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In this paper, we study the uniform capacitated k-median problem. In the problem, we are given a set F
of potential facility locations, a set C of clients, a metric d over F U C, an upper bound & on the number
of facilities we can open and an upper bound u on the number of clients each facility can serve. We need
to open a subset S C F of k facilities and connect clients in C to facilities in S so that each facility is
connected by at most u clients. The goal is to minimize the total connection cost over all clients. Obtaining
a constant approximation algorithm for this problem is a notorious open problem; most previous works
gave constant approximations by either violating the capacity constraints or the cardinality constraint.
Notably, all these algorithms are based on the natural LP-relaxation for the problem. The LP-relaxation has
unbounded integrality gap, even when we are allowed to violate the capacity constraints or the cardinality
constraint by a factor of 2 — e.

Our result is an exp(O(1/¢2))-approximation algorithm for the problem that violates the cardinality con-
straint by a factor of 1 + ¢. That is, we find a solution that opens at most (1 + ¢)k facilities whose cost is at
most exp(O(1/€2)) times the optimum solution when at most k facilities can be open. This is already beyond
the capability of the natural LP relaxation, as it has unbounded integrality gap even if we are allowed to
open (2 — €)k facilities. Indeed, our result is based on a novel LP for this problem. We hope that this LP is
the first step towards a constant approximation for capacitated k-median.

The version as we described is the hard-capacitated version of the problem, as we can only open one
facility at each location. This is as opposed to the soft-capacitated version, in which we are allowed to open
more than one facilities at each location. The hard-capacitated version is more general, since one can convert
a soft-capacitated instance to a hard-capacitated instance by making enough copies of each facility location.
We give a simple proof that in the uniform capacitated case, the soft-capacitated version and the hard-
capacitated version are actually equivalent, up to a small constant loss in the approximation ratio.

CCS Concepts:*Theory of computation — Design and analysis of algorithms; Approximation algo-
rithms analysis; Facility location and clustering;

Additional Key Words and Phrases: theory, approximation algorithms, capacitated k-median, pseudo-
approximation

1. INTRODUCTION

In the uniform capacitated k-median (CKM) problem, we are given a set F of potential
facility locations, a set C of clients, a metric d over F U C, an upper bound % on the
number of facilities we can open and an upper bound u on the number of clients each
facility can serve. The goal is to find a set S C F of at most k open facilities and a
connection assignment o : C — S of clients to open facilities such that |01 (i)| < u for
every facility i € S, so as to minimize the connection cost >, . d(j, o (j)).

When v = oo, the problem becomes the classical NP-hard k-median (KM) prob-
lem. There has been extensive work on approximation algorithms for k-median. The
first constant approximation, due to Charikar et al. [Charikar et al. 1999], is an LP-
based 6%-approximation. This factor was improved by a sequence of papers [Jain and
Vazirani 2001], [Charikar and Guha 1999], [Jain et al. 2002], [Arya et al. 2001], [Li
and Svensson 2013]. In particular, Li and Svensson [Li and Svensson 2013] gave a
1 + V3 + € ~ 2.732 + e-approximation for k-median, improving the previous decade-
old ratio of 3 + ¢ due to [Arya et al. 2001]. Their algorithm is based on a psudo-
approximation algorithm that opens k + O(1) facilities, and a process that turns a
pseudo-approximation into a true approximation. Based on this framework, Byrka et
al. [Byrka et al. ] improved the approximation ratio from 2.732 + € to the current best
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2.674+¢€ very recently!. On the negative side, it is NP-hard to approximate the problem
within a factor of 1 + 2/e — e &~ 1.736 [Jain et al. 2002].

Little is known about the uniform CKM problem; all constant approximation al-
gorithms are pseudo-approximation algorithms, which produce solutions that violate
either the capacity constraints or the cardinality constraint (the constraint that at
most k& facilities are open). Charikar et al. [Charikar et al. 1999] obtained a 16-
approximation for the problem, by violating the capacity constraint by a factor of 3.
Later, Chuzhoy and Rabani [Chuzhoy and Rabani 2005] gave a 40-approximation with
capacity violation 50, for the more general non-uniform capacitated k-median, where
different facilities can have different capacities. Recently, Byrka et al. [Byrka et al. ]
improved the capacity violation constant 3 of [Charikar et al. 1999] for uniform CKM to
2 + ¢ and achieved approximation ratio of O(1/¢?). This factor was improved to O(1/e)
by Li [Li 2014]. Constant approximations for CKM can also be achieved by violating
the cardinality constraint. Gijswijt and Li [Gijswijt and Li 2013] designed a (7 + ¢)-
approximation algorithm for a more general version of CKM that opens 2k + 1 facilities.

There are two slightly different versions of the (uniform or non-uniform) CKM prob-
lem. In the version as we described, we can open at most one facility at each location.
This is sometimes called hard CKM. This is as opposed to soft CKM, where we can open
more than one facilities at each location. Notice that hard CKM is more general as one
can convert a soft CKM instance to a hard CKM instance by making enough copies of
each location. The result of Chuzhoy and Rabani [Chuzhoy and Rabani 2005] is for soft
CKM while the other mentioned results are for (uniform or non-uniform) hard CKM.

Most previous approximation algorithms on CKM are based on the basic LP relax-
ation. A simple example shows that the LP has unbounded gap. This is the main bar-
rier to a constant approximation for CKM. Moreover, the integrality gap is unbounded
even if we are allowed to violate the cardinality constraint or the capacity constraint
by a factor of 2 — €. Thus, for algorithms based on the basic LP relaxation, [Li 2014]
and [Gijswijt and Li 2013] almost gave the smallest capacity violation factor and car-
dinality violation factor, respectively.

Closely related to KM and CKM are the uncapacitated facility location (UFL) and
capacitated facility location (CFL) problems. UFL has similar inputs as KM but instead
of giving an upper bound %k on the number of facilities we can open, it specifies an
opening cost f; for each facility i € F. The objective is the sum of the cost for opening
facilities and the total connection cost. In CFL, every facility ¢« € F has a capacity u; on
the maximum number of clients it can serve. There has been a steady stream of papers
giving constant approximations for UFL [Lin and Vitter 1992; Shmoys et al. 1997;
Jain and Vazirani 2001; Chudak and Shmoys 2004; Korupolu et al. 1998; Charikar
and Guha 1999; Jain et al. 2003; Jain et al. 2002; Mahdian et al. 2006; Byrka 2007].
The current best approximation ratio for UFL is 1.488 due to Li [Li 2011], while the
hardness of approximation is 1.463 [Guha and Khuller 1998].

In contrast to CKM, constant approximations are known for CFL. Mahdian et al.
[Mahdian et al. 2006] gave a 2-approximation for soft CFL. For uniform hard CFL, Ko-
rupolu et al. [Korupolu et al. 1998] gave an (8 + ¢)-approximation, which was improved
to 6 + € by Chudak and Williamson [Chudak and Williamson 2005] and to 3 by Aggar-
wal et al. [Aggarwal et al. 2010]. For (non-uniform) hard CFL, the best approximation
ratio is 5 due to Bansal et al. [Bansal et al. 2012], which improves the ratio of 3 + 2v/2
by Zhang et al. [Zhang et al. 2005]. All these algorithms for hard CFL are based on lo-
cal search. Recently, An et al. gave an LP-based constant approximation algorithm for
hard CFL [An et al. ], solving a long-standing open problem [Williamson and D 2011].

1[Byrka et al. ] claims an approximation ratio of 2.611, but the authors mentioned in [Byrka et al. 2015]
that the result of [Byrka et al. ] was incorrect.
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Our contributions. In this paper, we introduce a novel LP for uniform CKM, that we
call the rectangle LP. We give a rounding algorithm that achieves constant approxi-
mation for the problem, by only violating the cardinality constraint by a factor of 1 +¢,
for any constant ¢ > 0. This is already beyond the approximability of the basic LP
relaxation, as it has unbounded integrality gap even if we are allowed to violate the
cardinality constraint by 2 — ¢. To be more specific, we prove

THEOREM 1.1. Given a uniform capacitated k-median instance and a constant ¢ >

0, we can find in polynomial time a solution with at most [(1 + €)k| open facilities and
total connection cost at most exp(O(1/€?)) times the cost of the optimum solution with k
open facilities.
The running time of our algorithm is n°(!), where the constant in the exponent does
not depend on e. If we allow the running time to be n°(1/9), we can remove the ceiling in
the number of open facilities: we can handle the case when k < O(1/¢) by enumerating
the & open facilities. As our LP overcomes the gap instance for the basic LP relax-
ation, we hope it is the first step towards a constant approximation for capacitated
k-median.?

Our algorithm is for the hard capacitated version of the problem; namely, we open
at most one facility at each location. Indeed, we show that with uniform capacities, the
hard capacitated version is equivalent to the soft capacitated version, up to a constant
loss in the approximation ratio. Moreover, we can assume F = C; this was implicitly
proved in [Li 2014].

THEOREM 1.2. Let (k,u,F,C,d) be a hard uniform CKM instance, and C be the
minimum connection cost of the instance when all facilities in F are open.? Then, given
any solution of cost C' to the soft uniform CKM instance (k,u,C,C,d), we can find a
solution of cost at most C + 2C' to the hard uniform CKM instance (k,u, F,C,d).

C'is a trivial lower bound on the cost of the hard uniform CKM instance (k, u, F,C, d).
Moreover, the optimum cost of the soft uniform CKM instance (k,u,C,C,d) is at most
twice the optimum cost of the hard uniform CKM instance (k,u,F,C,d). Thus, any
a-approximation for the soft instance (k,u,C,C,d) implies a 1 + 2(2a) = (1 + 4a)-
approximation for the hard instance (k,u, F,C,d). The reduction works even if we
are considering pseudo-approximation algorithms by allowing violating the cardinal-
ity constraint by 8 > 1 and the capacity constraint by v > 1; we can simply apply the
above theorem to the instance (| 8k|, |yu] ,F,C,d). Thus, we only focus on soft uniform
CKM instances with 7 = C in the paper. Though we have F = C, we keep both notions
to indicate whether the points are treated as facilities or clients. Most parts of our
algorithm work without assuming 7 = C; only a single step uses this assumption.

The remaining part of the paper is organized as follows. In Section 2, we introduce
some useful notations, the basic LP relaxation for uniform CKM, the gap instance and
the proof of Theorem 1.2. In Section 3, we describe our rectangle LP. Then in Sec-
tion 4, we show how to round a fractional solution obtained from the rectangle LP.
Then in Section 5, we show that the rectangle LP is not sufficient to obtain a true
O(1)-approximation for the uniform CKM problem, by giving an Q(logn)-integrality
gap for the LP.

2Very recently, the same author in [Li 2016] has extended this result from uniform CKM to non-uniform
CKM.

3Given the set of open facilities, finding the best connection assignment is a minimum cost bipartite match-
ing problem and thus can be solved efficiently.
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2. PRELIMINARIES

Let Z,Z>,R and R>(, denote the set of integers, non-negative integers, real numbers
and non-negative real numbers respectively. For any « € R>q, let |z| and [z] denote
the floor and ceiling of z respectively. Let |z) =z — |z] and [z) = [z] — 2.
Given two sets C’,C"” C C of points, define d(C’,C") = minjec/ jrccr d(J,j') be the min-
imum distance from points in C’ to points in C”. We simply use d(j,C") for d({;j},C").
Following is the basic LP for the uniform CKM problem:

min >ierjec Ai, )T s.t. (Basic LP)
Zie]—'xixj =1, VjecC, (2) Li,jyYi >0, Vie F,jeC. (5)

Zij < Yi, Vie F,j€C, (3)

In the above LP, y; is the number of open facilities at location ¢, and x; ; indicates
whether a client j is connected to a facility at i. Constraint (1) says that we can open
at most k facilities, Constraint (2) says that every client must be connected to a fa-
cility, Constraint (3) says that a client can only be connected to an open facility and
Constraint (4) is the capacity constraint. In the integer programming capturing the
problem, we require y; € Z>o and z; ; € {0,1} for every i € F,j € C. In the LP relax-
ation, we relax the constraint to x; ; > 0,y; > 0.

The basic LP has unbounded integrality gap, even if we are allowed to open (2 — €)k
facilities. The gap instance is the following. Let k = v+ 1 and n = |F| = |C] = u(u + 1).
The n points are partitioned into u groups, each containing u + 1 points. Two points
in the same group have distance 0 and two points in different groups have distance
1. The following LP solution has cost 0: y; = 1/u for every i € F and z; ; is 1/(u + 1)
if ¢ is co-located with j and 0 otherwise. The optimum solution is non-zero even if we
are allowed to open 2u — 1 = 2k — 3 facilities: there must be a group in which we open
at mos4t 1 facility and some client in the group must connect to a facility outside the
group.

2.1. Reduction to Soft Capacitated Case: Proof of Theorem 1.2

PROOF PROOF OF THEOREM 1.2. We construct two matchings. First, there is a
matching of cost C between F and C (the cost of matching i € F to j € C is d(i, 7)),
where each facility in F is matched at most u times and each client in C is matched ex-
actly once. The second matching is from the solution for the soft uniform CKM instance
(k,u,C,C,d). We construct a set S of size at most % as follows. Suppose we opened s fa-
cilities at some location j € C, we add s facility locations collocated with j to S. So there
is a matching of cost C’ between C and S, where each client in C is matched exactly
once and each facility : € S is matched ¢; times, for some ¢; < u.

By concatenating the two matchings and by triangle inequalities, we obtain a match-
ing M between F and S of cost at most C + C’, such that every facility in F is matched
at most u times and every facility in ¢ € S is matched ¢; times. We can apply two op-
erations to M repeatedly, which can only decrease the cost of the matching. When no
operations can be performed, we are guaranteed that at most |S| < k facilities in F are
matched. See Figure 1 for illustrations.

4Note that this gap instance is not bad when we are allowed to violate the capacity constraints by 1 + e.
However, if we are only allowed to violate the capacity constraints, there is a different bad instance: each
group has 2u — 1 clients and k = 2u — 1. Fractionally, we open 2 — 1/u facilities in each group and the cost
is 0. But if we want to open 2u — 1 facilities integrally, some group contains at most 1 facility and thus the
capacity violation factor has to be 2 — 1/u.
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The first operation tries to break cycles in M. Since M is a bipartite matching, a cy-
cle has an even length. We color the edges in the cycle alternatively in black and white.
Assume w.l.o.g the total length of black edges is at most that of white edges. Then, we
can increase the multiplicities of black edges by one and decrease the multiplicities
of white edges by one. This does not increase the cost of M. We can apply this oper-
ation until the multiplicity of some white edge becomes 0. By applying the operation
repeatedly, we can assume the edges in M form a forest, when we ignore multiplicities.

If there is a path of edges M, connecting two vertices ¢,i’ € F, both of which are
matched less than u times, then we can apply the second operation. We color the edges
in the path alternatively in black and white. Assume the total length of black edges
is at most that of white edges. We increase the multiplicities of black edges and de-
crease the multiplicities of white edges. We can apply this operation until either the
multiplicity of some white edge becomes 0, or either i or i’ is matched u times. Thus, by
applying the second operation repeatedly, we can assume that in any tree of the forest
formed by edges in M, at most one facility in F is matched less than u times.

Fig. 1. Construction of matching between F and S. (a) shows two matchings, one between F and C and the
other between C and S. (b) shows the concatenated matching M between F and S. The thick lines form a
cycle. The thick dashed lines form a path, whose two end points are vertices in F with degree less than w. (c)
shows the matching M after we apply the first operation to the cycle and the second opertaion to the path.

Now we claim that at most & facilities in 7 are matched. To see this, focus on each
tree in the forest containing at least one edge. If facilities in S in the tree are matched
t times in total, so are the facilities in F in the tree. Thus, there are exactly [t/u]
facilities in F in this tree, since at most one facility in F in the tree is matched less
than v times. The number of facilities in S in this tree is at least [¢/u] since each
facility in S is matched ¢; < u times. This proves the claim.

Let 7/ C F be the set of facilities that are matched. Then, |F'| < |S| < k, and we
have a matching between 7’ and S of cost at most C + C’, where each facility in 7' is
matched at most u times and each facility in S is matched ¢; times. By concatenating
this matching with the matching between S and C of cost C’, we obtain a solution of
cost C + 2C" with open facilities 7’ to the uniform hard CKM instance (k,u, F,C,d).
This finishes the proof. O

3. RECTANGLE LP

Our rectangle LP is motivated by the gap instance described in Section 2. Focus on
a group of u + 1 clients in the gap instance. The fractional solution opens 1 + 1/u
facilities for this group and use them to serve the u(1 + 1/u) = u + 1 clients in the
group. We interpret this fractional event as a convex combination of integral events:
with probability 1 — 1/u we open 1 facility for the group and serve u clients; with
probability 1/« we open 2 facilities and serve 2u clients. However, there are only u + 1
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fp.q)

lp/ulu

q

Lp/u) [p/u]

Fig. 2. The f function for a fixed p such that p/u ¢ Z. It contains three linear segments. The dashed line
shows the function f defined by f = min {p, qu}.

clients in this group; even if 2 facilities are open, we can only serve u + 1 clients. Thus,
we can only serve (1 —1/u)u+ (1/u)(u+1) =u+1/u < u+1 clients using 1 + 1/u open
facilities.

This motivates the following definition of f(p,q) for any p € Z>¢,q € R>¢. When
q € Z>o, let f(p,q) = min {qu,p} be the upper bound on the number of clients in a set
of cardinality p that can be connected to a set of ¢ facilities. We then extend the range
of ¢ from Z>( to R>( using linear interpolation(see Figure 2). Then the exact definition
of f(p, q) is the following:

qu if g < | }]
fpa) = qulb]+ulf) (@—[F]) if [3] <a<[E]-
P if g = [ 7]

CLAIM 3.1. Fixing p € Z>o, f(p,-) is a concave function on Rs(. Fixing q € R>q,
f(-,q) is a concave function on Zx>.

PROOF. It is easy to see that f(p,q) = min{p, ug, v |p/u] +u |p/u) (¢ — |p/u])}. Fix p,
all the three terms are linear functions of ¢; thus the minimum of the three is concave.

Now we fix ¢ € R>¢. Then f(p,q) = pifp < ulq], f(p,q) = ulq] + (p —ulq]) @)
ifulgq] < p < ufq], and f(p,q) = uq if p > wu[q|. All three segments are linear on
p and their gradients are 1, |¢) , 0 respectively. The gradients are decreasing from left
to right. Moreover, the first segment and the second segment agree on p = u |¢|; the
second segment and the third segment agree on p = u[q]. Thus, f(-,¢) is a concave
function on Z>o. O

For any subset B C F of facility locations and subset 7 C C of clients, define
ys = y(B) == > ,cp¥i and z57 = > icp jcs Tij- We simply write z; 7 for z(; 7
and zp; for 25 ;;. By the definition of f(p,q), > ;cs25; < f(|J],ys) is valid for
every B C F and J C C. The constraint says that there can be at most f(|7],yg)
clients in 7 connected to facilities in 5. Notice the constraint with B = {i} and
J = {j} implies z; ; < f(1,y;) < y;. The constraint with B = {i} and J = C implies
> jec ®ij < f(IC[,¥:) < uy;. Thus, Constraint (3) and (4) are implied. The constraints
of our rectangle LP are Constraint (1),(2),(5) and the new constraints:

minimize Z x; ;d(i,7) s.t. (Rectangle LP)
ieF,jeC
TzF; =1, yr < k, z;; 20, y; >0, Vie F,j€C, (6)
.7 < f(|1T1,y8), VBC F,J CC. (7
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The LP is called the rectangle LP since we have a constraint for every “rectangle”
(B C F,J C C). We use the concavity of f(p,-) to convert Constraint (7) to linear
constraints. Since f(p, ¢) is the minimum of p, uqg and u |p/u| +u |p/u) (¢ — |p/u]), Con-
straint (7) is equivalent to a combination of three linear constraints.

For a fixed B C F, the separation oracle for Constraint (7) is simple: for every
p € [|C|], we take the sum of the p largest values in {z5; : j € C}; if it is larger than
f(p,ys) we find a separation. Since there are exponential number of sets B, we do not
know how to find a separation oracle for the Constraint (7) efficiently. However, we
can use the following standard trick: given {x; ; : i € F,j € C} and {y, : i € F} satisfy-
ing Constraint (6), we either find a rectangle (B C F,J C C) for which Constraint (7)
is violated, or construct an integral solution with at most [(1 + ¢)k]| facilities and the
desired approximation ratio. This is sufficient for us to run the ellipsoid method.

We also remark that the definition of f(p, ¢) for |p/u| < ¢ < [p/u] is what makes the
rectangle LP powerful. If we change the definition of f(p, ¢) to f(p,q) = min {p, ug}(see
Figure 2), then the rectangle LP is equivalent to the basic LP.

4. ROUNDING A FRACTIONAL SOLUTION OF THE RECTANGLE LP

Throughout this section, let ({z;; :i € F,j € C},{y; : i € F}) be a fractional solution
satisfying Constraints (6). Let LP := >, . . 2;;d(i,j) be the cost of the fractional
solution. We then try to round the fractional solution to an integral one with at most
[(1+ ¢)k] open facilities. We either claim the constructed integral solution has con-
nection cost at most exp(O(1/€2))LP, or output a rectangle (B C F,J C C) for which
Constraint (7) is violated. We can assume Constraint (3) and (4) are satisfied by check-
ing Constraint (7) for rectangles ({i},{j}) and ({i},C) respectively.

Overall, the algorithm works as follows. Initially, we have 1 unit of demand at each
client j € C. During the execution of the algorithm, we move demands fractionally
between clients. We pay a cost of ad(j,j') for moving « units of demand from client j
to client j'. Suppose finally our moving cost is C, and each client ; € C has «; units
of demand. Then we use the fact that 7 = C: we open [¢;/u] facilities at the location
j € C = F. By the integrality of matching, there is an integral matching between the
F and C, such that each i € F is matched at most u [«;/u] times and each j € C is
matched exactly once. The cost of the matching is at most C' (cost of matching 7 and j
is d(4, j)). Thus our goal is to bound C' and >, [a;/u].

4.1. Moving Demands to Client Representatives

In this section, we define a subset of clients called client representatives (representa-
tives for short) and move all demands to the representatives. The definition of client
representatives is similar to that of Charikar and Shymoys [Chudak and Shmoys
2004].

Let day(j) = >_,cr i ;d(i, j) be the connection cost of j, for every client j € C. Then
LP = > .ccdav(j). Let £ = ©(1/¢) be an integer whose value will be decided later. Let

C* = () initially. Repeat the following process until C becomes empty. We select the
client v € C with the smallest d,,(v) and add it to C*. We remove all clients j such that
d(j,v) < 2d,,(j) from C (thus, v itself is removed). Then the final set C* is the set of
client representatives. We shall use v and its variants to index representatives, and j
and its variants to index general clients.

We partition the set F of locations according to their nearest representatives in C*.
Let U, = () for every v € C* initially. For each location i € F, we add i to U, for the v € C*
that is closest to i. Thus, {i, : v € C*} forms a Voronoi diagram of 7 with centers being
C*. For any subset A C C* of representatives, we use U4 = | J,. 4 U, to denote the union
of Voronoi regions with centers in A.
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CLAIM 4.1. The following statements hold:

(4.1a) for all v,v' € C*,v # v/, we have d(v,v') > 20 max {day (v), day (V') };

(4.1b) for all j € C, there exists v € C*, such that d,,(v) < day(j ) and d(v,7) < 20da(5);
(4.1c) yU,) >1— 1/£for every v € C*;

(4.1d) for any v € C*, i € U, and j € C, we have d(i,v) < d(i,j) + 20day(j).

PROOF. First consider Property (4.1a). Assume d,, (v) < day(v'). When we add v to
C*, we remove all clients j satisfying d(v, j) < 2¢d,,(j) from C. Thus, v’ can not be added
to C* later.

For Property (4.1b), just consider the iteration in which j is removed from C. The
representative v added to C* in the iteration satisfy the property.

Then consider Property (4.1c). By Property (4.1a), we have B :=
{i € Fud(i,v) <lday(v)} S U,. Since day(v) = D crivd(i,v) and Y,z 25, = 1,
we have da,(v) > (1 — zgy)lda(v), implying y(Uy,) > ys > xp, > 1 — 7, due t
Constraint (3).

Finally, consider Property (4.1d). By Property (4.1b), there is a client v' € C* such
that d., (v') < dav(j) and d(v', §) < 20day (). Notice that d(i,v) < d(i,v') since v € C* and
i was added to U,,. Thus, d(,v) < d(i,v") <d(i,7) + d(j,v") < d(i,j) + 20da(j). O

Now, we move demands to C*. For every representative v € C*, every location i € U,
and every client j # v such that z; ; > 0, we move z; ; units of demand from j to v. We
bound the moving cost:

LEMMA 4.2. The total cost of moving demands in the above step is at most 2({+1)LP
PROOF. The cost is bounded by

ST T wi(dla) +d(0) < 30T S w i (2d(, ) + 20day (7))

vEC* iEU, jEC wEC* i€l jEC
:22 Z Lij (d(d, 7) + €dav () _22 av(j) + £day(4)) = 2(£ + 1)LP
JEC vECH iEU, jec

The inequality is by Property (4.1d). The second equality used the fact that
{Uy, : v € C*} form a partition of 7, Y, r2;; =1and Y, x;;d(i,j) = day(j). O

After the moving operation, all demands are at the set C* of representatives. Every
representative v € C* has Zieuu ZjeC x;j = Zu,c units of demand. Let v, := x;¢/u
for any facility location ¢ € F. Since Constraint (4) holds, we have y/ < y;. Define
yg =Y (B) :== 3 ,cpy; = zpc/u for every B C F. Obviously y;; < ys. The amount of
demand at v € C* is xy, ¢ = uy/(Uy).

So far we have obtained an O(1) approximation with 2k open facilities if we set ¢ = 2:
we open [y'(U,)] facilities at each location v € C* C C = F. By Lemma 4.2, the connec-
tion cost is at most 2(¢ + 1)LP = 6LP. The number of open facilities is at most 2k, as
[v/ (U)]

y(Uy)
approaches 2. This is as expected since we have not used Constraint (7). In order
to 1mprove the factor of 2, we shall further move demands among client representa-
tives.

maXyec*
[1+5]

< maxy>q_1/¢ m < 2. No matter how large ¢ is, the bound is tight as

4.2. Bounding cost for moving demands out of a set

Suppose we are given a set A C C* of representatives such that d(A,C* \ A) is large. If
[v'(U4)] /y(U,) is large then we can not afford to open [y’ (L/4)] open facilities inside
A. (Recall that U4 = |J,c 4 U, is the union of Voronoi regions with centers in .A.) Thus,
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On Uniform Capacitated k-Median Beyond the Natural LP Relaxation A9

we need to move demands between A and C* \ .A. The goal of this section is to bound
d(A,C* \ A); this requires Constraint (7) for B = U4.

To describe the main lemma, we need some notations. Let D; = .. z; ;d(i, j) and
D =3 cc Ti,jdav(j) for any location i € F. Let Dy := D(F') := > ;.7 D; and D, :=
D'(F') := > ,cx Dj for every subset 7' C F of locations. It is easy to see that LP =
Dy = D'. With this fact, each facility i can afford to pay a cost that is comparable to
D; + D;.

LEMMA 4.3. Let ) C A C C*and S = Ua. Suppose ys > |ys] and Constraint (7)
holds for B = S and every J C C. Then,

wlys) Tys) d(A,C*\ A) < 4Ds + (4¢ + 2)Ds.

Before proving the lemma, we explain why the bound is what we need. We can open
|ys] facilities in .4 and move u | y5) units of demand from A to representatives in C*\ A.
If we guarantee that the moving distance is comparable to d(A,C*\ .A), then the moving
cost is comparable to u |ys) d(A,C*\ A). When [ys) is not too small, the cost is bounded
in terms of Ds + D’. On the other hand, if [ys) is very small, we can simply open [ys]
facilities in A as [ys] /ys is close to 1.

We prove the following lemma and then show that it implies Lemma 4.3.

-
-

LEMMA 4.4. Suppose ({z;;:i€ F,jeC},{y;:i € F}) satisfies Constraint (7) for
some set B C F and every J C C. Moreover, suppose yi > |yg|. Then

S ap (1 -p,) > ulyp) [ys)- )

jec

PROOF. We first give an intuition behind the lemma. Let us assume y; = yg ¢ Z
and uyp € Z. Thus, B serves uyyi = uyp fractional clients. Without Constraint (7), it can
happen that B serves uyg integral clients, in which case the left side of Inequality (8)
is 0. So, Inequality (8) prevents this case from happening. Indeed, we show that the left
side of (8) is minimized when the following happens: B serves u |yg| integral clients,
and u fractional clients, each with fraction |ygz). In this case, Inequality (8) holds with
equality.

For simplicity we let y = yg,y = y; and z; = x5 ; for every j € C. Throughout the
proof, y and ¢’ are fixed. We assume C = [n] and 1 > 21 > 29 > -+ > z, > 0. Let
f(p) = min{f(p,y),uy’} for every integer p € [0,n]. Notice that f is a non-decreasing
concave function as f(-,y) is concave and uy’ is independent of p. The conjunction of
Constraint (7) and y' = 37, #;/u is equivalent to >-"_, x; < f(p) for every p € [n].

Let g : [0,1] — R be any second-order differentiable concave function such that
9(0) = 0. We shall show that >~7_, g(z;) > X7, g(«}), where =3 = f(j) — f(j — 1) for
every j € [n].

We use ¢’ and ¢” to denote the first-order and second-order derivative functions of ¢
respectively. For any = € [0, 1], let ¢)(z) = |{j € C : z; > «}|. Then

S ota) = [ v = [ (s0)+ [ o) vy

jec
= 9’(0)/01w(x)da:+/01 [/tll/)(x)dx} g’ (t)dt.

Notice that the first term is equal to ¢'(0) >°; . #; = ¢'(0)uy’, which is independent
of ¥ := (x1,x2, -+ ,x,). Since g is concave, we have ¢’(t) < 0 for every ¢t € [0,1]. We
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show that Q(¢) := ff x)dz is maximized when & = 7* := (a7, 23, .- ,z}), for every
teo,1].

Vée n}ow fix t € [0, 1]. Notice that Q(t) = ”’_1(3:] — t) where p; is the largest integer
p such that z,, > t. Then Q(t) < f(p;) — tpt < max]_ (f(p) — tp)-

We show that Q(t) = max]_, (f(p) — tp) when & = i*. Consider the sequence x; —
t,xg —t, -+ ,x, — t. The sequence is non-increasing; f(p) — tp is the sum of the first p
number in the sequence by the definition of {x;‘ } Thus, the sum is maximized when

f (p) — tp is the largest number such that x,, > ¢. This p is exactly the definition of p,.
Thus, Q(¢) is maximized when 7 = 7*. This proves that >_" | g(x;) > >, g(x}).
Now we let g(z) = (1 — z). Then g(0) = g(1) = 0. Thus, >, - g(zj) =

ulv) g(ly) + g({ Ly>> Ly}). By the concavity of g and ¢g(0) = 0, we have

Lv)

s (| 1) = |5 ol Thus Syccaten = ([ 2] + | *H2)) o) -

"B’Q (ly)) = “BQ ly) (1 — |y)) = uly’)[y). The last equation used the fact that

ly) + [y) = 1if y is fractional and |y’) = 0 if y is integral. O

PROOF Proof of Lemma 4.3. Focus on some i € S, € F\ S,j € C. Suppose i € U,
for some v € A and i’ € Y, for some v’ € C*\ A. Then

d(A,C*\A) < dv) < d,d)+d0,d) < 2d(vd) < 2(d(v,d) +d(i, §) + d(5,1))
< 202d(i,§) + 20dy (5) + d(i', §)].

In the above sequence, the third inequality used the fact that i’ € U, and the fifth
inequality used Property (4.1d) in Claim 4.1. Thus,

ulys) Tys) d(A,C*\ A) < Y s (1 — w5 ;)d(A,C*\ A)

jec

= Z xi,jxi/}jd(/l, C* \A) S 2 Z {L‘i’jmy’j [Qd(’b,j) + 2€dav(j) + d(l/,j)]

JECES,i'EF\S Jrini/
= 4Zx” —xs;)[d(i,5) + lday(j —|—2ngij 4, )

7,

< 423:” (i, ) + lday (j —|—2ng] w(j) = 4Ds + (40 +2)Ds.

In above summations, j is over all clients in C, ¢ is over all locations in S and ¢’ is over
all locations in F \ S. The first inequality in the sequence used Lemma 4.4. All other
inequalities and equations follow from the definitions of the notations used. O

4.3. Constructing family of neighborhood trees

Lemma 4.3 gives a necessary bound for our analysis. Still, we need to guarantee some
other conditions when moving the demands. For example, when moving demands out of
an “isolated” set A, we should make sure that the distance is comparable to d(A,C*\ A).
If ' (UA) < |y(U4)], then we should not move demands out of A, as d(A,C* \ A) may
not be bounded any more.

We guarantee these conditions by building a set of rooted trees over C*, called neigh-
borhood trees. Roughly speaking, each neighborhood tree contains representatives that
are nearby; moving demands within a neighborhood tree does not cost too much.
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On Uniform Capacitated k-Median Beyond the Natural LP Relaxation A:11

We use a triple T' = (V, E,r) to denote a rooted tree, with vertex set V C C*, edge
set £ C (%) and root r € V. Given a rooted tree T = (V, E,r) and a vertex v € V, we
use Ar(v) to denote the set of vertices in the sub-tree of T rooted at v. If v # r, we use
pr(v) to denote the parent of v in 7.

Definition 4.5. A rooted tree T = (V C C*, E,r) is called a neighborhood tree if for
every vertex v € V\ r, d(v,C* \ Ar(v)) = d(v, pr(v)).

In other words, T = (V, E,r) is a neighborhood tree if for every non-root vertex v of
T, the parent pr(v) of v is the nearest vertex in C* to v, except for vertices in Ar(v).
Our goal is to construct a set of neighborhood trees in C*. The next lemma is useful
when constructing the trees:

LEMMA 4.6. LetT = (V CC* E,r)and T' = (V' C C*, E,r) be two disjoint neigh-
borhood trees. Moreover assume v* := arg min,cc-\y d(r,v) isin V'. Let T" be the rooted
tree VUV, EUE U{(r,v*)},r"). Then T" is a neighborhood tree.

PROOF. For every v € V \ {r} we have d(v,C* \ Ar»(v)) = d(v,C* \ Ar(v)) =
d(v, pr(v)) = d(v, pr»(v)) since Ar»(v) = Ar(v), T is a neighborhood tree and pr (v) =
pr(v). Also, we have d(r,C* \ Ap(r)) = d(r,C* \ V) = d(r,v*) = d(r,pr~(r)) since
Api(r) =V and v* = pp~(r) is the nearest neighbor of » in C* \ V. Finally, for every
v e V'\ {r'}, we have d(v,C* \ AT" (v)) > d(v,C* \ T}) = d(v, pr(v)) = d(v, pr(v)) since
C*\ Ap»(v) C C*\ Aps(v), T" is a neighborhood tree and pr/(v) = pr(v). As ppv(v) €
C*\ T}, we have d(v,C*\ T)) < d(v, pr(v)), implying d(v,C* \ T}) = d(v, pr»(v)). O

Then we show how to construct the neighborhood trees, by proving the following
lemma:

LEMMA 4.7. Given any positive integer { < |C*|, we can find a set T of neighborhood
trees such that

(4.7a) ¢ < |V| < £2 for every neighborhood-tree (V, E,r) € T;
(4.7b) U(V,E,’I’)ET V = C*;
(4.7¢) For two distinct trees (V, E,r), V', E',r") € T, V\ {r} and V' \ {r'} are disjoint.

PROOF. The first step of the construction is a simple iterative process. We maintain
a spanning forest of rooted trees for C*. Initially, we have |C*| singletons in the forest.
At each iteration, we arbitrarily choose a tree T = (V, E,r) of size less than ¢. Let
v* = argmin,ec-\y d(r,v) be the nearest neighbor of » in C* \ V. Assume v* is in some
rooted tree 7" = (', E’,r'). Then, we merge T and 7" by adding an edge (r,v*), and let
v* be the parent of r. i.e, the new tree will be VU V', EUE'U{(r,v*)},r’). The process
ends when all rooted trees have size at least ¢. Since all singletons are neighborhood
trees, by applying Lemma 4.6 repeatedly, we have that all rooted trees we constructed
are neighborhood trees.

The neighborhood trees we constructed have size at least ¢. However, they might
have size much larger than ¢2. Thus, we need to break a large neighborhood tree. Let
T = (V,E,r) be a neighborhood tree of size more than ¢*> we have constructed. We
consider the growth of 7" by focusing on the tree containing r during the course of the
iterative process. Initially, T' contains a single vertex r. In each iteration in which T
has grown, we merge 7' with some neighborhood tree v = (V,, E., r;) of size less than
¢, by adding an edge (r,,v*), where v* is the nearest neighbor of r. in C* \ V.

Let £ be the set of treelets we constructed. For convenience, we also call the root r
a treelet. Thus, we can view T as a tree over the set of treelets. To be more specific,
we can construct a tree 7' = (L, E;) over the set L of treelets, where there is an edge

(1,7") € E; if there is an edge between 7 and 7’ in 7. We root T at r; for every 7 € L,
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we use T, to denote the subtree of 7" rooted at 7. The weight of a treelet 7 is defined as
the size of 7. ~

Consider the deepest treelet 7 = (V,, E;,r;) in T such that the total weight of the
sub-tree of T  rooted at 7 is at least ¢(¢ — 1). For each child 7 of 7 in T', there is an edge
e between 7" and 7 in T. Then, we partition the children 7" according to the vertex in
7 that e is incident to. Since |V,| < ¢ — 1, there must be a vertex v € V; such that the
following holds. The total weight of all subtrees T, over all children 7’ of 7 such that

there is an edge between 7" and v in T, is at least W As |V;| < ¢ —1, thisis at
least Z(f:f) —1=1¢—1. Let £ be the set of all such children of 7.

Focus on each 7 € L. If we un-contract each treelet in 7/, we obtain a sub tree
of T rooted at some child of v. Then, we construct tree 7" as follows: take v, and these
subtrees over all 7' € £’ as well as the edges connecting v to the roots of these subtrees.
Let v be the root of T”. Notice that by applying Lemma 4.6 repeatedly, we can prove
that 7" is a neighborhood tree. 7’ can be formed as follows. Initially, 7’ contains only
the root v. Then we repeatedly merge some treelet 7/ = (V.», E;v,r) € L with T
by adding an edge connecting r, to some vertex v* € T’ such that v* is the nearest
neighbor of r.» in V..

Then, we remove all vertices in 77\ {v} from 7. Meanwhile, we remove all subtrees in

{TT/} . from T. The remaining tree T has size at least (> — /(¢ — 1) = £. The process
T/G ’

ends when T has size at most ¢2. So, all neighborhood trees we constructed have size
between ¢ and ¢? and the union of all neighborhood trees cover all vertices of C*. Every
vertex of C* can appear at most once as a non-root of some neighborhood tree, since
every time we constructed a tree 7', we remove all non-root vertices of 7/ from 7. O

4.4. Moving demands within neighbourhood trees

Recall that all the demands are at the client representatives. Every representative
v € C* has uy'(U,) units of demand. In this section, it is convenient for us to scale
down the demands by u. Thus a representative v € C* has y'(U,) units of demand.
Due to the scaling, moving « units of demand from v to v’ costs uad(v,v"). If finally
some v has «, units of demand, we need to open [a,]| facilities at v. For analytical
purposes, we also say that v € C* has y(U,) > v'(U,) units of supply. The total supply
is Y cor y(Uy) =yr < k.

Assume |C*| > ¢ for now. We apply Lemma 4.7 to construct a set T of neighborhood
trees satisfying Properties (4.7a) to (4.7c). We assign the supplies and demands to
vertices in the set T. Notice that every representative in C* appears in T, and it appears
in T as a non-root at most once. If v € C* appears as a non-root, we assign the y/(U4,)
units of demand and the y(U/,) units of supply to the non-root. Otherwise, we assign
the y'(U,) units of demand and the y(U/,) units of supply to an arbitrary root v in T.

Fix a neighborhood tree T' = (V, E,r) € T from now on. Each v € V has «a, units of
demand and 3, units of supply. For v € V\ {r}, we have a, = /(i) and 8, = y(U,,). We
have either o, = y'(U,), B, = y(U,) or a,. = 3, = 0. Define oy := 3 ), a, and fy :=
> wey Bu for every V' C V. We shall move demands and supplies within 7. Moving
supplies is only for analytic purposes and costs nothing. When moving demands and
supplies, we update {a, : v € V} and {3, : v € V} accordingly. Keep in mind that we
always maintain the property that o, < 3, for every v € V; we do not change o), and
By (we do not change the total demands or supplies in V). After the moving process for
T, we add [, | open facilities at v for every v € V. We shall compare }_ ., [a,] to ay.

To define the moving process for T' = (V, E,r), we give each edge in E a rank as
follows. An edge ¢ = (v,v') € F has length L. := d(v,v’). Sort edges in E according
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Fig. 3. Notations used in the proof of Claim 4.9. Solid circles are client representatives in C* and solid lines
give a neighborhood tree T'.

to their lengths; assume eq,eg, - - - e\VI 1 is the ordering. Let the rank of ¢; be 1. For
eacht =2,3,---  ey_y, if L, < 22 L., then let the rank of ¢, be the rank of ¢;_1;
otherwise let the rank of e; be the rank of e;_1 plus 1. Let h be the rank of ¢)y,_;. For
each i € [h], let E; be the set of rank-i edges in F; for i =0,1,--- ,h,let E<; =, -, Ex
be the set of edges of rank at most . B

CLAIM 4.8. Foranyi € [h] and e, e’ € E;, we have L./L. < 3VI=1,

PROOF. It suffices to prove the lemma for the case where ¢’ is the shortest rank-
1 edge, and e is the longest rank-i edge. Suppose ¢/ = ey and e = ¢ for t' < t. Let
L=%ciep,, , Ler Then L. >2L.Foreveryse {t',t'+1,---,t—1},wehave L., <

(L+Le,+Let+1 L..). Thus, L+Le,+Le,+1 -+L65+Les+l §3(L+Let,+
Le,  +-- +Les).Thus,Leg3f Y(L+Le) < 2370y <3VI-1L ast—t' < [V|-2. O

C€t/41

For every i € {0,1,--- ,h}, we call the set of vertices in a connected component of
(V, E<;) a level-i set. The family of level-i sets forms a partition of V; and the union of
families over all i € {0,1,--- , h} is a laminar family. For every i € [h] and every level-i
set A, we check if Constraint (7) is satisfied for B = /4 and every J C C (recall that
this can be checked efficiently). If not, we find a violation of Constraint (7); from now
on, we assume Constraint (7) holds for all these rectangles (B, 7).

CLAIM 4.9. If a level-i set A does not contain the root r, then d(A,C*\ A) > L,
where L' is the length of the shortest edge in E; 1.

PROOF. See Figure 3 for the notations used in the proof. Let v be the highest vertex
in A according to 7', and L =}, L be the total length of edges of rank at most i.

Notice that C*\ A = (C*\ Ar(v))U ( 7(v)\A). d(v,C*\Ar(v)) = d(v, pr(v)) > L’ since T
is a neighborhood tree and the rank of (v, pr(v)) is at least i+ 1. Thus d(A,C*\ Ar(v)) >
L' —L > L' 35 the distance from v to any vertex in A is at most L. We now bound
d(A,Ar(v) \ A). Consider each connected component in (A7 (v) \ A, E<;). Let A’ be the
set of vertices in the component and v’ be its root. Since d(v’, pr(v')) > L', we have
d(v',v) > L’ as pp(v') is the nearest representative to v’ in C* \ Ar(v') > v. Since both
A and A’ are connected by edges in E<;, v € A, v’ € A" and the total length of edges in
E<;is L, we have that d(A,A") > L' — L > % As this is true for any such A’, we have

d(A, Ar(v)\ A) > %, which, combined with d(A,C*\ Ar(v)) > L2 , implies the claim. O

Recall that the family of all level-i sets, over all i = 0,1,2,--- ,h forms a laminar
family. Level-0 sets are singletons and the level-h set is the whole set V. Our moving
operation is level-by-level: for every i = 1,2,---  h in this order, for every level-i set
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A C V, we define a moving process for A, in which we move demands and supplies
within vertices in A. After the moving operation for A, we guarantee the following
properties.

If r € A, then either

(N1) all but one vertices v € A have a, = 3, € Z>o; or
(N2) every vertex v € Ahas §, > [a,] — 1/L.

Ifr € A, then
(I1) every vertex v € A\ {r} has 8, > [a, | — 1/¢.

The above properties hold for all level-0 sets: they are all singletons; Property (N1)
holds if r ¢ A and Property (I1) holds if » € A. Now, suppose the properties hold for all
level-(i—1) sets. We define a moving operation for a level-i set A after which A satisfies
the properties.

The first step is a collection step, in which we collect demands and supplies from
A. For every v € A\ {r} such that 8, < [«a,] — 1/¢, we collect |, ) units of demand
and 8, — |a, ]| units of supply from v and keep them in a temporary holder. For all
vertices v € A with 8, > [«,], we collect 3, — [, ] units of supply from v. Now, we have
[a, ] —1/¢ < B, < [a,] for every v € A\ {r}.

The second step is a redistribution step, in which we move the demand and supply in
the temporary holder back to A. If » € A, we simply move the demand and the supply in
the holder to » and terminate the process. A will satisfy Property (I1). From now on we
assume r ¢ A. We try to move the demand and the supply in the holder to each v € A
continuously until we have «, = 5, € Z>(: we first move demand from the holder to v
until o, = f,, then move demand and supply at the same rate until «, = 3, € Z>¢. If
we succeeded in making all vertices v € A satisfy o, = 5, € Z>(, then we can move the
remaining supplies and demands in the holder to an arbitrary vertex in A. In this case
A satisfies Property (N1). Suppose we failed to make o, = 3, € Z>( for some v € A.
The failure is due to the insufficient demand in the holder: we have collected at least
the same amount of supply as demand; in the redistribution step, we either move the
demand from the holder or move the demand and the supply at the same rate. We then
move all the remaining supply in the holder to an arbitrary vertex v € A. Notice that
during the continuous redistribution process for v, we always maintain the property
that [a,] —1/¢ < 8, < [, ]. Moving the remaining supply to an arbitrary vertex v also
maintain the property that [a,] — 1/¢ < S,. Thus A will satisfy Property (N2) in the
end.

After we finished the moving operation for the level-h set V, our set V satisfies Prop-
erty I asr € V.Thus }° . [aw] <3 e (Bo+1/0) +a +1 < By +1+(V][-1)/C <
By + %BV as fy > (V| —1)(1 —1/¢) and |V| > £. Taking this sum over all trees in T,
we have that the number of open facilities is at most k + (%7*1)121@ By setting ¢ = [3/€],

the number of open facilities is at most (1 + €)k.
It suffices to bound the moving cost for T'.

LEMMA 4.10. The moving cost of the operation for T = (V,E,r) € T is at most

exp (0(€%)) (DU ry) + D' (U () -

PRrROOF. Consider the moving process for a level-i set .A. Suppose we collected some
demand from v € A. It must be the case that v # r and 8, < [a,]| — 1/¢ before the
collection, as otherwise we would not collect demand from v. If we let A’ C A be the
level-(i — 1) set containing v, then A’ must satisfy » ¢ A’ and Property (N2) by the
induction assumption. This implies that we did not collect demands from any other
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vertices in A'. Notice that 3, < [a,]| — 1/¢ implies o, > |8,] and [B,) > 1/¢. Then,
aq > |Ba] and [Ba) > 1/¢ as all vertices v € A"\ {v} have a,, = B, € Z>(. Since
we never moved demands or supplies in or out of A’ before, we have a4 = y5 and
Bar =ys, where S = U . Then ys > |ys] and [ys) > 1/¢.

As we assumed that Constraint (7) is satisfied for B = S and every J C C, we
can apply Lemma 4.3 to show that |y5s) [ys) d(A,C* \ A') < 2Ds + 22D/ The de-
mands collected from v will be moved to vertices in .A. The moving distance is at most
>een., Le < [V|3VIL' by Claim 4.8, where L’ is the length of the shortest edge in E;.

Now, by Claim 4.9, L’ < 2d(A’,C* \ A’). Thus, the moving distance is at most
2 |v|3V
2V 3VlgA’,c \ A) < —

Vis™d( VA <5, ls) [ys)

Notice that [ys) > 1/¢ and V| < ¢2. The distance is at most

(2Ds + (20 + 1) D).

exp(O(Zz))
ulys)
moved |ys) units of demand from 4’, the moving cost is at most exp (O(¢?)) (Ds + D%).
Taking the sum of the upper bounds over all level-( — 1) sets A" C A\ {r}, the cost
is at most exp (O(¢?)) (D(Ua\(r}) + D'(Ua\(r})). Taking the sum over i € [A] and all
level-i sets A, the cost is at most exp (O(¢2)) (DU (ry) + D' (U (1})), as the number
h of levels is absorbed by exp (O(¢?)). This finishes the proof of Lemma 4.10. O

(Ds + D%). As we

Finally, taking the bound over all neighborhood trees T = (V, E, r'), the moving cost
is at most exp(O(¢?))(Dx + D'%) due to Property (4.7¢c) and the fact that {/, : v € C*}
forms a partition of 7. Since D = D’ = LP, the moving cost is at most exp(O(¢?))LP.

This finishes the proof of Theorem 1.1 for the case |C*| > ¢. When |C*| < ¢, we only
build one neighborhood tree (C*, E,r). Any minimum spanning tree over C* will be a
neighborhood tree. We run the algorithm for this neighborhood tree. The argument for
moving cost still works; it suffices to bound the number of open facilities. After the
moving process, we have 8, > [a,| — 1/¢ for every v € C* \ {r}. Also B¢+ < k. Thus,
Br < k—Pen\(ry <k — Zvec*\{r}(f‘lJ —1/0) < k- ZUEC*\{T} [au]+(£—=2)/Cas [C*| < L.
Thus, [a,] < [B;] < k=3 ccn\gpy [w] + 1, implying }°, c. [a,] < k + 1. Thus, the
number of open facilities is at most £ + 1 < [(1 + €)k].

5. INTEGRALITY GAP FOR THE RECTANGLE LP RELAXATION

In this section, we show that the integrality gap of the rectangle LP relaxation is
Q(logn), if the cardinality constraint can not be violated. Let G = (V,E) be an ex-
pander of degree 3 of size u = |V|, where u is also the capacity of each facility; let
a = mingcy:|s|<|v|/2 w be the expansion of G. Let F = V and C contains
n := u(u + 1) clients: for each v € V, there are u + 1 clients in C co-located with v.
We are allowed to open & = u + 1 facilities; multiple copies of each facility can be
opened. The metric d is the shortest-path metric defined by G.

We first show that the cost of the optimum solution to the instance is Q(ulogu).
Intuitively, in the optimum solution, we first open one facility at each location v € V,
and let it serve u clients at v. So, one client remains at each location. Then we open
one additional facility to serve the remaining u clients; the cost of serving the u clients
will be Q(ulogu). However, it is a little involved to prove this intuition; thus we shall
use a different way to prove the lower bound.

If there are more than log u locations in F without open facilities (we call them empty
locations), then the cost of the facilities is at least (v + 1)logu = Q(ulogu). Thus we
assume there are less than logu empty locations. At an non-empty location, we can
assume there is one open facility which serves u clients at the location; so we remove
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this open facility and the « clients it serves. Now, we have at least one client left at each
location; at most logu + 1 open facilities remain. Connecting the remaining clients to
the remaining facilities will cost 2(ulogu), even if there are no capacity constraints:
the number of locations with distance at most (logu)/2 to one of the logu + 1 open
facilities is at most (logu + 1)(3 x 2(°8%)/2) < 4/2 for large enough u; so the connection
cost is at least u/2 x (logu)/2 = Q(ulogu).

Now we give a fractional solution to the rectangle LP whose cost is O(u). For each
facility ¢ € F, we have y; = 1 + 1/u. For each i € F, the assignment of clients is
as follows. For every client j that is collocated with i, we have z, ; = 1 — 3/(au); for
every j that has distance 1 to i, we have z;, ; = 1/(au); for all other clients j, we
have z; ; = 0. The constraints in the basic LP relaxation are satisfied: every client j
has > ,cr2i; = 1 —3/(au) + 3 - 1/(au) = 1; every facility i has 3, c2i; = u+1=
uy;; we have z; ; < y; for every i € F,j € C. The cost of the fractional solution is
Zi,j d(i, j)zi; =u(u+1)-3/(au) =3(u+1)/a = O(u).

We now show that Constraint (7) is satisfied for every set B C F of facilities. Let t =
|B| and ¢ = yg = t(1 + 1/u). We identify C with [n] and assume z51 > 252 > -+ > Z5.4.
It suffices to prove that for every p € [n], we have 25, < f(p, q).

Given a concave function g on {0,1,2,--- ,n}, we say an integer ¢t € [0,n] is a break
point if either ¢t € {0,n} or 2g(t) > g(t — 1) + g(¢ + 1). Notice that x5, is a concave
function of p. Since the u + 1 clients at the same location i have the same z3 . value, a
break point of x5 ] must be a multiply of u+1. f(-, ¢) has four break points: 0, ut, ut +u
and n.

Assume 2, > f(p, q) for some p. Then 5,1 > f(p’, ¢) must hold for some p’ which
is either a break point of 23 .}, or a break point of f(-, ). As (z,y) is a valid solution to
the basic LP, we have x5 ;) < min {p, qu} for every p. From the definition of f, it must
be the case that p’ € (u|q],u[q]) = (ut,ut + u). Thus we must have p’ = (u + 1)t. In
this case, [p’] contain the (u + 1)¢ clients co-located with facilities in 5.

First assume ¢ < u/2. Notice that E(B, F \ B) > «|B| = at as « is the expansion of G.
So, zg ] < tlu+1) —at(u+1) - 1/(au) < tu+1) —t = tu < tu+1?/u = f(p,q). Now
assume ¢ > u/2. Then x5 ) < t(u+1) —afu—t)(u+1)-1/(au) <tlu+1) - (u—1t) =
tu+ 2t —u < tu+t?/u = f(p',q). This leads to a contradiction. Thus, the fractional
solution satisfies Constraint (7).

Thus, we have proved that the integrality gap for the rectangle LP is Q(logu) =
Q(logn). So, in order to obtain a real constant approximation algorithm, a stronger LP
relaxation is needed.
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