP)

DeD j=1DeD
st. > apot Y. wp;>1, Vie{l,2,... .k}, YueUynUj, (1)

DeD DeD

u€Uo(D) ueU; (D)
> wpy; =1, Vie{L,2,... k},Vue U;\ U, (2)
DeD

uelU; (D)

£D70,l‘]_‘),j€{0,1}, vje{1,2,...,k},VD € D. (3)

In this formulation, the variable zp ; indicates in scenario j whether we select
the disk D. That is:

1, if disk D is selected in scenario j to cover some users,
Ip,j = .
0, otherwise.

The first set of constraints of (1) guarantees that each user u € Uy N U; is
covered in either the first or second stage, and constraint (2) forces the users in
U, \ Uy must be covered in the second stage. We can obtain the linear program
by replacing constraint (3). Its LP relaxation and corresponding dual program
of the linear relaxation are as shown below:

k
min Z cor(D,0)%zp o + Z Z pic;r(D,§)xp,; (LP)

DeD j=1 DeD
s.t. Z Tp,o+ Z ID,jZL VjE{l,Q,...,k},VUGUomUj,
DeD DeD
u€Uy (D) u€U; (D)

N> apy>1, Vie{1,2,...k},Yue U;\ U,

DeD
uelU; (D)

TD,0,TD,j >0, Vje {1,2,...,]{:},VD e D.
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k
mas S Yy (OP)

j=1 uEUj

k
s.t. Z Z Yu,j < cor(D,0)%, VD € D,
j=1uely(D)NU;(D)

Z Yuj < pjcir(D, )7, VD eD,jec{1,2,... k},
’U.GUJ‘(D)
Yu,j = 0, Vue U, je{l,2,...,k}

Next, we recall the definition and some geometric properties of the p-relaxed
independent set that have been introduced in [8], where p € [0, 2] is a given con-
stant. Given a set U of users and a set D of disks on the plane, for any two disks
D1,Dy € D,ifU(D1)NU(D3) = 0 or d(¢(D1),c¢(D2)) > pmax{r(D;),r(D2)}, we
call that D is a p-relaxed independent set, where d(a, b)is the Euclidean distance
between points a and b.

According to the above definition, we can obtain the following lemma, and
its proof process is the same as in [§]. This lemma will be used in the later proof
of the approximate ratio of the primal-dual algorithm.

Lemma 2. Foranyt € {2,3,...}, we have max {D|u e U(D),D € D}| <t-1,
ue

where D is a p-relazed independent set with p = 2sin .

3 Algorithm for the SPC Problem

The algorithm is a three-phase primal-dual approximation algorithm consisting
of four steps. For ease of description and modeling, we now present some more
notations as follows: for a disk D, U(D) denotes the users covered by D, and
P(D) denotes the expected power it consumes, that is,

k k
P(D) = cor(D,0)* + Y pjc;r(D,5)* =Y pje;r(D,§)%,

j=1 j=0
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here pg = 1. For a set of disks D, we also use U(D) to denote the set of users
covered by disks in D; for a solution F, let P(F) denote the expected power it
consumes, that is,

k
> PD)=>" > pier(D,j)°

D:DeF j=0 D:DeF

We say a disk D € D is tight if it satisfies either

or

k
Yoo tug=ar(D0)", (5)

J=1ueUy(D)NU,; (D)

D Yug = pier(D, )% (6)

uecU; (D)

The basic framework of the algorithm is shown as follows:

Step1: In the first step, we raise the dual variables y,, ; uniformly for all users
in U; \ Uy, separately for each j. All disks that become tight (satisfy Eq. (5))
have zp ; set to 1. In this way, we can find a disk set D;ight, where D;ight
can cover all users in U; \ Up.

Step2: In the second step, we do a greedy dual-ascent on all uncovered users
of Uj;. These users are contained in Uy N U;. We also raise the dual variables
Yu,j for these uncovered users, if a disk is tight (satisfy Eq. (5)), then we
select it in the stage one solution by setting xp ¢ = 1, and if it is not tight
for zp o but is tight for xp ;, then we select it in the resource solution and
set xp,; = 1. In this way, we can find a disk set D(t)ight and extend the disk
set D;ight, where D" U D;ight can cover all users in Uj.

Step3: Before going into the fourth step, remove the disk Dj .5t which is
the last disk added into D“ght( =0,1,...,k). Then, a maximal p-relaxed
independent set of disks Z; is computed in a greedy manner.

Step4: Finally, every disk in Z; has its radius enlarged 1 4 p times. Such set
of disks together with Dj; qs:(j = 0,1,...,k) are the output of the algorithm.
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We propose the detailed three-phase primal-dual algorithm in Algorithm 1
below.

Algorithm 1: Three — phase primal — dual algorithm

Input: A set U of n users, a disk set D, a power function P : D — R7T, k possible
scenarios and its probability, a set of users U; C U,j =0,1,...,k, an interger
te{2,3,...}.

Output: A subset of disks F.

1 Initially, let DY =0 (j=0,1,...,k), yu; =0 (G =1,...,ku€Uj)),

X;=Uj\Uo (j=1,....k), RE™ =0 (j=1,...,k).

2 forj=1,...,kdo
s | while R"™ #U; \ Uy do
a Increase yy,; (v € X;) simultaneously until some disks D become tight.
5 if 30 cu, (D) Yu,s = PiciT(D,§)* then
tight tight t t

6 'Dng = Djlg U{D},zp,; = l,Rjemp = R;mPUUj(D)7

Xj =X \U;(D).
7 end
8 end
9 end

10 Set Ty :=U; \ R (j =1,....,k).
11 while RI™ £ Uj,j=1,...,k do

12 Increase yy,j (j =1,...,k,u € Tj) simultaneously until some disks D become tight.
13 if Z?:_l zuEUg(_D)ﬁUj(D) Yu,j = cor(D,0)* then

12 | Dy =D U{D}, p o =1, R = RIMP UUS(D), Ty =T \ Uy(D).
15 end

16 else if_Zuer(D_) Yu,j = pjcir(D,7)* then

17 DM .= DU YD}, 2p ; =1, RE™ = R U U (D), Ty := Tj \ U;(D).
18 end

19 end

20 for j =0,...,k do

21 Let Dj st be the last disk added into D/*"".

22 Set [ := |'D;.ight \{Dj iast}, T := D;ight \{Dj1ast}, p := 2sin F. Sort the disks in
DY\ (D) 1ase} such that r(D1,5) > r(Da,j) > - r(Dy,, 5).

23 for l;- =1tol; do
24 if there eists a disk D, € Z; with I; <1} such that U(Dy) N U(D,) # 0
i i i
and d(c(D,),¢(D,r)) < pr(D,, j) then
J

25 Delete D, from Z;.

j
26 end
27 end
28 Fj :=A{D(c(D), (14 p)r(D))|D € Z;} U Dj tast-
29 end
30 I := Uf:() Z;,F = U?:O Fj. Output F.
Lemma 3. F is a feasible solution.
Proof. Consider a user in scenario j = 1,...,k, by definition of the algorithm,

it will be either covered by disks in D;ight, or disks in D" (or both), so that

U?:o D;ig ht is a feasible solution for (U, D, k). Next, we will prove that F is also
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a feasible solution. For any user u € U(D§ight),j =0,...,k, if u is not covered
by Fj, then it must be covered by a disk D, € D;ight \ F;. Following from the
J
definition of p-relaxed independent set, there is a disk D, € I; satisfying that
r(Dy ;) =2 r(Dy,j) and d(c(Dy),c(Dy)) < pr(Dyr, j). Therefore, we have
3’ J J J J
d(u, C(Dl;/)) < d(u,c(Dl;)) + d(c(Dl;/), c(Dl;))
<r(Dy,j) +pr(DysJ)
< (4 p)r(Dy ).
That implies that u is covered by disk D(c(Dy), (1 + p)r(Dy» ;)) € F; con-

tradicting previous assumption. Therefore, F is a feasible solution.

Lemma 4. For any integert € {2,3,4, ...}, the objective value of F is no more
than 2(t — 1)(1 4 2sin §)*OPT + P(D™*).

Proof.

P(I)=>"p; Y ¢r(D,j)"

j=0  D:DE€I;

Z cor(D,O)a+ij Z er(D, )

D:DeZy j=1 D:D€Z;
k k
= § § § Yu,j + § E § Yu,j
D:DeZIp j=1 u:u€Ug(D)NU; (D) j=1D:D€Lj uiuelU;(D)

E ”Mk T'Mw

SR SRS 3 S S

1 D:DeZp w:ucUg(D)NU; (D) D:DeZ; uiueU;(D)

Z Yuj - {Do|Do € Zo,u € U(Do)}|
cU(Zo)

—+

j=1

> yus {DsID; € T, u € UD;)}
wiueU(Z;)
k

k
SE-1DY 3 vt t—lz > Yuy

=1 u:ueU(Zp) J=1wuelU(Z;)

Mw

< (t - 1) Z Yu,j + (t - 1) Z Z Yu,j
I=L wueU (DI \ (Do 105t }) I= wiueU (DEIMN{D; 1asi })
2-13 5 e
Jj=1uwwueU;
<2(t-1)0oPT"
<2(t—1)OPT,
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where OPT" is the optimal value of the dual program. The third equation
follows from Eq. (5) and (6), the second inequation follows from Lemma 2 and
Z; is a p-relaxed independent set, and the third inequation follows from Z; C
D;lght \{Djast},j = 0,1,...,k and the last inequation follows from the well-
known strong duality theorem. From the inequations above, we have

P(f) (1+p +ijcj jlast:])
k
<2(t—1)(1+p)*OPT +> " pic;r(Djast: )
7=0

< 2(t —1)(1 + 2sin t) OPT' + P(D™*),

The first equality follows from F; = {D(c(D), (1 + p)r(D,4))|D € Z;} U
Dj 1ast, the second inequality follows from 7(Dj iast,J) < 7(DjmazsJ), Pmaz =
U?:O Dj maz- Therefore, the lemma holds.

Theorem 1. There is an O(a)-approzimation algorithm for the MinSPC prob-
lem.

Proof.
P(F UDuaz) = P(F) + P(Dmas)
32a—1x1+2gn§w0PTﬁ+ﬂ%me)

< 2(t—1)(1 + 2sin %)a(opT’ + P(D™))

2@—1X1+2$n§WOPﬂ

where the first inequality follows from Lemma 4, and the second inequality fol-
lows from o > 1,t € {2,3,4,...}, and the last equality follows from Lemma 1.
Furthermore, as in the analysis in [8], the approximation of Algorithm 1 is O(«).

4 Conclusions

In this paper, we introduce the stochastic minimum power cover problem, which
generalizes the minimum power cover problem and the stochastic minimum set
cover problem. We prove an O(«a)-approximation algorithm for this problem,
which can be implemented in polynomial time.

For the stochastic optimization problems, we now consider only the two-stage
finite-scenario version for the stochastic power cover problem. In the future, there
is substantial potential for us to design some algorithms for this problem with
multi-stage, exponential scenarios and more constraints which comes with great
challenges.
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