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Abstract

A systematic technique to bound factor-revealing linear programs is presented. We
show how to derive a family of upper bound factor-revealing programs (UPFRP), and
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factor of an associated algorithm. Obtaining an UPFRP is straightforward, and can be used
as an alternative to analytical proofs, that are usually very long and tedious. We apply
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where the distance function is a squared metric. We call this generalization the Squared
Metric Facility Location Problem (SMFLP) and prove that there is no approximation factor
better than 2.04, assuming P £ NP. Then, we analyze the best known algorithms for the
MFLP based on primal-dual and LP-rounding techniques when they are applied to the
SMFLP. We prove very tight bounds for these algorithms, and show that the LP-rounding
algorithm achieves a ratio of 2.04, and therefore has the best factor for the SMFLP. We
use UPFRPs in the dual-fitting analysis of the primal-dual algorithms for both the SMFLP
and the MFLP, improving some of the previous analysis for the MFLP.
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1 Introduction

Let C and F be finite disjoint sets. Call cities the elements of C and facilities the elements of F.
For each facility i and city j, let ¢;; be a non-negative number representing the cost to connect i
to j. Additionally, let f; be a non-negative number representing the cost to open facility i. For
each city j and subset F’ of F, let ¢(F’, j) = min;cp ¢;j. The FACILITY LOCATION PROBLEM
(FLP) consists of the following: given sets C and F, and ¢ and f as above, find a subset F’
of F such that ¥cpr fi + ¥ jecc(F',j) is minimum. Hochbaum [9] presented an O(logn)-
approximation for the FLP.

A well-studied particular case of the FLP is its so called metric variant. We say that an
instance (C,F,c, f) of the FLP is metric if ¢;j < ¢;j + ¢y y + ¢y, for all facilities i and /', and
cities j and j’. In the context of the FLP, this inequality is called the triangle inequality. The
METRIC FLP, denoted by MFLP, is the particular case of the FLP that considers only metric
instances. Several algorithms were proposed in the literature for the MFLP [2, 15, [7, [10, [12,
13, [15, [16]. In particular, the best known algorithm for the MFLP is a 1.488-approximation
proposed by Li [13]. Also, Guha and Khuller [8] proved an inapproximability result that states
that there is no approximation algorithm for the MFLP with a ratio smaller than 1.463, unless
NP C DTIME[nO(°glogn)) - This result was strengthened by Sviridenko, who showed that the
lower bound holds unless P = NP (see [[17]]).

The EUCLIDEAN FLP is a particular case of the MFLP also considered in the literature.
In the EUCLIDEAN FLP, one is given a position in an Euclidean space for each city and for
each facility, and the cost c;; is the Euclidean distance between the position of facility i and the
position of city j. There is a PTAS for the Euclidean FLP in 2-dimensional space, by Arora,
Raghavan, and Rao [1]].

Yet another variant considered in the literature is the so called SQUARED EUCLIDEAN
FLP, denoted here by E’FLP. In this variant, as in the Euclidean case, one is given a position
in an Euclidean space for each city and for each facility. Here, the cost ¢;; is the square of
the Euclidean distance between the position of facility i and the position of city j. This cost
measure is known as £2, and was, for instance, considered by Jain and Vazirani [12, pp. 292—
293] in the context of the FLP. Their approach implies a 9-approximation for the E?FLP.

We consider instances (C,F,c, f) of the FLP such that a relaxed version of the triangle
inequality is satisfied. We say that a cost function c is a squared metric, if, for all facilities i
and i, and cities j and j’, we have VCij < \/Cij + /iy +/C7j. The particular case of the
FLP that only considers instances with a squared metric is called SQUARED METRIC FLP,
and is denoted by SMFLP. Notice that the SMFLP is a generalization of the E?’FLP and of
the MFLP. Thus any approximation for the SMFLP is also an approximation for the E?’FLP or
the MFLP, and the inapproximability results for the MFLP are also valid for the SMFLP. The
9-approximation of Jain and Vazirani [[12] applies also to the SMFLP and, to our knowledge, it
has the best previously known approximation factor. The choice of squared metrics discourages
excessive distances in the solution. This effect is important in several applications, such as k-
means and classification problems.

Although there are several algorithms for the MFLP in the literature, there are very few
works on the SMFLP. Nevertheless, one may try to solve an instance of the SMFLP using
good algorithms designed for the MFLP. Since these algorithms and their analysis are based
on the assumption of the triangle inequality, it is reasonable to expect that they generate good
solutions also for the SMFLP. However, there is no trivial way to derive an approximation
factor from the MFLP to the SMFLP, so each algorithm must be reanalyzed individually. In
this paper, we analyze three primal-dual algorithms (the 1.861 and the 1.61-approximation



algorithms of Jain et al. [10], and the 1.52-approximation of Mahdian, Ye, and Zhang [15]) and
an LP-rounding algorithm (Chudak and Shmoys’s algorithm [6] used in the 1.5-approximation
of Byrka and Aardal [2]) when applied to SMFLP instances. We show that these algorithms
achieve ratios of 2.87, 2.43,2.17, and 2.04 for the SMFLP, respectively. The last approximation
factor is the best possible, as we show a 2.04-inapproximability limit for the SMFLP. This was
obtained by extending the metric case hardness results of Guha and Khuller [8].

The original analysis of the three primal-dual algorithms are based on the so called fami-
lies of factor-revealing linear programs [10, 15]. The value of a computer calculated optimal
solution for any program in this family gives a lower bound on the approximation factor. An
upper bound, however, is obtained analytically by bounding the value of every program in this
family, which requires long and tedious proofs. In this paper, we propose a way to obtain a
new family of upper bound factor-revealing programs, as an alternative technique to achieve an
upper bound. Now, the upper bound on the approximation factor is also obtained by a computer
calculated solution of a single program. We note that, for the SMFLP, our factor-revealing pro-
grams are nonlinear, since the squared metric constraints contain square roots. We tackle this
by replacing these constraints with an infinite set of linear constraints.

Recently, Mahdian and Yan [[14] introduced the strongly factor-revealing linear programs.
Our upper bound factor-revealing program is similar to a strongly factor-revealing program.
The techniques involved in obtaining our program, however, are different. To obtain a strongly
factor-revealing linear program, one projects a solution of an arbitrarily large linear program
into a linear program with a constant number of variables, and guesses how to adjust the restric-
tions to obtain a feasible solution. In our approach, we define a candidate dual solution for a
program with a fixed number of variables, and obtain an upper bound factor-revealing program
directly in the form of a minimization program using only straightforward calculations. For the
case of the SMFLP, we observed that calculating the dual upper bound program is easier than
projecting the solutions on the primal. Also, we have considered the case of the MFLP, for
which the obtained lower and upper bound factor-revealing programs converge.

Our contribution is two-folded. First, we make an important step towards generalizing
the squared Euclidean distance and successfully analyze this generalization in the context of
the FLP. Second, more importantly, we propose a new technique to systematically bound
factor-revealing programs. This technique is used in the dual-fitting analysis of the primal-dual
algorithms for both the SMFLP and the MFLP. We hope that this technique can also be used
in the analysis of other dual-fitting algorithms analyzed through factor-revealing LPs.

The paper is organized as follows. In Section [2] we present the new technique analyzing
the performance of the first algorithm of Jain ez al. [10] for the SMFLP. Section [3applies the
technique in the analysis of the second algorithm of algorithm of Jain e al. [10]. Section {4
analyzes the performance of the algorithm of Mahdian, Ye, and Zhang [15] for the SMFLP. In
Section [5] we present the analysis of the algorithm of Li [13]], which happens to be optimal for
SMFLP, according to the complexity result we present in Section [6} Finally we make some
concluding remarks in Section

2 A new factor-revealing analysis

We analyze the algorithms of Jain ez al. [[10] using a new systematic factor-revealing technique.
For each algorithm, Jain ef al. [10] analysis uses a family of factor-revealing LPs parameterized
by some k. The optimal value z; of the corresponding LP in the family is such that sup;~ z is
the approximation factor of the algorithm. Thus each value z is a lower bound on the approx-



imation factor and one has to analytically upper bound sup;~; zx to obtain an approximation
factor. This is a nontrivial analysis, since it is done by guessing a general suboptimal dual solu-
tion for the LP, usually inspired by numerically obtained dual LP solutions for small values of k.
In this section, we show how to derive a family of upper bound factor-revealing programs (UP-
FRP) parameterized by some ¢, so that, for any given ¢, the optimal value x; of one such program
is an upper bound on sup;- zx. Obtaining a UPFRP and solving it using a computer is much
simpler and more straightforward than using an analytical proof to obtain the approximation
factor, since this does not include a guessing step and a manual verification of the feasibility of
the solution. Additionally, as a property of the UPFRPs, we may tighten the obtained factor by
solving the LP for larger values of ¢. In fact, in some cases (see Theorem m below), the lower
and upper bound factor-revealing programs converge, that is, sup;~ zx = inf;>1 x;.

We use a UPFRP to show that, when applied to SMFLP instances, the first algorithm of Jain
et al. [10]], denoted by A1, is a 2.87-approximation. For the sake of completeness, the algorithm
is described in the following.

Algorithm A1 (C,F,c, f) [10]

1. Set U := C, meaning that every facility starts unopened, and every city unconnected.
Each city j has some budget o, initially 0, and, at every moment, the budget that an
unconnected city j offers to some unopened facility i equals to max(o; —c¢;;,0).

2. While U # 0, the budget of each unconnected city is increased continuously until one of
the following events occur:

(a) For some unconnected city j and some open facility i, &; = ¢;;. In this case, connect
city j to facility i and remove j from U.

(b) For some unopened facility i, }- jcy max(o; —¢;;,0) = f;. In this case, open facility i
and, for every unconnected city j with &; > ¢;;, connect j to i and remove j from U.

The analysis presented by Jain et al. [10] uses the dual fitting method. That is, their al-
gorithms produce not only a solution for the MFLP, but also a vector & = (01, .., Q|¢) such
that the value of the solution produced is equal to }; ;. Moreover, for the first algorithm,
following the dual fitting method, Jain et al. [10] proved that the vector ¢¢/1.861 is a feasible
solution for the dual linear program presented as (3) in [10], concluding that the algorithm is a
1.861-approximation for the MFLP. To present a similar analysis for the SMFLP, we use the
same definitions and follow the steps of Jain ef al. analysis. We start by adapting Lemma 3.2
from [10] for a squared metric.

Lemma 1. For every facility i, cities j and j', and vector o obtained by the first algorithm of
Jain et al. [10] given an instance of the SMFLP, /&; < | /@y + , /C;j7 + | /Cij.

Proof. If atj < oy, the inequality obviously holds. So assume a;; > a;r. Let i’ be the facility to
which the algorithm connects city j’. Thus a;; > ¢;;» and facility ' is open at time oty < a;. If
; > ¢y, then city j would have connected to facility /' at some time r < max(a;r,cy;) < o),
and @; would have stopped growing then, a contradiction. Hence @; < ¢;;. Furthermore, by

the squared metric constraint, ,/cy; < /¢y + /¢y + /Cij. Therefore \/o; < /0y +  /Cij7 +
\/Cij- O



A facility i is said to be y-overtight for some positive ¥ if, at the end of the algorithm,
@
Zmax (——c,-j,O) < fi (D
F Y

Observe that, if every facility is y-overtight, then the vector ot/ is a feasible solution for the
dual linear program presented as (3) in [10]. Jain et al. proved that, for the MFLP, every facility
is 1.861-overtight. We want to find a y for the SMFLP, as close to 1 as possible, for which every
facility is y-overtight.

Fix a facility i. Let us assume without loss of generality that &; > yc;; only for the first k
cities. Following the lines of Jain et al. [10], we want to obtain the so called (lower bound)
factor-revealing program. We define a set of variables f, d;, and a;, corresponding to facility
cost f;, distance c;;, and city contribution ;. Then, we capture the intrinsic properties of the
algorithm using constraints over these variables. We assume without loss of generality that
o) <--- < og. Also, we use Lemma 3.3 from [10]], that states that the total contribution offered
to a facility at any time is at most its cost, that is, Zé‘: ; max(aj —d;,0) < f. Additionally, we
have the inequalities from Lemma m Subject to all of these constraints, we want to find the
minimum 7 such that the facility is y-overtight. In terms of the defined variables, we want the
maximum ratio Z’]‘.Zl a;/(f+ Z’]‘.: 1 d;). We obtain the following lower bound factor-revealing
program:

Y19
= max 5
% FHYE d;
s.t. o < ojtq V1<j<k

VG <O+ Jd+d V1<) 1<k @)
Y jmax(e;—di,0) < f V1< j<k
aj,dj, f >0 V1<j<k
The next lemma has the same statement of Lemma 3.4 in [10]], but it refers to program (2)).
Since the proof is the same, we omit it.

Lemma 2. Let y = sup;~ z;'. Every facility is y-overtight.

Therefore sup;~ z;' is an upper bound on the approximation factor of the algorithm for the
SMEFLP. A slight modification of the example presented in Theorem 3.5 of [[10] shows that this
upper bound is tight. (Take ¢;; = (v/di+ \/dj + \/04)* if k > i # j.)

Although the constraints comming from Lemma [I] are defined by square roots, they are
convex. Indeed, the next lemma, whose proof is presented in Appendix [A] shows that they can
be expressed by an infinite set of linear inequalities.

Lemma 3. Given an instance of the SMFLP, for every facility i, cities j and j', the vector o
produced by the first algorithm of Jain et al. [10] is such that, for every positive B, ¥, and 9,

1 1 1
o < (1 +ﬁ +E/)ajl+(l +7+ g)cij/+(1+3+E)Cij.

As a consequence, for any candidate solution for program (2) not satisfying a constraint
comming from Lemmal(l], there exists some violated linear inequality.

2.1 A first analysis

Our first step is to relax into a linear program. For that, we adjust the objective function
as in [10]], and we approximate the inequalities with square roots using inequalities given by
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Lemma(3] For simplicity, here we will use only the inequalities corresponding to f =y= 8 = 1.
With this, we will prove that sup,~z;' is not greater than 3.236. Later, we will improve the
obtained result by using a whole set of inequalities from Lemma 3] and using a more standard
factor-revealing analysis for the SMFLP. The relaxed lower factor-revealing linear program is:

W, = max Z’;zlaj
st. f4+Ys,di<1

& < Oy V1<j<k
o <3o+3dj+3d;, V1<), 1<k (3)
le>0‘] d VI<j<I<k

Y X < f VI<j<k

o, J?f,szZO V1<j<I<k

As (B) is a relaxation of (2)), we have that z;' <1, and thus an upper bound on sup; - w, is
also an upper bound on sup,- z;'. Solving linear program (3) using CPLEX for k = 540, we
obtain the next lemma.

Lemma 4. sup;..,w, > 3.220.

To obtain an upper bound on their factor-revealing linear program, Jain et al. [10] presented
a general dual solution of a relaxed version of the lower bound factor-revealing linear program.
This solution is deduced from computational experiments and empirical results for small values
of k. In their analysis, they guessed 2- and 3-step functions for a set of dual variables, and used
a long verification to show that the value of such solution was not greater than 1.861. For
the squared metric case, if we use step functions for the dual variables, the bound on the factor
would be as bad as 3.625. One can improve the obtained factor to 3.512 by guessing a piecewise
function whose pieces are either constants or hyperboles.

Instead of looking for a good general dual solution, we use an alternative analysis and
derive a linear minimization program from (3) whose feasible solutions are upper bounds on
supy>1 w,. Afterwards, we give an upper bound on the approximation factor by presenting a
feasible solution for this program of value less than 3.236.

The idea is to determine a conical combination of the inequalities of (3] that imply inequal-
ity (I) for a y as small as possible. The linear minimization program will help us to choose the
coefficients of such conical combination.

First, rewrite the third inequality of program (3], so that the right-hand side is zero. For
each j and /, we multiply the corresponding inequality by ¢;;. Denote by A the sum of all these
inequalities, that is,

k k
Y'Y ¢ji(ej— 30 —3d;—3d;) <O0.
j=1I=1

The fourth and fifth inequalities of program can be relaxed to the set of inequalities
Zf: j(aj —d;) < f, one for each [ such that j <[ < k. For each j and /, we multiply the
corresponding inequality by 6;; and denote by B the inequality resulting of summing them up,
that is,

k k , k k
Y Y 0 (oi—d)< () Y 0u)f
j=1l=j j=ll=j
The coefficients of a; in A and B are, respectively,

k
coeffy[aj] = Z (pﬂ—3(p1] and coeffp[arj] = Z I—j+1)0;,
=1 I=j



and the coefficients of —d; in A and B are, respectively,

k J k
coeffy[— Z 3(@ji+ i) and coeffp[— Z Z 0;.
=1 i=11=j

~.

Now, we sum inequalities A and B and obtain a new inequality C:

k k
Z coeffc(o;] oj — Z coeffc[—d|] dj < coeffc|f] f. 4)
j=1 =1

We want to find values for ¥, 6;;, and @j; so that the corresponding coefficients of C are
such that inequality (@) implies, for sufficiently large k, that

k k
Yo—-yY d <yt 5)
Jj=1 Jj=1

Moreover, we want ¥ as small as possible. To obtain inequality (5) from inequality (), it is
enough that, for each j, coefficient coeffc|a;] > 1, coeffc[—d;| < 7, and coeffc[f] < y. Hence,
this can be expressed by the following linear program.

Yk = min Yy
s.t.  coeffc[aj] > 1 VI<j<k
coeffc[—d;] <y VI<j<k 6)
coeffc[f] <7y
@ >0 VI<jl<k
6;; >0 V1< j<I<k

The interested reader may observe that program (6)) is the dual of a relaxed version of the
lower bound factor-revealing linear program (3. Therefore, its optimal value is an upper bound
on the optimal value of (3)), that is, w, < yi for every k.

Lemma S. sup;-;w, < 3.236.

Proof. We start by observing that sup,~ 1, does not decrease if we restrict attention to values
of k that are multiples of a fixed positive integer ¢. Indeed, for an arbitrary positive integer p,
by making 7 replicas of a solution of (3) for k = p, and scaling the variables by 1/¢, we obtain
a solution of (3)) for k = pt, that is, we deduce that W, < W, So we may assume that k has the
form k = pt with p and ¢ positive integers, and our goal is to prove that w, < 3.236.

We will use program (6) to obtain a tight upper bound on w,. The size of this program how-
ever depends on k, which can be arbitrarily large. So we will use a scaling argument to create
another linear minimization program with a fixed number (depending only on ¢) of variables,
and obtain a feasible solution for program (6) from a solution for this smaller program. Then,
we will show that the value of the generated solution for (6) is bounded by the value of the
small solution.

Consider variables ¥ € R, (p_;.l €R, for1<j,1<t, and 6_;.1 eR, for1<j<[<t. For
an arbitrary n, let A = [%1 We obtain a candidate solution for program (6) by taking

- 0

1 ji
Qi =—- 0, =—5, and =7. (7)
il = p jl p2 Y 7/
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Let us calculate each coefficient of C for this solution.

k k
coeffelay] = Y (@i —3@1;)+ ) (I—j+1)6j
=1 1=
k ‘Plv‘ L k 0’

Y (L3 Y -j+1)L

Z_Zl p p ;; P?
o' (p’ 0.

>y (L34 l—pD z

=1 P p I=p j+1

<pl, o603, 0-]

! 1 ’
=Y (-2 -3+ ¥ ]l Z (pl'—i—p))

=1 P p r=jr1 P i=

t A
v p(p—1) .
= Z (q)}l’ _3¢;/f) + Z pjz (pzl,_ ) _pzj)
I'=1 I'=j+1

t t
A |
/ / ;A /
> /z (9"f1/_39°1/f>+ EA (1 —]—i)eﬂ/-
I'=1 I'=j+1

ik
3(@i+ei)+Y. ) 6
1 i=1i=j
/

p @
Y 3Ly
= P

M»

coeffc[—d}] =

~

/
%y
p i=1/=; P

pt pt O

k k t t o,
coetcf) = YYo= £ 3 < Yp Yp = X Y e
J: :

J:1 = P =1 = —1r—;

Now, we want to find the minimum value of ¥ and values for ¢’ il and 6/ i such that the
candidate solution for program (6) is feasible. We may define the followmg hnear program,
named the upper bound factor-revealing program.

%= min Y
st Yoy (@h=3¢) X (—j—1)8p>1 VI<j<i
I 13<¢,,+<p,]>+z{:12, 6 <Y VI<j<t ®
t ; =J Jl <7
%1— V1<j,[<t
6;,>0 Vi<j<i<t



Consider an optimal solution for program (6). Replacing it in (), that is, in inequality C,
we obtain Z’;ZI o — )/Z’]‘.: 1dj < vf. Thus, w, < 7= y,. Now, consider an optimal solution
for program (8)) and the corresponding generated solution for program (6). We obtain y, <y =
Y =%, and conclude that v, <%, and that holds for every positive integer k.

Using CPLEX to solve program (), we obtained Xy, ~ 3.23586 < 3.236, and this con-
cludes the proof of Lemma [5 [

2.2 An improved factor-revealing analysis

In Lemma [5] we obtained the minimization program (8) from a conical combination of con-
straints from program (3)) that bounds the approximation factor. This process is similar to ob-
taining the dual and using a scaling argument. Indeed, we propose a systematic way to obtain
an upper bound factor-revealing program.

Consider the dual program of a traditional maximization factor-revealing linear program
for some k. Take k in the form k = pt, for a fixed r. We want to create a minimization program
that mimics the dual, but depends only on ¢ and bounds the dual optimal value for every k.
The idea is to constrain the variables of the small program to obtain a feasible solution for the
dual program. To obtain a linear program independent of k, we scale the variables by p. The
strategy to obtain an upper bound factor-revealing program may be summarized as follows:

1. obtain the dual P(k) of the lower bound factor-revealing linear program;
2. consider a block variable x; for variables x(;_1),41,-- - X(i—1)p4p Of P(k);

3. identify each variable x; with the block variable x’[i /p] scaled by p;

4. replace identified variables in P(k), canceling factors p.

Denote the resulting program by P’(¢). If P'(¢) depends only on ¢, both in number of variables
and constraints, then any feasible solution of P’(r) is an upper bound on the solution of P(pr)
for every p. Also, if it is the case that the value of P(k) is not greater than the value of P(kt), for
every t, then a solution of P'(¢) for any ¢ is also a bound on the approximation factor. Therefore,
we call P'(¢) an upper bound factor-revealing program.

Although program ([2)) is nonlinear, we can still use the presented strategy. If the nonlinear
constraint is convex, we can approximate it by using a set of linear inequalities, and calculate
the dual normally. In order to derive a better upper bound factor-revealing linear program, this
time we will use a whole set of linear inequalities Consider m tuples (B;, %, 6;) of positive real
numbers and B; = 1—|—ﬁl+ ,Ci = 1—|—}/,—|—5, =149 +é for1 <i<m. UsmgLemma
we insert 1nequa11t1es corresponding to the given tuples replacing the nonlinear constraint, and
obtain that z;' < w7', where w;' is given by

wi' = max Z’]‘.:laj
st f+Yidi<1
0 < Oy VI<j<k
aj <Bioy+Cidj+Didy Y1<j <k, 1<i<m 9)
le>o‘j d VI<j<i<k
Y jxi < f VI<j<k
Q) Jafax/lZO V1<j<I<k

The following lemma gives a lower bound on the approximation factor of the algorithm for
the SMFLP using a cutting plane insertion strategy.
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Lemma 6. sup;z;' > 2.86.

Proof. Although program (2) contains nonlinear constraints, we may use linear program pack-
ages to solve it. We start by solving program (9) with a fixed number of inequalities. Then,
we employ a cutting plane insertion strategy: if the obtained solution violates some inequality
with square roots of (2)), we derive a cutting plane using Lemma 3] and resolve the linear pro-
gram with this additional constraint. Using CPLEX with the cutting plane strategy, we obtained
T = 2.86099 > 2.86. [

Now, we can bound the approximation factor of the algorithm using an upper bound factor-
revealing program.

Lemma 7. sup;.z;' <2.87.

Proof. 1t is easy to see that, for program (9), as in the proof of Lemma [5 we can restrict
attention to values of k that are multiples of a fixed positive integer ¢, that is, z;' < w;;, for
every positive integer . So we assume that k has the form k = pt, with p and 7 positive integers.

The dual of the linear program (9) is
wy' =min ¥
m k m k k )
st. aj—aj 1+ Y Yceui—YBiYcji+tYep>1 V 1<j<k
i=11=1 1 =1 I=j

1=

m k m k Jj _
YCYciuiitYDiYcjitYej<y vV 1<j<k
i=1 I=1 i=1 =1 =1 (10)
k
Y hi<vy
=1
ejlghj \V/ 1§]§l§k
1<j, i<k

aozak:O,aj,hj,eﬂ,cﬂi20 1<i<m.

We can derive the upper bound factor-revealing linear program. We would like to define
variables as in equation (7). Just using a scale factor is not sufficient to preserve the variables a;
in program (I0). The variables a; correspond to the ordering restrictions of primal variables ¢;
in program (9), and computational experiments have indicated that removing such restrictions
does not change the optimal value significantly, for large values of k. So, we could just set
aj = 0 for all j. However, we want to preserve such restrictions, as they will shortly be needed
to prove Lemma [9] To do this, we can interpolate the variables of the upper bound factor-
revealing program to obtain the variables of the lower bound program. Again, we group sets
of variables based on their indices. For that, we denote the group of a variable of index n as 7.

Let /i =[] and consider prime variables ', d’;,c’;;, €/, i';. We obtain a candidate solution for

jtio €jtio
program by defining

.. 6/7 ',
Y="7, q ZPG}(Pj—j)(a}—a},l), cjli = ?, eji = j, and hj= ;j (11)

In the following, we will use definition (TT]) to obtain a candidate solution for program (10))
from a small set of prime variables. Then, for each constraint of program (I0)), we obtain the
expression formed by the dependent terms, and calculate it as a function of the considered
variables. Notice that there is an expression for each primal variable of program (9). These
expressions are analogous to the primal variables coefficients used in Lemma 5] thus, for each
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primal variable x, we say that this is the coefficient expression for x, and we will denote it by
coeff[x].

Now we create the minimization upper bound factor-revealing program. The objective
value is obtained by applying definition (IT)) to the objective value of program (I0). Then, for
each group of coefficient expressions that has the same value, we include a constraint in the
upper bound program that bounds the expression by the independent term. Notice that each
upper bound factor-revealing linear program constraint may correspond to an arbitrarily large
number of constraints of the factor-revealing linear program. In the following, we calculate and
bound each coefficient expression.

First notice that a; —a; 1 = a’j — a}i x To see this, it is enough to use definition (T1]) and

consider the cases j = (j—1), and [ = (j = 1) + 1. Now we have:

m k

coeffloj] =aj—a;_ ]—|—ZZCJII ZB’ZCIJI+Z€JI
i=11=1 =1 [=1

m pt cM m pt CM pt eM

SRR P IS WY ”’+Z .
=1

i=11=1 i=1
m t ; ll t e/Al/
+ZZP ZBZP ’+ij

i=1/=1 P &1 = r=j+1

+ZZCJI’ ZBZCI’]1+ Z eA’Zl

i=11'=1 =1 I'=1 I=j+1

J

k m k
Clzcjll ZDlZClﬂ Zejl

=1 i= I= =1

Ms

coeff[d;] = y—

=1
m  ptC cha j e

1 1

_,}/ C: ]ll mD o ljl /l

—y-Foy Aoy lioy Y
i=1 I=1 i=1 I=1

c A

=28 iC,ipA ZDiP”’ Lo -

=1 = =1 =1 =1 P

IV—ZCI'ZC',% ZD Zc Zeﬂ,_

i=1 [I'=1 i=1 [I'=l

—

3

/

k ot 1.
coeff[f] = Z Z;f — Zp— Y — Zh’>0.
h’J eM
coeff|x ;| = h; el————>0
[l =57

We notice that, for each primal variable, the constraint for its coefficient expression is equiv-
alent to the constraint of any other primal variable in the same group. For example, for any pair
o; and oy such that j=1, weneedto add only one constraint to the upper bound factor-revealing
program; therefore, we need only 7 constraints for this kind of primal variable. We remark that
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the constraint obtained for coeff[x ;] does not depend on p. Conjoining all different constraints,
and fixing variables ) and a; to zero, we obtain program (I2)).

x'=min vy
m t m ! !
st aj—aj i+ Y Y~ YXBiY et Y oep>l V 1<j<t
i=11=1 =1 I=1 I=j+1
m 1 m t J .
YCYcutYDiYcyitYe;<y volsjst
=1 I=1 =1 =1 =1 (12)
13
Y hi<vy
j=1
e <hj V 1<j<I<t
1<j,l<t
ao=a;=0,aj,hj,ej,cj; >0 1<i<m.

Now, we want to use Lemma [3| and choose a set of tuples (f3,7,5) so that the squared
metric is minimally relaxed. To accommodate the premises of Lemma [3] we solve the dual of
the upper bound factor-revealing LP, so we may use the same cutting plane strategy used in
Lemmal6] The dual is given in the following.

= max Y’ a;
S.t. f—f—ztjzldj <1

o < Qjyg Vi<j<t
OCjSBiOCl—I—Cidj—‘r-Didl VI<jl<t, 1<i<m (13)
leZOCj—dl V1§j<l§t
Yi_ X < f Vi<j<t
OCj,dj,f,leZO VI<j<I<t.

Using the cutting plane strategy with CPLEX we obtain x5, ~ 2.8697 < 2.87. [

If we apply this analysis for the metric case, we obtain an upper bound factor-revealing
program similar to program (13]). The only difference is that, for the metric case, there are no
coefficients B;, C;, and D;. We use this modified linear program to tighten the approximation
factor for the metric case.

Lemma 8. For the MFLP, the approximation factor of A1 [10] is between 1.814 and 1.816.

Proof. Let Z;' be the optimal value of the lower bound factor-revealing program (5) in [10].
The corresponding upper bound factor-revealing program is:

= max Y q;
s.t. f—l—ztjzl di <1
OCjSOCj+1 V1§j<t
(XjSOC[-{—dj—Fdl VI<jI<t (14)
leZOCj—dl v1§j<l§l
Y <f  V1<j<i
(Xj,dj,f,Xﬂ >0 VI<j<I<t.

Numerical computations using CPLEX show that Z{{,,, ~ 1.81412 > 1.814, and that £, ~
1.81584 < 1.816. []
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We notice that the only difference between the upper and lower bound factor-revealing
programs is that the upper bound factor-revealing program does not contain the restrictions

—dj < xj; for all j. We exploit the similarity between these programs to bound the gap
between their optimal values. The following lemma is valid for both the metric and squared
metric cases.

Lemma 9. Let z}' be the optimal value of the lower bound factor-revealing program (9) (pro-
gram (5) in []0]) and let (a,d,x,f) be an optimal solution for program (13) (respectively

program (14)) with cost value x;'. If € = max;{o; —d,}, then z}' > mx‘“

Proof. Let f' = f+¢€ and x’ be such thatx;.l =x;if j # 1, and ¥;; = max{0, &t; —d;} > 0 = x;;.
Observe that (@, d,x’,f') has objective value x}' and is a feasible solution for the lower bound
factor-revealing program (9)), except that it might violate the first restriction of program (9))
(program (5) in [10], respectively). Indeed, it might be the case that 1 < f’ + 2’;:1 di <1+e.
Now, it is enough to multiply each variable by Fle’ and obtain a feasible solution. ]

From the last lemma, it is clear that the upper and lower bound factor-revealing programs
yield close values, except for an error factor that depends only on the variable values of an op-
timal solution for the upper bound factor-revealing program. Since the optimal value decreases
as the number of variables k increases, it is reasonable to expect that the value of both factor-
revealing programs become very close as k tends to infinity. Indeed, for the metric case, it is
easy to show that this error vanishes as k goes to infinity and, therefore, the upper bound and
the lower bound factor-revealing programs converge to the same value, as k goes to infinity.

Theorem 1. Let 2;' be as in program (5) in [10] and let %' be as in program (14). Then
sukal 22] = inszl xAzl.

Proof. First notice that, if we double a dual solution of program (14)), then the obtained solution
for the corresponding minimization upper bound factor-revealing is still feasible. Therefore, we
may assume that k is arbitrarily large. Consider an optimal solution of program (14). We have
that o; —d; < oy +d, for every jand [. Let j be such that € = ocj —d; is maximum and add up
these inequalities for all I. We get ke =k(aot;—d;) =Y5_ (aj—d;) <YK_ 1(061+d1) <#H'+1<

1.816 + 1. From Lemmas andEI, we get that &' > 2! > stf“ > 1+2—816/kxA1 Taking the

limit as k goes to infinity, we get that sup;~ Z;' = infy>1 5. O

It would be nice to bound the values of the variables of program (13)), as this would suffice
to show that the factor-revealing programs also converge for the squared metric case. Since
the coefficients of the squared triangle inequality involved in program (I3]) are all greater than
one, we cannot use the same approach as in Theorem[I] Although experiments suggest that the
value of variable 0y in an optimal solution decreases as k increases, it does not seem trivial to
determine whether oy vanishes when k goes to infinity.

3 Analysis of the second algorithm

In this section, we analyze the second algorithm of Jain et al. [10] for the squared metric
case. The algorithm is essentially the same as Algorithm A1, but each connected city keeps
contributing to unopened facilities. The contribution of a connected city j to an unopened
facility i 1s the budget that the city would save if facility i were opened. The algorithm, that is
denoted by A2, is described in the following.

12



Algorithm A2 (C,F,c, f) [10]

1. Set U := C, meaning that every facility starts unopened, and every city unconnected.
Each city j has some budget o}, initially 0. At every moment, for each unopened facil-
ity 7, if city j is unconnected, then j offers max(a; —c;;,0) to i, and, if city j is connected
to facility ¢/, then j offers max(c;; —c¢;;,0) to i.

2. While U # 0, the budget of each unconnected city is increased continuously until one of
the following events occur:

(a) For some unconnected city j and some open facility i, a; = ¢;;. In this case, connect
city j to facility i and remove j from U.

(b) For some unopened facility i, the total offer i receives from the cities equals the
cost f; of opening i. In this case, open facility i, connect to i each city j with a
positive offer to i, and remove each connected city from U.

For the metric case, the approximation factor is 1.61. With a completely analogous reason-
ing, we obtain the corresponding factor-revealing program (15]). The variables are the same as
in program (2). The new variable r;; corresponds to the budget ¢; if city j is connected at the
same time as city /, or corresponds to the distance from j to the facility to which j is connected
just before [ is connected.

b
2 j=1""J
= max —=—
% f+X5 14
S.t. OC]'SOC]'+1 V1<j<k
rjlzrj’lH Vi<j<I<k

VO < T+ \/d; Vi<j<i<k U9
-1 k

Y max(rj—d;,0)+ ¥ max(oy—d;,0)<f V1<I<k
j=1 j=1
aj,dj, f,rj; >0 VI<j<I<k.

We repeat the previous analysis to give lower and upper bounds on the approximation factor
of the second algorithm for the SMFLP.

Lemma 10. 2.415 < sup; 7> < 2.425.

Proof. First, we obtain an upper bound factor-revealing program. See details in Appendix
This program is exactly the same as program (13]), except that the fourth constraint is replaced

with
-1 k

max(rj —d;,0) + Z max(oy —d;,0) < f.

j=1 j=I+1
Let x}*> be the optimal value of such a program. With CPLEX we get that z33, ~ 2.41565 >
2.415, and that x{j, ~ 2.42473 < 2.425. []

Solving the upper bound factor-revealing LP obtained for the MFLP for £ = 500, we may
show that the approximation factor of A2 [10] is 1.602. The lower bound factor-revealing
program and the maximization upper bound factor-revealing program are essentially the same,
except for the extra terms of the kind max(oy — d;). Therefore, Lemma [9] also holds for such
programs. For the metric case, using a similar analysis to that of Theorem[I] one can show that
the lower and the upper bound factor-revealing programs converge.
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Theorem 2. Let Z;> be as in program (25) in [lI0] and let %> be the optimal value of the
corresponding upper bound factor-revealing program obtained by removing the terms of the
kind max(oy — d;) from the fourth restriction. Then sup;~z;° = inf>1 x>,

4 Scaling and greedy augmentation

Algorithm A2 can be analyzed as a bi-factor approximation algorithm. The analysis uses a
factor-revealing linear program, and is similar to the previous analysis. Mahdian, Ye, and
Zhang [15] observed that, due to the asymmetry between the approximation guarantee for the
opened facilities cost and the connections cost, Algorithm A2 may be used to open facilities that
are very economical. This gives rise to a two-phase algorithm, denoted here by A3(0), based
on scaling the cost of facilities by a constant 6 > 1, and on the greedy augmentation technique
introduced by Guha and Khuller [7]. The first phase opens the most economical facilities, and
the second phase greedily includes facilities that reduce the cost of the solution.

Algorithm A3(5) (C,F,c, f) [15]
1. Scaling:

(a) Scale the facility costs by a factor J.
(b) Run Algorithm A2 on the scaled instance.

2. Greedy augmentation:
While there are facilities that, if open, reduce the total cost:

(a) Compute the gain g; of opening each unopened facility i.

(b) Open a facility i that maximizes the ratio ‘%

In [[15], a factor-revealing linear program is used to analyze Algorithm A3(9) with a some-
what different, but equivalent, greedy augmentation procedure. This was used to balance a
bi-factor from Algorithm A2 for the MFLP. As noticed by Byrka and Aardal [2], this analy-
sis is not restricted to Algorithm A2, and applies to any bi-factor approximation for the FLP.
Therefore, since it does not depend on the cost function being a metric, we can use it to balance
a bi-factor approximation for the squared metric case. This result is precisely stated as follows.

Lemma 11 ([15]). Consider a (yy,Y.)-approximation for the FLP. Then, for every § > 1,
Algorithm A3(0) isa (Y +1Ind +¢€,1+ %gl )-approximation for the FLP.

For the metric case, it has been shown that Algorithm A2 is a (1.11,1.78)-approximation.
This and Lemma [T] give a 1.52-approximation for the MFLP. For the SMFLP, we present an
analysis based on an upper bound factor-revealing program. Using straightforward calculations,
we may obtain the following:
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Lemma 12. Let vy > 1 be a fixed value and let 7. = x‘,:z", where

2% Yooy f
X = max —]Z’,‘-:ldj
S.t. oy < 0y Vi<I<k
rﬂZrNH Vi<j<Il<k
VO < SR+ +/d; vi<j<i<k (16
-1 k
.Zlmax(rjl—dj,O)—f— . %‘,Hmax(ocl—dj,O)Sf VI<I<k
Jj= j=
(Xj,dj,f,l’ﬂZO Vlgjglék

Then, if ¥. < oo, Algorithm A2 is a (Yy, Y.)-approximation for the SMFLP.

The only difference between program and the corresponding lower bound factor-
revealing program is the extra term max(oy — d;,0) in the lower bound program, which is
not in the fourth constraint of program (16). Again, having a bound for this term is sufficient
to show convergence of the upper and lower bound factor-revealing programs. For the metric
case, this can be done easily. Notice that we may assume r;; < o}, so, using a similar analysis
to that of Theorem[2] one can show that, if z; and x; are solutions for the lower and upper bound
programs respectively, then x; — yr€ < zx < xi, for some € = O(%)

We observe that program (16)) is unbounded for values of ¥r close to one. This happens also
for the corresponding lower bound factor-revealing program. This is in contrast to the factor-
revealing programs obtained for the metric case, for which we know that Algorithm A2 is a
(1,2)-approximation. In this case, the lower bound program is always bounded, but the upper
bound program is unbounded for ¥y = 1, or for values close to one. It would be interesting
to strengthen this upper bound factor-revealing program, so that it could also be used in the
analysis also for yy = 1.

Theorem 3. Algorithm A3 is a 2.17-approximation for the SMFLP.

Proof. Consider program for yy = 1.45. Numerical computations using CPLEX show that
X ~ 3.40339 < 3.4034. From Lemma we get that Algorithm A2 is a (1.45,3.4034)-
approximation for the SMFLP. Now, for § = 2.0543, Lemma |l 1|states that Algorithm A3 is a
(2.169...,2.169...)-approximation for the SMFLP. O

In Appendix |C} we summarize the results obtained with CPLEX for the analysis of algo-
rithms A1, A2, and A3.

5 An optimal approximation algorithm

Byrka and Aardal [2] (see also [3]) gave a 1.5-approximation for the MFLP, combining a
(1.11,1.78)-approximation from Jain, Mahdian, and Saberi [11] and a new analysis of the
LP-rounding algorithm CS(7y) of Chudak and Shmoys [6], that leads to a (1.6774,1.3737)-
approximation. Byrka showed that CS(7y) has the optimal bi-factor approximation (7, 1 4 2e~7)
for v > 1 ~ 1.6774. By randomly selecting ¥ according to a given probability distribution,
Li [13] improved this result to 1.488, that is currently the best known approximation for the
MFLP.

We show that CS(y), when applied to the SMFLP, touches its optimal bi-factor approxima-
tion curve (7,14 8¢~7) for v > 1 =~ 2.00492. Therefore, we have an (o, a)-approximation for
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the SMFLP, where o =~ 2.04011 is the solution of equation y = 14 8¢~ 7. Since « is the approx-
imation lower bound, this result implies that CS(), solely used, is an optimal approximation
for the SMFLP.

The natural linear program relaxation is given in the following:

min  YerYifi+ ¥jec Yier Xijcij

s.t. ZiEinj =1 VJ eC 17
Xij < yi VieF,jeC (17)
xij,y,-ZO VieF,jeC.

The corresponding integer variables y; indicate whether facility i is open, and the corre-
sponding integer variables x;; indicate whether facility i serves city j in the solution. Algorithm
CS(y) may be summarized as follows. First, a solution (x*,y*) of program is obtained.
Then, the fractional opening variables y; are scaled by a factor y > 1, y; = yy7, and variables
X;; are defined so that city j is served entirely by its closest facilities, obtaining a new solu-
tion (X,y). We may assume that this solution is complete, i.e. for every city j and facility i,
if x;; > 0, then X;; = y;, and that for every i, y; < 1, since, in either case, we can split facility
i, and obtain an equivalent instance with these properties. Finally, a clustering of some of the
facilities is obtained according to a given criterion, and a probabilistic rounding procedure is
used to obtain the final solution. For a detailed description of the algorithm, see [2] (also [3]).

A facility i with X;; > 0 is called a close facility of city j, and the set of such facilities is
denoted by C;. Similarly, a facility i with X;; = 0 but xjfj > 0 is called a distant facility of j,
and the set of such facilities is denoted by D;. Let F; = C;UD;. The analysis of CS(y) uses
the notion of average distance between a city j € C and a subset of facilities ' C F such

that ¥;cpy; > 0, defined as d(j,F') = %L:%y’ For a city j, we also use some definitions
1SS i

from [3]: the average connection cost, d; = d (j,F j); the average distance from close facilities,
d](.c) =d(j,Cj); the average distance from distant facilities, d](.d) =d(j,D;); the maximum

distance from close facilities, dj(.max)

= maxiec; ¢;j; and the irregularity parameter p;, defined

aspj = (d;— d]('c))/dj if dj > 0, and p; = 0 otherwise.
With these definitions, we can describe the clustering of the facilities. In each iteration,

(

greedily select a city j, called the cluster center, such that the sum d jc)+d§max) is minimum,
and build a cluster formed by j and its close facilities C;. Remove j and every other city j’
such that C; N C is not empty, and repeat this process until every city is removed. The set of
facilities opened by CS(7y) is given by the following rounding procedure: for each cluster center
J» open one facility i from C; with probability X;; = y;, and, for each unclustered facility i, open
it independently with probability y;. Each city is connected to its closest opened facility.

The following lemma of Byrka and Aardal [2] is used to bound the expected connection
cost between a city and the closest facility from a set of facilities.

Lemma 13 ([2]). Consider a random vector y € {0,1}F| produced by Algorithm CS(7), a
subset A C F of facilities such that ) ;c,y; > 0, and a city j € C. Then, the following holds:

E

min ¢;; > 1 <d(j.A).
iEA,yi—ICU’i%%yl_ ]_ (/:4)

For a given city j, if one facility in C; or D; is opened, then Lemma [13] states that the
expected connection cost is bounded by d;c) and dj(-d) , respectively. If no facility in C;UD; = F;
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is opened, then city j can always be connected to one of the close facilities C of the associated
cluster center j’, with expected connection cost d(j,C;\ F;). Byrka and Aardal [2] showed

that, for the MFLP, when y < 2, this cost is at most dj(-d) + d](.fnax) + dj.,c). Since for the SMFLP
we need ¥ > 2, we will use an improved version of this lemma by Li [13]]. The adapted lemma
for the squared metric is given in the following. The proof is the same, except that we use the
squared metric property, instead of the triangle inequality.

Lemma 14. Let j be a city and j' be the associated cluster center such that C;NC '+ # 0. Then,

d(j,Cp\Fy) <3+ (2= d™ + (y=1)d +d™ +d).

Proof. Letd;y = rlnilgl(cl j+cijr), that is, the minimum connection cost of a path of length two
€

from j to j'[¥| Fix a facility [ such that ¢;;+¢; = d; 7. For each facility i in C \ Fj, we say that

apath (j,1, ',i) is the center-path to i. The cost of such center-path to i is defined as d +c;;.

Notice that, using the squared metric property, ¢;; < 3(d;; +c;j), and therefore

YicC,\F; Cij " Vi

d(j,Cj/ \Fj> = Z]—j_
i€Cy\F; Vi

- Yiec,\F;3(djj +ciy) -3

Yicc,\F; Vi
=3-(djy +d(j',Cp\ Fj)).

That is, d(j,C; \ F;) is at most three times the average center-path cost. Following the lines of

Li (13, Lemma 1], we know that d;; +d(j',Cy\ Fj) < (2= 7)d™™ + (y = 1)d\") + 4™ +

dj(.,c). Therefore, the lemma holds. O

The next lemma follows from Lemma [[4] and is straightforward.
Lemma 15. d(j,Cy \ Fj) <3 (?’dj—l— (3— Y)dj-d)> '

Now, we can bound the expected facility and connection cost of a solution generated
by CS(7). The next theorem is an adapted version of Theorem 2.5 from [3].

Theorem 4. For v > 1, Algorithm CS(Yy) produces a solution (x,y) for the integer program
corresponding to with expected facility and connection costs

SeV+e!
Elyif] =v-F’, and E { min Cij} < max{l +8e7,$} -C7,
ic€Fyi=1 1=

where F;* = y; f; and C}‘ =Yicr x?‘jc,-j.

Proof. The expected cost of facility i is Ely;fi]| =y;fi=7v-y: fi=7v - F".

If j is a cluster center, one of its close facilities is open, then the expected connection cost is
df.c) <d;= Cj-‘. We may assume that j is not a cluster center. Let p. be the probability that the
closest facility to j is in Cj, and p, the probability that it is in D;. If neither case occurs, then,

*In [[13]}, the connection cost ¢ is extended to a distance between j and j/, and the triangle inequality is then
used to bound this distance with the connection cost of any path of length two. Here, we make a more explicit
definition to avoid confusion, since the squared metric property is not sufficient for this purpose.
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with probability p; = 1 — p. — pg, the closest facility is in Cy \ F;, where ' is the cluster center
associated with j. From the definitions, we have that dj(-c) = (1—pj)d;, d;d) =(1+ %)d I

and p; < 1. Also, from [2], we know that p; < e Vand p. > 1— el Combining these facts
with Lemmas [I3] and [15] we obtain

. Cc d d
¢ [ie%fl—laj} < pe-d +pa-d 4 pi3 (Ydj+(3—?’)df(' ))

(pe+pa+9ps) + P

(pe+Pa+9ps) — (pe+3p5) ) 4.
y—1 !

(1+8ps) + 7—1 Pj

p
= ((1 +8ps)(1—pj)+ 5p“+—1_pcpj> dj

(1+8ps) — (pc+3ps)Y ) "

1
1=y

1—-1

B S5 Vet
(1480 Y><1—pj>+—pj> d)
Y

Let yp be the solution of equation

—y —1
(5_+> (14807,
1=y

For ¥ > y ~ 2.00492, the maximum connection cost factor is 1 4+ 8¢, so CS(7) touches the
curve (7,14 8e~7), that is, its approximation factor is the best possible for the SMFLP, unless
P = NP. The next theorem follows immediately.

Theorem 5. Let o = 2.04011 be the solution of the equation Yy =1+ 8e~". Then CS(a) is
an o-approximation for the SMFLP and the approximation factor is the best possible unless
P =NP.

Relaxed triangle inequality. We notice that the analysis of Lemma [5] and of Theorem
apply to a more general case of the FLP when the connection cost function satisfies ¢;; <
3(cij +cpj +cirj) for all facilities i and i’, and cities j and j’. Charikar et al. [4] considered
a similar relaxed triangle inequality to extend their constant approximation for the k-medians
problem with center costs to the case in which the objective is to minimize the sum of the
squares of the distances of clients to their nearest centers.

We say that a connection cost function c for the FLP satisfies a T-relaxed triangle inequality
if ¢jj < T-(cip+cpj+cpj), foralli,i’ € F,and j,j’ € C. Also, we say that the subset of the
FLP that contains only instances that satisfy the 7-relaxed triangle inequality is the T-RELAXED
FLP. The following theorems extend Theorems 8| and {4

Theorem 6. Let vy and . be positive constants with Y. < 1+ (3t —1)e~ Y. If there is a (s, ¥e)-
approximation for the T-relaxed FLP, then P = NP.
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Theorem 7. For y> 1, CS(y) is a (y,max{1+ (37— 1)e” 7, %})—appmximationfor
the t-relaxed FLP.

Let a(7) be the solution of equation y =1+ (37— 1)e~ 7. It is straightforward to verify that

for 7 >2.620... we have 1+ (37— 1)e—°‘(7) > (27_11_)27(1(;_)1’%71. Therefore, for 7 > 2.620...,
Algorithm CS(o(7)) has the best approximation factor for the z-relaxed FLP.

We say that the METRIC* FLP, denoted M*FLP, is the variant of FLP that considers in-
stances such that the connection cost function is the ol power of a given metric. We may
use the following known fact to derive approximations for M*FLP using approximations for

7-relaxed FLPs.

Lemma 16. Let A, B, C, and D be non-negative numbers such that A < B+ C+ D, and let
a > 1, then A% < 3%~ (B* +C* + D%).

This implies that the connection cost function that is the ath power of a metric satisfies
the (3%~ 1)-relaxed triangle inequality, and therefore M*FLP is a particular case of the (3%~ 1)-
relaxed FLP.

6 The inapproximability threshold for SMFLP

For the MFLP, Jain et al. [10] adapted the 1.463 hardness result by Guha and Khuller [8]],
and showed that no algorithm is a (¥, % )-approximation, with y. < 1+ 2%, unless NP C
DTIME [no(log log”)]. Following the lines of Sviridenko (see Vygen [17, Section 4.4]), the con-
dition is strengthened to unless P = NP. We extend these results for the SMFLP as follows.

Theorem 8. Let yr and Y. be positive constants with Y. < 1+ 8e~ . If there is a (Y, Y.)-
approximation for the SMFLP, then P = NP. In particular, let o0 = 2.04011 be the solution
of the equation Y= 1+ 8¢~ 7, then there is no o' -approximation with &' < a for the SMFLP
unless P = NP.

Adapted from [§)]. For simplicity, here we show that the lower bound holds unless NP C
DTIME[rOlglogn)]  If we follow the lines of Sviridenko (see Vygen [17, Section 4.4]), the
condition is changed to unless P = NP.

Assume A is a (¥, ¥ )-approximation for the SMFLP with 7. < 14+8e~ . Let ¢ = (%,
be an instance of the Set Cover, with % being a set of elements, .¥ a collection of subsets of
% and n = |7 |. We will derive a (d’ Inn)-approximation algorithm for the Set Cover problem,
for some d’ < 1.

Let k be the optimal value of _# for the Set Cover. If k is not known, one can run this
algorithm for k = 1,...,n and output the best solution found.

The algorithm will find a solution for _# by iteratively solving a sequence of instances of
the SMFLP of the form .# /) = (C(-’.),F7 c,f(j)), where F = .7 and the initial set C(!) = %/ . For
each element x; € S;, set ¢;; = 1, and for each x; € §;, set ¢;; = 9. Note that such c is a squared
metric. Letn; = |C (/) |. In the jth instance, every facility cost is f () = y%, for some positive
v to be fixed later. For each j, let SU) denote the solution for .# /) produced by Algorithm A
and let CUt1) be the elements of CY) not covered by any set in § (/). This process stops when
CcU*+D =@ and yields the solution sWy-..us) for z.

Observe that an optimal solution for _¢ is a solution for each . (/) with total facility cost
kf (/) and connection cost one for each of the n j cities. Therefore, S (/) has cost at most Yrkf () 4
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Yenj = (YrY+7Ye)n;, because ) = y%. Let ;= 1SU)| /k and d; be such that d;n is the number
of elements covered in iteration j, that is, the number of elements of C (/) in the union of the
sets in S/). Then the total facility cost of S () is Bjkf ) = Bjyn;. Moreover, d;n; cities are
connected with cost one and the other n; —d;n; = (1 —d)n; cities are connected with cost nine.
Hence the total cost of SU) is Bjyn; +dn; +9(1 —d;)n; = (Bjy+9 —8d;)n;. We conclude
that yry+7% > Bjy+9—8d;. So we have that . > (B; —vy¢)y+9—28d;.

Let d < 1 be such that 1+ 8¢~ %/4 > Ye. Suppose, for the sake of contradiction, that d; <
1 — e Bi/4 for some j. Then

Ve > (B — )y +9—8(1—e Pil).

Considering yr, ¥ and d fixed, the minimum value of the right hand side is achieved when
Bj=dln %. Substituting fB; above, we get

8
Ye > (dlnﬂ_}{f)')/‘Fl'i‘dY-

Considering d and ¥y fixed, we choose the value of y that maximizes the right hand side, that

. _ . . . . _ ..
is, Y= %e 4 . Replacing in the inequality, we obtain y, > 1 +8e~ @ > v, a contradiction. So

di>1-— e~ Pi/d for every j, for this d < 1.
Following the lines of Guha and Khuller [8], one can prove that the algorithm described

above for the Set Cover is a (d’Inn)-approximation for some d’ < 1. This implies that NP C
DTIME [nOloglogn)], O

7 Concluding remarks

We presented a new technique for deriving upper bound factor-revealing programs, that can
be solved by computer, as an alternative way to obtain an upper bound on the approximation
factors of the corresponding algorithm. This technique allowed us to tighten the obtained ap-
proximation factors, and to simplify the analysis of the three primal-dual algorithms, when
used for both SMFLP and MFLP instances. We hope that this technique can be employed for
other problems and algorithms analyzed through factor-revealing LPs. We also showed that the
algorithm of Chudak and Shmoys[l6] is a 2.04-approximation and that it has the best approx-
imation factor for the SMFLP. This is in contrast to the MFLP, for which this algorithm is a
1.575-approximation and the lower bound by Guha and Kuller [8] is 1.463. Also, we note that,
although there is an approximation scheme for Euclidean FLP by Arora et al. [1], the analysis
of this algorithm is not valid for non-metric FLP, such as the E2FLP. We do not know whether
E?FLP has an approximation strictly better than 2.04.
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A Square root constraints

The proof of Lemma[3]is a straightforward consequence of Lemma [I] and the following result.

Lemma 17. Let A, B, C, and D be non-negative numbers. Then /A < v/B++/C+ /D if and
only if A< (1+ B+ %,)B—i— (I1+y+ %)C—i— (1+6+ %)Dfor every positive numbers B, ¥, and 9.

In particular, if VA < v/B+/C+ /D, then A < 3B+ 3C +3D.
Proof. Suppose VA < VB++VC++D. As (v/BB— \/D/ﬁ)2 > (0, we have that 2/BD <
BB+ D/B. Similarly, 21/CB < yC + B/y and 24/DC < 8D +C/§. Therefore, if VA < v/B+
V/C + /D, then

A < (VB+VC+VD)?
B+C+D+2vVBD+2vVCB+2vDC
< B+C+D+BB+D/B+YC+B/y+8D+C/8

1 1 1
(1+B+5/)B+(1+y+3)c+(1+6+3)0.

Choosing f =y= 86 =1, we obtain A < 3B+3C +3D.

Now suppose VA > B+ +/C++v/D. Let d > 0 be such that A = B+C+ D +2v/BD +
2y/CB+2vDC+d. Then, A > (1+f + %,)B—F (I+7+5)C+(1+6+ %)D is equivalent to
(B+ %,)B%— (Y+35)C+ (5 + [%)D < 2vBD +2v/CB+2v/DC +d. We will analyze the cases

in which none, one, two or all numbers B, C and D are zero. Let & and &’ be positive numbers
such that & + &' < 1.

Case1: B,C,D > 0. Let § = \/g, Y= \/g and 6 = \/g Then (f +%,)B+ (v+ %)C%— (6 +
§)D = 2vBD+2v/CB+2VDC < 2v/BD+2VCB+2vDC+d.

Case2: B=0and C,D > 0. Let f= 2. y= 5L and 5 = | /§. Then (B + 1B+ (y+ §)C +

(8+5)D=2VDC+(§ +&')d < 2VBD+2vCB+2VDC +d.

Case3: B,C=0and D> 0. Let f= £, y=1and § = . Then (B+1)B+ (y+§)C+
(8+5)D=(E+&)d <2vBD+2VCB+2VDC +d.

Case4: B,C,D=0. Let f =1, y=1and § = 1. Then (B +1)B+ (y+3)C+ (6 +§)D =
0 < 2v/BD+2+/CB+2+/DC+d. O

Observe that the lemma above is constructive in the sense that, if the given inequality with
square roots is not satisfied, then shows how to determine a linear inequality that is not satisfied.
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B Upper Bound Factor-Revealing Program for A2

Consider tuples (f;,7;,0:) € ]Rj3 and B; = 1+ B; + =147+ 4 5 Di= 1+ 6 +[3
1 <i<m. Using Lemmal[I7] we insert inequalities correspondmg to these tuples, replacing the
nonlinear constraint, and obtain z;> < w}?, where w;” is given by

Wit = max 21;'21 o;
st. f+Yidi<1

o < Qjy g V1<j<k
rjl 2 Fjl+l Vi<j<lI<k
OtléBirjl—f—Cid[—f—Didj VI<j<I<k1<i<m (18)
rij—dj < xji VI<j<I<k
—djﬁx]'l Vlﬁlﬁjgk
Yo xa<f Vi1<i<k
(Xj,dj,f,rleO V1<j<I<k
leZO Vlgj,lgk

Now, we calculate the dual of program (I8) to derive the upper bound factor-revealing linear
program. After that, we calculate its dual program (22), in order to use Lemma/[l7] and solve
the upper bound factor-revealing program inserting cutting planes. We proceed the same way
as done in Lemma With similar arguments, we may see that zzz < zﬁf, for any ¢, and we
assume that k has the form k = pt, for some integer ¢. The dual of linear program (I8)) is given
in the following.

wi= min Yy
m [—1

st. a—aj_ 1—|—Zl Zlcjll+zejl>1
=1y

V1<I<k

m k
Y—ZCiZCjzi ZD Z cji— re;j >0 VI<I<k

i=1 j=l1 i=1  j=I+1 j=1

k

- Y Mm=0

I=1 " (19)

bji-1—bj+ej— Y Bicji >0 Vi<j<I<k
i=1
h— e >0 V1< jl<k
aozak:bll:blk:O Vlflﬁk
al,hl,eﬂ >0 V1<Lj<k
1<j<I<k

bji,cjii =0 1<i<m.

Now, we may derive the upper bound factor-revealing linear program. Let i1 = [%1 and

. . . ,
consider prime variables Y’ ,ay,b Jl, jll’ ﬂ, h We obtain a candidate solution for program (19)

by defining:

Y=Y,

@ = pd; (pl-)(d}

,1/ g
Cijll = y €] = 3 and

}71)7 b].l:b/¢7A

_p;l(b blf.\’\ )
h

p

In the following, we apply definition @]) and calculate each coefficient expression for

program (T9). Again, notice that a; —a; | = da’— d,

I -1

Also, fix variables Clli at zero.
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m [—1 k

coeff[oy| = a; —a;_1 + Z Z Cjli + Zejl

i=1j=1 =l
m [—1 lefi pt e’ﬁ
o /
=a;—d;_+) ) “-+) =
i=1j=1 P = P
m [—1 C/j’fz ! elj’f
R ERD I I S ) Vi e
i=1j'=1 j'=i+1
m -1 t
— / / /
_aA—aA_l—l—Zch,h%— Z ej,iZI
i=1j'=1 j'=l+1
m [—1 m k k
coeff[d)] = y— Z Z Cicjii— Z Z Dicyj; Z €lj
i=1j=1 i=1 j=I+1 j=1
mo =1 c’AlA m k c;M e;M
:’}/_ch JZ_ZDlZ Jt Z J
= j=1P =t j=1 P =P
m c;’l} m t C}j’z t e%j,
Z'}/_chzp _ZDLZP 7_Zp
i=1 J/:l p i=1 j/:i p j/=1 p

-~
|
3
~
~

Il
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|
agE
o
&.q\
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S
gl
NQ\
|
1
Nm\
V
(@)

~
I
—_
~
Il
—_
[
—
~
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bl
+
—
~
<
|
—_

k k R t ]’l// ¢
coeil) =7 X m=7 -3 1=y L p iy Fpzo
I=1 =1 P =1 P =1
r b/A ~ — b/M e/M r C/M
-1 i fi
coeff[rj,l]:bjyl,l—bjﬁ—eﬂ—ZBilei: / Ly —ZBz >0
“~ p p &p
W, e
coeftfx;)] =y —ej; = L — L >0.
p P

Conjoining all constraints, the obtained upper bound factor-revealing linear program is:
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x?= min Yy

m [—1 t

st. q—aq 1+ Y Yceiit+ Y ep>1 V1<I<t
i=1j=1 j=l+1
m -1 t t
Y—YGCYcui—YXDi ¥ cji—Ye;>20 VI<I<t
=1 j=1 =1 j=I+1 j=1
t
Y=Y h=>0
=1 i (21)
bj,l—l_bjl+ejl_ ZBileiZO Vi<j<I<t
i=1
hz—ejJZO VI<jl<t
ap=a;,=by;=b,;=0 V1<I<t
al,hl,EﬂZO V1§l7.]§t
1<j<I<k
bji,cjii =0 1<i<m.
Finally, calculating the dual of program (21)), we obtain program (22).
= max Y0
st. f+Yidi<]
o < Qjtq Vi<j<t
rlerj,l+l Vi<j<I<t
OCISBirjl—f—Cid]—f—Didj V1§j<l§t,1§i§m (22)
rjl—djngl V1§]<l§l
(Xl—djﬁx]'l VI<I<j<t
Yixp<f Vi<i<t
ajydjafﬂ’leO V1§]§l§t
xj; >0 V1<j,l<t.
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C Experimental results

In Table (1 we present computational results using CPLEX for the lower bound (column z;')
and upper bound (column x;') for the approximation factor of Algorithm A1. In Table [2, we
present lower and upper bounds on the approximation factor of Algorithm A2 (columns z;’
and x{°, respectively). In Table [3| we present computational results for program (I5) when
Yy = 1.45, and the approximation factor obtained from Lemma The chosen 6 is given by

the solution of equation Yy +Iné =1+ %6_1’ thatis, 6 = eWO((%_l)eyfil)_(yf_l). Figureshows
the trade-off between connection and facility costs approximation guarantees for the Algorithm
A2, and Figure [2| shows the trend of obtained factor for Algorithm A3 as we vary the value of
Yr, when k = 50.

Table 1: Solutions of the factor- Table 2: Solutions of the factor-
revealing programs for Al. revealing programs for A2.
k Zz]il le k Z22 sz
10 | 2.57261 | 3.18162 10 | 2.20702 | 2.65131
20 | 2.71704 | 3.01717 20 | 2.30987 | 2.53301
50 | 2.80540 | 2.92579 50 | 2.37551 | 2.46544
100 | 2.83534 | 2.89553 100 | 2.39773 | 2.44278
200 | 2.85034 | 2.88046 200 | 2.40894 | 2.43150
300 | 2.85532 | 2.87543 300 | 2.41267 | 2.42775
400 | 2.85782 | 2.87292 400 | 2.41453 | 2.42586
500 | 2.85930 | 2.87142 500 | 2.41565 | 2.42473
600 | 2.86029 | 2.87041
700 | 2.86099 | 2.86970

Table 3: Solutions of connection factor-revealing
programs for A2, and obtained factor for A3.
k X best § | factor
10 | 4.02931 | 2.33433 | 2.29772
20 | 3.64790 | 2.16561 | 2.22270
50 | 3.48465 | 2.09159 | 2.18792
100 | 3.43524 | 2.06895 | 2.17704
200 | 3.41127 | 2.05793 | 2.17170
300 | 3.40339 | 2.05430 | 2.16993

Trade-off between facility and connection factors Balancing using scaling and greedy-augmentation

Conhecliqn |églqr — Balanced factor ——
Inapproximability limit ———

1 1.2 1.4 16 1.8 2 22 24 1 1.1 1.2 1.3 14 15 1.6 1.7 1.8
Facility factor Facility factor

Figure 1: Trade-off between connec- Figure 2: Trend of the obtained bal-
tion and facility approximation fac- anced approximation factors.
tors.
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