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Abstract

k-median is a classic optimization problem which has been studied extensively in the last few
decades. The current best known approximation ratio for this problem is (2.675 + €). A more gener-
alized version of this problem also considers the capacities of the given facilities. That is, each facility
cannot serve more clients than its own capacity. Unfortunately, there is no known constant-factor ap-
proximation algorithm for this problem. We survey some state-of-the-art techniques to approximate
the Capacitated k-median problem that may violate the hard constraint by a factor of (1 + ¢). Note
that the natural LP relaxation for this problem is still unbounded even when we are allowed to violate
the cardinality constraint by a factor of 2 — €. The new improvements come from several techniques
to strengthen the LP as well as a novel clustering algorithm.

1 Introduction

In k-median problem, we have a set of facilities F, a set of clients C, a symmetric distance metric d on
F UC, and a number k. The goal is to open at most £ facilities so that the total connection cost from
each client to the closest, open facility is minimized. This problem is known to be NP-hard. The current
best known approximation algorithm for k-median is a (2.675 + €)-approximation algorithm [2]. In the
capacitated version, each facility « € F also has a capacity u; > 0. We need to make sure that facility ¢
only serves at most u; clients in our solution.

One of the reasons making this problem difficult to obtain a constant approximation ratio is that its
natural linear program relaxation has unbounded gap. Most of the previous algorithms for capacitated
k-median either violate the capacity constraint or the cardinality constraint. For example, Byrka et. al.
give an O(1/¢?)-approximation algorithm by violating the capacity constraint by a factor of (2+¢) in [1].

In this survey, we will discuss two new results by Shi Li on Capacitated k-median (CKM) problems.
In Section 2, we review an old result for the Minimum Knapsack problem and introduce the idea of
Relaxed Separation Oracle by Carr et. al. [3]. This technique allows us to round a fractional solution into
an integral one even when there is no efficient separation oracle for the LP. In Section 3, we discuss Shi
Li’s O(exp(1/€*))-approximation algorithm for the Hard Uniform Capacitated k-median while opening
at most (1 + €)k facilities [5]. In Section 4, we discuss an improved algorithm by Shi Li which has an
approximation ratio of O (}2 log %) [4]]. The drawback is that this algorithm may need to open 2 copies
of a facility.



2 Relaxed Separation Oracle

2.1 Minimum Knapsack Problem

Given a set [ of items and a demand D. Each item ¢ € [ has size s; > 0 and value v; > 0. The problem
is to choose a subset X of I such that the total value of items in X is at least the demand D and the total
size is minimized. The LP relaxation of the problem is as follows.

minimize ¢(z) = Z 5, %;
iel
subject to Z vx; > D
il

2.2 Knapsack Cover Inequalities

Let = be any feasible, integral solution and A be any subset of /. We observe that if the items in A are
given for free, the remaining chosen items in 7 \ A should be still feasible on the residual instance with
demand D — v(A). In other words, we have the following valid inequality

E ViTl; = E Vil; — E ViT;

i€\ A i€l i€EA
Z D — Zvimi
€A
> D —w(A).

We can strengthen this inequality by assuming that the value of each item is no more than the (residual)
demand:

Z min{v;, D — v(A)}x; > D —v(A).
i€l\A
Now, we have a strengthened LP relaxation:
minimize ¢(z) = Z Si T
iel
subject to Y min{v;, D — v(A)}a; > D — v(A) NVACI,vw(A) <D
i€\ A

2.3 2-approximation Algorithm

Let = be a fractional solution to the strengthened LP with cost ¢(x). We will round z to an integral
solution whose cost is at most 2¢(z). Let A = {i : 1/2 < z; < 1}. We will take all items in A. If
v(A) > D, then we are done. Note that the cost of choosing items in A is at most 2¢(z). Assume that
v(A) < D. Then

Z min{v;, D —v(A)}x; > D —v(A).

ieNA



Consider the residual instance / \ A. Recall that z; < 1/2 for all i € I \ A. Sort these items in the
decreasing order of new value:

min{vy, D —v(A)} > min{ve, D —v(A)} > --- > min{wvg, D — v(A)}.
Let 7 be the (minimum) integer such that rx; is also integral Vi € [ \ A.

e We create r empty buckets By, ..., B, and distribute the items into these buckets as follows. We
create r(2x1) copies of item 1 and put these copies into the first 7(2z;) buckets, then put r(2x5)
copies of item 2 into the next (2x5) buckets (modulo 7) and so on.

e Then the algorithm will just return the following set

arg min E ;-
BjuA i€B;UA

Note that
e Since r(2x;) < r, no bucket contains duplicate items.
o Letva(B;) = > ;cp, min{v;, D — v(A)}. By ordering, we have
va(B1) > va(Ba) > ... > va(B,).

Moreover, the difference v (B;) —va(B,) is at most D —v(A) (the worst case is when B; contains
one more item than B,). We claim that

va(B,) > D —v(A).
Otherwise, we have
va(B1) <wva(By)+ D —v(A) <2(D —v(A)),

which implies that
D va(Bi) < 2r(D - v(A)).

This is a contradiction because

> wa(By) =r > min{v;, D — v(A)}(2x;) > 2r(D — v(A)).

i€\A

e Thus, all the sets B; U A, ..., B, U A are feasible, integral solutions. Also,

r
i=1

Therefore, the minimum cost of these sets is bounded by 2¢(z).



2.4 Intuition

Consider the set A of items with “high” opening: z; > 1/2. It is quite “easy” to choose these items since
the cost of choosing all items in A is at most twice the fractional cost. The question is what to do with
the remaining items in [ \ A?

Now consider the residual instance / \ A and let 2’ be x when restricted on this new instance. Since
we already choose A, we want to satisfy the new demand D' = D — v(A). WLOG, assume that item 4
in the new instance has value v; = min{v;, D’}. Indeed, we cannot freely take items in / \ A because the
opening can be close to 0 and we would not be able to bound the cost. Instead, we rely on the fact that

Z viz, > D'\

i€\A

In other words, 2’ is a feasible, fractional solution to the new Minimum Knapsack instance. But why is
it easier to round z’? Observe that the “opening” x; < 1/2 for all . It is quite natural to scale up such
a solution with small openings: let # = 2z and note that 7 is still feasible because z; < 1, however, we

have
i€\ A

Now it is clear that rounding % should be easier. This is because of the factor 2 of D’. In this new
instance, given the fractional, feasible solution z, we are allowed to violate the demand constraint by a
factor of 2 during the rounding algorithm.

The rest can be done by using a bucketing algorithm. Let » be the (minimum) integer such that rz; is
also integral. Create r empty buckets By, ..., B,. Sort all items in decreasing order of values: v} > v} >
... > v,. Then put Z; items 1 into the first rZ; buckets, rZ, items 2 into the next 2, buckets (modulo
r) and so on. Finally, return the bucket with the minimum cost.

e Since rz; < r, no bucket contains duplicate items,

e It is easy to see that v'(B;) > ... > v/(B,). We claim that v/(B,.) > D’ and hence, all buckets are
feasible. Note that the difference v'(B;) — v'(B,) < v} < D’ because By may contain at most one
more item than B,. If v/(B,) < D’ then v'(B;) < 2D’ and

T

> (B <2rD

i=1

This is a contradiction because

ZU’(Bi) = Z vird; > 2rD’.

i=1 iel\A

e Finally, observe that 2 is a convex combination of these r integral solutions:

=1

which implies that the minimum cost can be bounded by ¢(Z) < 2¢(2').
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2.5 Framework: Relaxed Separation Oracle

Now the question is “how to solve the strengthened LP relaxation”. The given LP has exponential number
of constraints and it is not clear if there is an efficient separation oracle for this LP. Interestingly, in the
above algorithm, it suffices for x to satisfy the Knapsack Cover Inequality on a single set A.

In fact, all we need is a relaxed separation oracle: given a fractional solution z, it will
e cither point out a violated constraint,
e or round z into an integral solution & where ¢(x) < «c(Z) for some constant cv.

The framework works as follows. First, we guess the true optimal LP value, say OPT'. Then, in the
ellipsoid method,

e if ¢(x) > OPT, return this violated constraint,
e clse if we can round z into Z so that ¢(z) < ac(x), return z,

e clse return some violated constraint that does not allow us to round z.

3 Uniform Hard Capacitated £-median Problem

In this section, we consider Shi Li’s algorithm to approximate the Uniform Hard Capacitated k-median
using (1 + €)k facilities. In this problem, all facilities have the same capacity v > 0, and we are only
allowed to open at most £ facilities (at most one at each location). The natural LP relaxation for the
problem is

minimize Z Z d(i, J)xi;
ieF jeC

subject to inj =1 ,Vjecl
ieF

waguyl 7\V/i€f
jec
0<m@y,y <1

3.1 Reduction to soft capacitated k-median problem with 7 = C

It turns out that if there is an a-approximation algorithm for the uniform soft capacitated k-median with
F = C, then there is a (1 + 4«a)-approximation algorithm for the uniform hard capacitated k-median. To
see this, consider any hard capacitated instance (k, F,C) and fix a a-approximate solution C’ for the soft
capacitated instance (k,C,C). Let OPTy, 51, O PT}qrq be the optimal costs of the soft and hard instances,
respectively. Note that OPT, ¢ < 20 PT),,q because, given any solution to the hard (k, F,C) instance,



we create a feasible solution of the soft (k,C, C) instance by moving the facility 7 to the nearest client j
that it is serving. The cost of this solution can be at most twice the original cost.

Now we construct the following bipartite graph G = (C' U F, E) as follows:

e let M be the minimum cost matching of the bipartite graph on (C U F) where the cost of the edge
(7,4) : j € C,i € F is equal to the distance d(i, j), subject to the constraint that each client is
matched exactly one time and each facility can be matched with at most w clients,

e recall that ' is the set of open facilities in the a-approximate solution (there can be multiple open
facilities at a location but [C’| < k). We consider the matching M’ between C’ and C, where each
client is matched with the open facilities that serves it in the solution.

e finally, we combine M and M’ to get G: there is an edge (j,4) in G, where j € C' and ¢ € F iff
there exists a client k£ € C such that k is matched with with 7 in M and with j in M’. We assign
the cost d(i, k) + d(k, j) to this edge.

Note that G may can contain multi-edges, and |E| = |C|. (We can think of each edge as client.) Also,
by construction, the degree of all vertices is at most G. Now we will transform this bipartite graph so
that the number of matched vertices in F is at most k. This can be done as follows:

e while there exists even cycles, decompose it into 2 disjoint, equal sets of odd and even edges.
Remove the set of edges with larger cost and double multiplicities of edges in the other set,

e now consider any connected component which is a tree. If the tree contain any 2 vertices i1, 10 € F
such that their degrees are strictly less than u, again, we decompose the even path from ¢, to 75 and
apply the above process. We repeat this process until no changes can be made.

o finally, G will only trees where each tree may contain at most one vertex only the right with degree
less than .

It is clear that this transformation does not increase the cost and each facility can only be matched at
most u times. We claim that the number of matched facilities in F is now at most k£ and we can take this
as a feasible solution. To see this, consider any tree 1" with at least one edge. Assume that 7" has e edges.
By the above property, we have

(ITNFl—Du<e<|TNC|u,
which implies
TNF|<|TNnC.

The claim follows by taking the sum over all trees and notice that |C'| < k. How about the connection
cost of this solution? Note that the degree of vertices in C’ is still preserved. It means that, for each client
k, we can serve it via the route: k — assigned facility in C’ — some matched facility in F. Indeed, the
total cost is at most

cost(C") + cost(G) < cost(C') + cost(M) + cost(M’)
= 2cost(C") + cost(M)
< 200PTsf + OPThara
< 400 PTharg + OPThara = (1 + 40)O PThara.



3.2 A simple 6-approximation which opens 2% facilities

We first apply the standard filtering algorithm on C as follows. Let £ > 1 be a parameter to be determined.
Initially, C’ := (). We consider clients in increasing order of its fractional connection cost. For each
client j in this order, we add j into C’' and remove j and all all other clients & such that d(j, k) <
2¢max{C}, C}}. We then assign facilities in F to the closest cluster center in C’, breaking ties arbitrarily.
Let F; denote the set of facilities assigned to j € C'.

Claim 1. The set C' of cluster centers satisfies the following properties:
e forany j,j € C, d(j,j") > 20 max{C}, Cy},

o y(F;) >1—1/lforall j (.

Algorithm 1 Simple rounding algorithm

I: aj < Oforallj e’

2: for j € Cdo

3 fOPiEFinj>OdO

4 k < the cluster center of ¢ (i.e. ¢ € F},)

5: Qf < Qf + Xy5

6: end for

7: end for

8: for j € C' do

9:  open [ /u] facilities at location j

10: end for

11: find the minimum matching between the set of open facilities and all clients, where each client is
matched once and each facility is matched at most u times.

12: return the min-cost matching

Idea: Let us imagine that each client in C has a unit of demand and we want to transfer the demand into
some open facility. Then the connection cost will be equal to “moving cost” that is required to transfer
all demands to the open facilities in our solution. In the following algorithm, we first move all demands
from clients j to its serving facilities ¢ in the LP solution. Obviously, this would cost OPT}. Then, the
demand from each facility ¢ will be sent to its cluster center. Finally, we divide the amount of demands
at a center by u to obtain the number of facilities to be open at this site. Observe that the total demand at
a cluster center can be bounded by the volume of that cluster. Moreover, by construction, the volume of
any cluster is at least 1/2, and we only loose a factor of at most 2 in the size of the solution.

Analysis: We claim that such a matching exists due to the integrality of matching polytope. Consider
the fractional matching 2’ on C"UC by setting z}; = xr, ;, foralli € C', j € C. The cost of 2’ (also called
the moving cost as we move x, ; units of demand from j to ¢) is equal t0 » ;¢ > ;e d(4, j) 2, ¢ Which
will be analyzed in a moment. Note that the total flow out of each client is exactly 1 and the total flow
into each facility j is exactly a;. By opening [«;/u] facilities at site j, we guarantee that the amount of
incoming flow of j can be as large as [« /u] - u > ;. Thus, one can round 2’ into an integral matching
where each client is matched at most once and each facility is matched at most u times.



We first bound the total connection cost. By integrality of b-matching polytope, the connection cost is at

most
DD AR Y w0 Y D wy(d(ig) +d(i,k))

jeC keC’ 1€ Fy, jeC kel icky,

< O3S w i) + (i)

J€C keC'i€Fy

<SS ay(2dG. ) + i)

JEC keC! i€ Fy,

j€C keC' i€Fy

jec  kecCicF
= 20PT; + 20PTy = 2(¢ 4+ 1)OPTy,
where ¢’ is the cluster center of j. Moreover, for each bundle F;, by LP constraints and construction, we

open at most
Zjec ZieFj Lij
U

w < [y(Fy)]

facilities at j. Since

F.
max [y(£))] < max u <2
jec y(Fy) T yz1-1/t vy

Y

if we set £ = 2. Then the number of open facilities is at most 2 _ jecr y(F;) < 2k. Increasing ¢ does not

improve the factor of 2 because lim,_, qii = 2.

3.3 Integrality gap of the natural LP relaxation

Consider the following instance: k = u + 1, F = C, and |F| = |C| = n = u(u + 1). (Each facility has
capacity u.) The clients are partitioned into u groups of size u + 1. The distance between any 2 clients
is 0 if they are in the same group and 1 otherwise.

u groups; each has u+1 facilities;

k=u(u+1)
O 0 O 0 O 0
e e e

Then



e The cost of any integral solution is greater than 1 even when we are allowed to open 2k — 3 =
2(u + 1) — 3 = 2u — 1 facilities. Indeed, there are u groups, and we cannot afford to open 2
facilities in all groups.

e On the other hand, the fractional cost is exactly 0. This can be achieved by setting y; = 1/u for all
iand z;; = 1/(u+ 1) for all ¢, j within the same group. Indeed, the number of open facilities is
n/u = u+ 1 = k. Each client can connect to itself and other u clients in the group (each with the
extent 1/(u + 1)).

3.4 Strengthening the natural LP with Rectangle Constraints

In the above bad instance, the LP solution will open (1/u)(u 4+ 1) = 1 + 1/u facilities for each group
and use these to serve all v + 1 facilities in the group. The consequence is that no client would need to
connect to some facility outside, causing the LP value to be equal to zero. Can we somehow rule out this
possibility? Indeed, any integral would open either one or two facilities per group:

e 1 facility can serve u facilities in the group,

e 2 facilities can serve u + 1 facilities in the group (not 2u,).

While it is not possible to avoid opening a fractional number of facilities per group, we can still add some
linear constraint to rule out the above event. In particular, we can use linear interpolation on the number
of facilities in [1,2] to get the number of clients which can be served. For example, with y € [1,2]
open facilities, we require that only u + y — 1 clients in the group can be served (and other clients have
to connect to outside facilities, hence making the LP value greater than zero). Indeed, this constraint
suffices to get rid of the bad instance as only u + 1 4+ 1/u — 1 = u+ 1/u clients in a group are served by
1 + 1/u facilities.

Generally, let f(p, ¢) be the maximum number of clients in a group of size p can be served by opening ¢
facilities. If p, ¢ € Z., we have f(p,q) = min{p, qu}. How can we extend this function for ¢ € R,. As
discussed above, assuming g € R, we define f(p, q) as follows:

o If ¢ < |p/u] then f(p,q) = min{p, qu} = qu,
o If ¢ > [p/u] then f(p,q) = min{p, qu} = p,

e For g € [|p/u], [p/u]], we use linear interpolation to connect two integer points (|p/u |, u|p/u])

and ([p/ul,p):
f(p,q) = u[p/u] +u(p/u — [p/ul)(q — [p/u]).

We rewrite the LP as follows.
minimize Z Z d(i, j)xi;
ieF jeC
subject to inj =1 ,V3ecl
ieF

Zyiﬁk

.7 < f(|T|,us) ,ZVBC F,JCC
0 <2,y < 1.



3.5 High-level ideas

In the normal k-median problem, we can simply assign a client to the nearest open facility. However, in
this capacitated version, clients are required to be carefully assigned to some facility without violating
the capacity constraint. In other words, the assignment variables x;; are also important in this problem.
The above 6-approximation algorithm suggests a good strategy: for each client j, move all the demands
x;; to the cluster center of 7. We can think of the result of this process as a fractional matching where
the total weight of incidence edges of a client is exactly one. The integrality of any matching polytope
implies that there is a integral solution whose cost is at most the current fractional cost.

Recall that the LP constraint guarantees a bound on the number of open facilities. For each j € (C,
let «; be the total mass that have been moved to j in the above process and scaled down by u. Let
B; = y(F;) be the (fractional) number of open facilities inside the ball F;. By construction and the fact
that Zje(?’ z;; <wuy; Vi € F, wehave a; < ;.

From now on, we shall call «; the demand of j and 3; the supply of j. Indeed, we have ) i B; < k. In
the simple 6-approximation algorithm, we open [«; | facilities at each location j and show that

> a1 <2) B <2k,

jec’ jec’

when ¢ = 2. How can we improve the factor of 2? In fact, if [« | ~ 5, or a; < |3;] then we do not lose
much when opening [« | facilities. Otherwise, [«;]/f; is large and we have to move the demand from
j to some other cluster center. This is our strategy: to move the demand from bad cluster centers j to
some nearby cluster centers. The challenging part of this process is that we have to bound the connection
cost as moving amount f of demand from j to k£ would incur a cost of (uf)d(j, k). One natural idea is
to partition C’ into groups of nearby centers so that the cost of moving the demand among centers within
a group is not too large. Because of some technical issues, we would need to bound the cost of moving
demand from a subset of centers to some outside centers.

Generally, when shall we move the demand from a set .A of cluster centers to other centers in C' \ A and
how can we bound the incurring cost? Let S := | J, 4 F; be the set of facilities claimed by centers in A.

Define Tis
! 1]
Ys = E o
1€S,j€C
and
Ys = E Yi-
€S

Recall that we have the demand-supply constraint: ys < ys. Indeed, there is no need to transfer demand
from A if either ys < |ys] or [ys| — ys is small. For example, if [ys]| — ys < 1/¢ then

/
el _osl 1 g, 1
yst 4

(1—=1/6)

Ys Ys

since ys > 1 — 1/¢.



Therefore, the two main conditions on transferring the demand from A to C’' \ A are (1) y5 > |ys| and
(2) [ys] — ys is large, say [ys| — ys > 1/¢. If these conditions are satisfied, then we have the following
bound derived from the Rectangle Constraints:

u(ys — [Ys)d(A,C"\ A) < (4Ds +(40+2)Dg)

1
lys| —

< O(4 )(Ds +Dg)
where

o d(A,C'\ A) = minjearec\ 4 d(J, k) is distance to the nearest facility outside A,

[ ] DS = ZieS ZjEC I'Ud(l,]) and D‘IS = ZieS Zjec xijcj’

e the LHS u(ys — |vys])d(A,C"\ A) is simply the cost of moving the excessive amount of demand
(ys — |ys]) from A to the closest center in C' \ A,

o if we take sum of the RHS over disjoint sets of facilities, we get Dr = D> = OPT}.

To this end, Shi Li suggests the use of neighborhood trees. Basically, we partition C’ into several almost
disjoint sets. The vertices inside each set form a rooted tree with certain properties. Focus on a tree
T = (V, E) with root r. Initially, each cluster center j € V' has demand «; = y};j and supply 3; = yr,.
We shall redistribute the demand and supply within 7" such that

a; < 3; V7, at any time during the process,
e the total demand and supply are not changed,
[} (Oé{l S ﬁj +1/€ VJ 7é7“.
Note that while we may redistribute the supply within 7, this is for the analysis only and does not incur
any cost. After the moving process, we simply open [«; ] facilities at location j as before. It is easy to

see that the last property suffices to bound the number of open facilities to within (1 + €)k. Note that
v > |VI|(1—=1/¢) > (]V| — 1)(1 — 1/¢). The number of open facilities in 7" is

o 1< Y Bi+1/0)+a,+1

Jjev JEV j#r
< D> B0+ +1
JEV,j#r
<pBv+1+(VI-1)/¢
<pPv+1+ gﬂ_vl

:5V(1+1/ﬂv+£i1)

The term 1/ can be ignored if we choose |V/| large enough. In fact, we will create the tree 7" with at

least ¢ vertices so that 1/5, < m

Now we have all the main ingredients. How can we combine all these ideas to achieve the above goal
while still being able to bound the cost? Shi Li suggests a clever recursive moving process. The edges of
T is sorted and carefully grouped into sets £y, Fs, ..., E}, such that
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e the edges in group F; is shorter than or equal to edges in F; 1,

e for any group F;, the difference between the longest and shortest edges is bounded:

Cmes < exp(O(|V])).

€min

Then the tree is further partitioned into many level-sets as follows. Let F<; = | J ;<i Fj. Each subtree of
T induced by edges in E<; is called a level-: set. Indeed, the (only) level-h set is exactly 7". Note that
these level-sets form a laminar family. As mentioned, the redistribution process is done in a recursive
manner: when processing some level-i set A, all of its level-(i — 1) subsets are already processed. A
level-(i — 1) set A" C A is processed if either

e all centers j € A’ satisfy: [o;] < ;4 1// (this is our ultimate goal),

¢ indeed, the mentioned condition cannot be always achieved. But if this cannot be done, by induc-
tive hypothesis, we can redistribute the demand and supply in such a way that o; = 3; € Z for all
J except a bad center v, for which a,, < 3, (and maybe [« | > B, + 1/0).

Main idea: Now when processing .A, we would consider all of its level-(i — 1) subsets A’. If A’ satisfies
the first condition, there is no need to move any mass out of A’. Otherwise, there is one vertex v such
that [, | > B, — 1/¢ and all other vertices have balanced demand and supply. We shall round both «,
and /3, down to |, ]. In other words, we collect an amount v, — |, | = ys — |y | of demand from
A, where S is the facilities claimed by centers in A’, and move it to A \ A’ in the attempt of making A
balanced. Finally, we can bound the moving cost:

e The moving distance is indeed at most the sum of all edges in .A. Let ¢,,;, be the shortest edge in
E; then e, < exp(O(|V']))€min. Thus, the total distance can be bounded by

exp(O([V]))emin-

e The neighborhood tree has another useful property that

Emin S Qd(Ala C/ \ "4,)7

e Recall that we want to move ys — |y | demand out of A’. Also, the fact that [« | > 5, + 1/¢ and
all other vertices are balanced imply that

[ys] —ys = [ys] —ys = [aw] = B > 1/L
Thus, we can apply the Rectangle Bound on the moving distance:

cost < exp(O(IV])) - ((ys — lys])u) - €min
< exp(O(IV]) - ((ys — [Ws))u) - d(A',C"\ A)
< exp(O(|V])(Ps + Ds)-
e Recall that by taking the sum of Dgs or Dy on disjoint sets S, we get O PT}.
e Our final ingredient is to choose V' carefully so that |V| < ¢? so that we only lose a factor of

O(exp(£?)).
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3.6 Neighborhood Trees and Geometric Grouping

In this section, we will discuss how to build neighborhood trees. Recall that our goal is to partition C’
into trees and, for a fixed tree 7' = (V, E), the edges of T" are sorted and grouped into F, ..., E} such
that

o LV <2

e for any group E;: €02/ €min < exp(O(|V])), where €,,4., €min are the lengths of the longest and
shortest edges in E;, respectively,

o let Fo; = F; U...UFE;and A C V be any maximal subtree using edges in F;, we want

d(A,C"\ A) > min e/2.

EeEi+1

One way to achieve the third property is to construct neighborhood trees such that for any non-root vertex
v, we have

d(v,p(v)) = mind(v,C"\ A(v)),

where p(v) is the parent of v and A is the set of vertices of the subtree rooted at v. We will see how to
exploit this later. Now we show how to partition C’ into neighborhood trees such that the size of each
tree is in [¢, ¢?]. The algorithm is as follows:

e initially, each node is considered a tree. While there exists a tree 7' rooted at v with size less than
(,let 7 = argmin,ccn () d(v, ) and then “hang” T onto r. It is easy to check that all trees are
neighborhood trees with size at least ¢ after this step.

e next, we need to break some large trees whose size exceeds (2. Fix any large tree T = (V, E)
where |V| > (2. Recall that, initially, 7" only contains the root 7. Then T is growing gradually
by absorbing smaller trees (of size less than ). Let us shrink such a tree into a supernode for a
moment and let the size of a supernode be the size of the original tree. Now 7" is composed of
supernodes. We find a deepest supernode r such that the size of the subtree rooted at r is at least
((¢ — 1), i.e. the sizes of subtrees of its children are less than ¢(¢ — 1).

Now the total number of (original) nodes in the subtree of  but not belonging to the supernode r
is at least £(¢ — 1) — (¢ — 1) = (¢ — 1)%. These nodes will be hanged into at most £/ — 1 nodes
in . Thus, there exists a node v € 7 such that the total number of nodes hanged into v is at
least (¢ — 1)?/(¢ — 1) = ¢ — 1. Let children of v be vy, ..., v;. Then we greedily build a tree T”

consisting of v and some subtrees rooted at vy, v, . . ., v, such that 7" has at least £ nodes and at
most ¢ nodes. This can be done due to the fact that the size of subtree of v is at least ({—1)+1 = ¢
and the size of vy, ..., v; is less than (¢ — 1).

We break 7" into 7" and 7"\ T”. It can be checked easily that both trees are still neighborhood tree.
By repeating the process, the final trees will have size in [(, /2].

Now fix any tree 7" = (V, E)) with root 7. Assuming for the moment that we have a partition £ =
E; U...U Ej, we will use the definition of neighbor trees to derive the third property: d(A,C’\ A) >
min.cg,,, e/2 for any maximal connected component induced by E<;. There is a technical problem here:
if A contains the root then we do not know how to lower-bound d(.A,C’ \ A). This is because we have
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< /¢ — 1nodes

o« v
< £(¢—1) nodes

broken large trees and the distance from the root to its previous parent could be very small compared
to distance between vertices within the subtree. Thus, we have to add another constraint that the root
r ¢ A. See the following figure for notations.

In this figure, blue edges are in F<;. Let L = ) _ ., € be the total length of edges in E<;. Let v be the

root of the subtree induced by .A. Note that C' \ A = (C' \ A(v)) U (A(v) \ A). Let e,,,, be the length of
the shortest edge in £;, ;. Consider the following two cases:

e Assume d(z,z") = d(A,C" \ A(v)). Then we have

e Assume d(y,y’) = d(A, A(v) \ A). Let z be the highest vertex such that the path from 7/ to z only
uses edges in F;, 1. We have

Emin S d<27 U)
<d(v,y)+d(y,y") +dy, z)
< L+d(y.y).

Thus, we have proved that

d(A,C"\ A) > emnin — Z e.

6€E§¢
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Therefore, to get d(A,C"\ A) > enin/2 , it suffices to require that e,,;, > 2 ., ¢ This suggests the
following geometric grouping scheme: -

e sort all edges e; < ey < ... < ejy—1 and initialize £y =0,j =1,and h =1,

e foreach e;, if e; < 2(e; + ...+ €;_1) then E}, < Ej, U {e;}. Else, we create a new level-set
Eji1 < {e;} and increase h < h + 1.

Finally, we prove that, in any group E;, €m4z/€min < exp(O(|V])). Assume E; contains the following
edges:

eminge,l Sel2 <... Segzemam
Let L = Zee B, € Then, by construction, we have e,,;,, > 2L and

We prove by induction that e;- < 37 - emin as follows.

s S2(L+ emin + €+ ... e )
<3emin+2-3" epmin +...+2-3 e
< 2min(1/2+143"+ ...+ 37
3 -1
3-1

) Emin = 3 - Emin-

Since E; contains at most |V| — 1 edges, €4 = exp(O(|V]))emin-

15



3.7 Rounding Rectangle LP solution

Focus on any neighborhood tree 7' = (V, E). As discussed before, we want to move the demands and
supplies among vertices of 7'. Note that moving supplies does not incur any cost. Our goal is to make
these vertices balanced, i.e. [a;| < ; + 1/¢ for as many j € V as possible. In fact, we may afford to
have a constant number of unbalanced vertices.

Fix any level-i set 4. Recall that a level-(i — 1) set A’ C A is processed if either
e all centers j € A’ satisfy: [o;] < ;4 1// (this is our ultimate goal),

e or, a; = f3; € Z for all j except a bad center v, for which «,, < [, (and maybe [«, ] > 5, + 1/4).
i =D; J p y

If » € A then we cannot afford to move demands out of .4 because we have no bound on d(A,C’ \ A).
In this case, we will try to make all j # r balanced instead. If r ¢ A, we want A to have one of the
above two properties as well. To process A, we focus on the level-(i — 1) subsets of .A. The first step is
to collect demands and supplies from these subsets. Initialize Sgemand <= 0, Ssuppiy <— 0. For each subset
A" C Aoflevel i — 1:

1. We first collect supply from all vertices j € A" or j € A such that [a;] < §;:
Ssupply = Ssupply + Bj — [
Bj = lay]
2. Then if there is a bad center v and [« | > (3, + 1/¢, then we collect its demand and supply:
Sdemand <= Sdemand + Cw — [ty ]

Ssupply — Ssupply + 61} - LavJ

ay < |, By o]

After this step, we have (1) Siemand < Ssuppiy and (2) 8; < o] < B; + 1/¢. If A contains the root
r, then we simply move the collected demand and supply into  and we are done. (Note that if A" C A
contains the root, then there is no need to move collect demands and supplies from A’.)

Assume that ¢ A. Then we will try to make as many «; = (3; € Z as possible by redistributing the
collected Sgemana and Sgyppiy- This can be done by first increasing some fractional «;; until it is equal to
B;. Then we increase both «;, 3; until both of them are integral. Note that we maintain the inequality
Sdemand < Ssupply at the end of the process. If this can be done successfully, then we move the remaining
demand and supply to some arbitrary vertex and the second property is satisfied. Otherwise, we get stuck
because we ran out of demand during the process (Sgemana = 0) first. If this is the case, we still maintain
the property 5; < [a;] < f; + 1/¢ for all j. Finally, moving the remaining S, to any vertex does
not violate this property either.

How to bound the moving cost? One important thing is that we only collect demand from bad / unbal-
anced centers and each level-i — 1 set A’ only contains at most one such bad center. By the algorithm,
we only move at most o (A’) — |a(A")| = ys — |ys] units of demand out of A’.
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4 Non-uniform Soft Capacitated k-median Problem

Now we consider the non-uniform capacitated k-median problem, in which each facility ¢ has a capacity
u; > 0. As the capacities are different, the hard CKM problem is not equivalent to the soft version with
F = C anymore. It is still an open question whether we can approximate hard CKM problem by opening
(1 + €)k facilities within some constant factor. In this section, we will discuss Shi Li’s new algorithm
which opens at most (1 + €)k facilities (at most 2 facilities per location) and gives an approximation ratio
of O (6% log %) For simplicity, given a soft CKM instance, we make & copies of each facility so that the
indicator y; € [0, 1] for all 7 in the LP relaxation:

minimize Z Z d(i, J) i
i€F jec

subject to inj =1 ,Viecl
i€F

Z.Z’Z‘j S U; Y; 7\V/l e F
jec
0 <,y < 1.

4.1 A simple (4, 11)-approximation algorithm

Again, we first filter the set C of clients to get C’ containing cluster centers with radius 4 max{C}, C} }.
We also move the demands to cluster centers as in the (2, 6)-approximation algorithm for the soft CKM
problem with 7 = C. Then each center j € C’ has xr; ¢ units of demand. The moving cost up to this
point is at most 60 PTy. However, we cannot open any facility at this site because j may not be in F.

Now the trick is to move the demand zf, ¢ from each cluster center j back to facilities in Fj. Let a;
be the amount of demand to be moved into facility <. We use the following LP as a guide to reroute
demands:

minimize Z a;d(i,7)
iG]'-]‘

subject to Z O = T, 0
iG.Fj
Z i fu; < y(Fy)
iEFj
o; € [O,UJ ,VZ GJT'.]'

Let o* be any vertex solution of this LP. It is easy to see that o™ has at most 2 fractional values. Note

that objective function of the LP gives us the moving cost. Moreover, it is easy to check that setting
a; = Tic, Vi € F; yields afeasible solution. Thus, the moving cost of a™ is at most >, » @;,cd(i, j).
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Summing this upper-bound over all cluster centers gives 5O PTY:

JEC! i€k} jeCieF; keC

<N waldli, k) + 4Ck)

jec’ ieF; keC

= Z Z zipd(i, k) + 4 Z Z 2Oy = 5OPTy,

1€F keC ieF keC

where, in the second inequality, we use the fact that d(i, j) < d(i,q) < d(i, k) + d(k,q) < d(i, k) + 4Cy
with ¢ being the cluster center of . Thus, the total moving cost is at most 110 PTY.

As before, we open [« /u;| facilities at each site i. Again, the first constraint guarantees that one can
round the corresponding fractional matching without any loss. Bounding the number of open facilities
in F); is now easy due to the fact that o is almost integral:

3 Talfuil < Ly(Fy)) +2.

’iEFj
Since
) +2 w2 "
y(F}) y>1/2 Y

for all 7, we open at most 4k facilities in total.

4.2 High-level ideas

In the previous section, we describe a (4, 11)-approximation algorithm. Basically, there are three main
steps. First, the original demands are moved from clients to facilities. The moving cost in this step is
obviously equal to O PTY. Next, the demands from all facilities are moved to the corresponding, closest
cluster centers. Finally, for each cluster, we redistribute the demands back to facilities inside that cluster
by using an LP as a guidance. Moreover, this LP has “almost” integral vertex solutions which allows us
to open at most 2 more facilities per cluster. The total moving costs in both second and third steps are at
most 50 PT' via simple distance bounds. We loose a factor of 4 in the number of open facilities because
the opening volume of each cluster can be as small as 1/2. How can we reduce this factor to (1 + €)?

Observe that if we can somehow get a set of cluster centers with volume at least 1/e, then the idea
of using an LP to redistribute the demands within this set while opening some small extra number of
facilities, say ¢, works fine in this case. To be more precise, we will first move all demands from cluster
centers in this set to some specific center j* and then redistribute the demands from j* to facilities
claimed by some cluster center in this set. Note that the ratio of open facilities is now bounded by
maxy>1/(|y] + ¢)/y < (1 + ce). The main difficulty is to bound the connection cost. In the (4,11)-
approximation, it is relatively easy to bound the cost when moving demands within a single cluster.
However, in the approach, we may have to move the demands from one cluster center to another. How
can we bound this cost?
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Let us consider a simplified case where we want to move all demands out of a group J of cluster centers.
Recall that F'(J) = J;c; Fj and zp(s)c is the total demand to be moved out of .J. For simplicity,
we further assume that the centers in J are close to each other and these distances can be bounded by
d(J,C"\ J) so that the moving cost in this case can be bounded by

B = O(l) X d(J,C/ \ J) X TFr(J),C-

We want to upper-bound this in terms of O PT}. Unfortunately, there is no easy answer for this and the
following quantity will be useful:

= ap (1= zr0),)-

jec

Note that if F'(.J) is isolated, i.e. all clients are either served by .J or C \ .J (but not both), then 7(J) = 0.
Intuitively, this measures the number of clients that are served by both .J and C \ J. The quantity 7(.J) is
an important threshold for () ; that indicates whether B can be bounded by O PT';. We can prove the
following technical bound:

d(J,C'\ N)r(J) = d(,C'\ D) wpo (L= xpwyy) =d(LC\N DY wpoyy Y. T

jec jec 'eF\F(J)

= Z iL'ijj.Ti/jd(J, C/ \ J) S Z xi,jwi’j (d(C/ \ J, Z/) + d(l/

JECIEF(J)i' €F\F(J) JECIEF(J)i' €F\F(J)

< > i35 (2d(i', J))

JECAEF (J) i’ eF\F(J)

<2 Z iy (d(i’, j) + d(j,4) + d(i, J))
JECAEF ()i’ eF\F(J)

=2 Z l’@j Z xi’j(d( 7.]) + d(]? ) + d(l ‘]))

JECieF(J) PEF\F(J)

Do gy w(d(i ) + (i) + d(i, )

jeCieF(J) i'eF

<2 Y aiy S wu(ddg) + dG,i) + (i, o)

jeCieF(J) i'eF

=2 ) xi;(Cy+d(j,i) + d(i, (i)

jecieF(J)
<2 Y xy(5C; +2d(j,4)) < O(1) x (D(F(J)) + D'(F(J))).

JECiEF(J)

where D(F'(J)) = > icp(s) jec T:C5 and D'(F(J)) = > icp(s) jec Tiid(i, 7). (Recall that the sum of
D, D’ on disjoint sets of facﬂltles will be at most OPT.) Now there are two cases:

e Case rp(yc < O(1) x w(J): we say that J is non-concentrated and, by the above bound, we have

B < O()(D(F(J)) + D'(F(]))).
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o Case rp(s)c > O(1) x m(J): we say that J is concentrated. In this case, B cannot be bounded in
terms of D, D’. However, Shi Li suggests a very clever way to make J become non-concentrated.
It can be shown that, if the opening mass y(F(.J)) is not too large, say O(1), then we can guess
some subset of facilities inside F'(.J) to be open and connect most of the clients in J to these
facilities so that the remaining demand is small, and hence can be bounded by 7(.J). Intuitively,
if the LP solution says that opening y(F'(.J)) facilities is enough, then there exists a facility set of
size |y(F(J))] which serves most of the local clients locally.

In the above discussion, there are two main sub-problems we still need to solve:

e First, we need a new clustering algorithm which is able to partition the set C’ into disjoint sets. The
first requirement is that each set 7" in this partition should have volume large enough, say at least
©(1/€). In addition, to bound the moving cost, we further partition 7" into disjoint groups so that
the volume of each group is O(1). Then we will be able transfer the demands among these groups
as discussed before.

e Second, for a given non-concentrated group J C C’ with volume small enough, we need to pre-
open some facilities in F(J) and pre-assign clients to these facilities so that (1) the remaining
demand is small enough and J becomes non-concentrated, (2) the cost of pre-assignment is not
too big, and (3) the number of pre-opened facilities is small so that we can still open some more
facilities in F'(.J) without exceeding the fractional value y(F'(J)) by too much. This can be done
by using a configuration LP.

4.3 Preprocessing step
4.3.1 Configuration LP

As discussed above, we have to deal with some concentrated group J having a large amount of demand:
zpy)c > O(1) x 7(J). The idea is to open some small, good subset of facilities in F'(.J) and pre-assign
some clients in J so that the residual instance would be simplified and ./ would become non-concentrated.
Actually, this can be done if the total mass y(F'(J)) = O(1) (in other words, the LP says that we only
need to open a few facilities in the optimal LP solution). In this paper, let us also fix any optimal integral
solution.

To this end, for each subset F' C F, we define the following variables:

e let S :={S C F':|S| < b} for some constant b to be determined. Let | denote “any subset of F*
of size greater than b”. We also view | as a set and say thati € | foralli € F. LetS : = SU{L}.

e forevery S € S, let zg denote that event that, in the optimal solution, the set of open facilities in
Fis exactly S,

o forevery S € Sandi € F, let 2§, denote the event that 2§ = 1 and y; = 1,

e forevery S € S 1€ F,and j € C, let zg i denote the event that z§ , = 1 and j is connected to ¢
in the optimal solution.

20



The following constraints will be valid:

exactly one set S € S will be chosen: se5 26 =1,

if i is open then it should belong to some set 5% D ¢ c.co zgi =y, foralli € I,

if j is connected to i then 2%, ; = 1 for one set S € St Y g g.cq 24, = i forall i € F and
jec,

the following constraints follows by definition: 0 < 2§, . < 2§, < z§, 2§, = 2& (if S #1), and
Sies 2ha; < 2 forall S € S, j e,

capacity constraints: Y_ . 25, . < w2l forall S € S,i € 5,

if zI" = 1, then more than b facilities are open in S: ), p 21, > bz

Note that the configuration LP has exponentially many variables and constraints. However, we can still
apply the Relaxed Separation Oracle because we only want the above constraints to hold for polynomially
many sets /' C F. The idea is as follows:

We first rewrite the LP so that it only contains z,y variables. For any subset /' C F, the above
constraints can be rewritten as Mz > b+ M'Z + M”14/, where M, M’, M" are some matrices, b is a
column vector, and %, ¥/, 2’ are column vectors containing x, y, z variables. Now, for a fixed solution
(%, %), this inequality holds for some vecotr 7 iff for all § that g7 M = 0, we have g7 (b + M’z +
M"y) < 0. Thus, we can define an LP in which there is a constraint g (b + M’z + M"y) < 0 for
each § such that g7 M = 0.

The new LP contains exponentially many x, y variables and infinite number of constraints. How-
ever, we do not really need to solve it. In fact, our algorithm will need the additional constraints to
hold for a polynomial number of subset /' € F. Now, for such an subset I, we can easily verify
if there exists a vector § such that g" M = 0 and ' (b + M’z + M"y) > 0. If yes, we return
this violated constraint for the Oracle. Otherwise, we will be able to round it into a good integral
solution.

4.3.2 Pre-assignment

Lemma 1. Let ¢ be some constant to be determined and {' = O({log () be some large enough constant.
Suppose J is any set of cluster centers such that x5 c > ¢’ x 7(J) (i.e., J is non-concentrated) and
the opening volume is small enough: y(F(J)) < 2(. If all the related constraints for the set F'(J) in the
configuration LP are satisfiable, then we can pre-open a set S C F(J) and pre-assign a set R C C of
clients to S so that

1.

2.

each facility in S only serves at most u; clients,

J becomes concentrated: xpjyc\r < U'm(J),

3. After opening S, we can still afford to open some LRy (P(.])) facilities in F(J):

TE(J),C
TEDAR (B ()) +1S] < (1+ 1/0y(F(J)),

Trn,e
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4. the pre-assignment cost is at most {' D(F'(.J)).

Proof. Let z''(Y) be the vector of the 2’s variables related to F(.J). Since we only the set F'(.J), we will
omit the superscript F'(J) while using these variables in this proof and write F instead of F'(.J). Also,
this will be a probabilistic proof. Recall that ) .5 25 = 1. It means that we have a distribution on
subsets of size at most b. We will randomly choose a set .S according to distribution and show that the
claimed properties holds with positive probability.

We have to avoid the the event L because we do not have any useful information about which facilities
should be open in this case. Let £ denote the good event that S is not L. By LP constraints, We have

ZZS|S| +bz < ZZZS,Z' + ZZL,i

SeS Ses ieS i€F
= E E ZSi = E E 255 = E yi:y(F)-
Seg €S 1€F §eSiies 1eF

Thus, if we set b large enough, then £ will happen with positive probability. We now condition on the
event £. Let ¢ := Pr[€]. Also, define w;; := zg,;/zs foralli € S and j € C. By the LP constraints, it
is to check that w is a valid fractional matching between S and C'. We can now do a dependent rounding
on the bipartite graph with weight w and obtains a random matching M. Let R be the the clients in C
that are matched in M. Indeed, property (1) holds since we preserve the degrees of all vertices.

Now fix any client j € C. We have

Pr[j is matched| = Pr[j is matched N &|

= E zSg w;; = § ZSE 2sii/%s

S#£1L €S S#£1L  ieS
= E =8 = E E . 7S
S#£1,ieS ic€F SeS:ieS
=Tpj— § Z1ij 2 TFi — 2L =2F; —1+¢.
i€l

Thus,

Pr[j is not matched|€] = 1 — Pr[j is matched|&]
Pr[j is matched N &|
a Pr[€]
rp;—14+q 1—ap;
¢«  aq

=1

<1-

Now we can bound the remaining demand:

Elzre\r|E] = Zazp,j Pr[j is not matched|&]

jec
1—zp; J
< Zl’F,j ( xFJ) = —W( )
jec q q
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Observe that the pre-assignment cost is exactly the cost of the matching M. For any i € F,j € C, we
have

Pr[j is matched to ¢] = Pr[j is matched to i A £]
= Z ZgWij = Z 285 < Tij-
S#L S#L
Thus, we can bound the total pre-assignment cost:

E[cost of M|&] = Z d(i, ) Pr[j is matched to i|€]

ieF,jeC
= Z d(i,j) Pr[j is matched to i|/ Pr[€]
ieFjeC
S Z d(i, j)xi; = D(F)/q.
’LEF]EC

By Markov bound, we have Pr[zpe\g|E] > 37(J)/q] < 1/3 and Pr[cost of M > 3D(F)/q|E] < 1/3.
Thus, with probability at least 1/3, we can avoid these two bad events and properties (2) and (4) hold if
we set ' > 3/q.

Now the trickiest part is to prove property (3). To do this, we may need to redefine the event £ (the above
arguments still remain the same.) Suppose the above properties hold, we have

rpeve < 3(J)/q < 3xpe/(q)
or, tpe\r/Tpe < 3/(¢'q) .Thus, it suffices to show that, in this case,

3

%y(F) + 5] < (1 +1/0y(F).
Note that the factor (1 + 1/¢) make our task easier and does not affect the analysis of the main algorithm
later. Let Y := (14 1/0)y(F). Since y(F) > Y ¢cs 2s|S| + bz1, we have

y(F) /6 =Y —y(F) <> zs(Y = [S]) + 2. (Y =b) = > _zs(Y — |S]),
ses ses
ifwesetb:=Y < 2/(1+ 1/¢). Note that, by the choice of b, | S| < Y. We now have a lower bound on
the weighted sum of (Y —|S|), the maximum possible number of open facilities after opening S. Indeed,
we want to lower bound this quantity.

The idea is to divide all possible values of (Y — |S|) in to different ranges, choose a particular range L,
and redefine the event £ as “getting .S such that Y — |S| lies in this range.” Shi Li suggests the following
geometric grouping. We assign each set S a rank: if Y — |S| € [2!71,2") for some integer ¢ > 1 then
rank(S) := t. Indeed, the ranks are integer numbers in [0, §] where § < log(Y) + 1 = O(log?) is the
maximum rank. Then, by grouping the sets .S by rank, we have

Z ot Z 25 | = Z ZSQrank(S)

t€(0,] SeS8:rank(S)=t Ses

>ZZS |S|

SeS
> y(F)/L.
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So there must exists a rank t* € [0, 4] such that
* F
S I S P L)
SeS:rank(S)=t*

Now we define the event £ as “getting S such that rank(S) € [2°° 1, 2¢"]”. Then, we have

e the probability of £ can be lower-bounded:

g=Prle]= D, =2 gzg) =4 (%) =4 (Eljg€>'

SeS:rank(S)=t*

o finally,

y(£) o 3y(F)
0qg — lq '

Y —|S|>2"1 >

if weset ¢/ := ©(1/q) = ©(¢log () large enough so that ¢’ > 3/q and ¢’ > ¢.

4.4 A new clustering algorithm

This algorithm is quite similar to the Kruskal’s algorithm. Recall that we want to partition the set C'. We
first sort all edges in (CQ) in increasing order by their lengths. Initially, let 7 := {{j} : j € ('} and ¢ > 0
be an integer to be determined. We repeat the following process:

e Consider the next edge e = (u, v) such that u and v are in different connected components in 7.
Let .J, and J, denote the connected components containing u, v, respectively.

e If the opening volumes y(F'(.J,)) and y(F'(.J,)) are both at least ¢, we add a white edge between u
and v.

e If the opening volumes y(F'(.J,)) and y(F'(.J,)) are both less than ¢, we add a black edge between
uwand v.

o Ify(F(Jy,)) < landy(F(J,)) > ¢, we add a directed, grey edge from u to v.

e Then we merge two components J,, and .J, together (i.e., remove J,,, J, from J and add J, U J,
into 7). We repeat this process until all vertices in C" are connected when treating grey edges as
undirected edges.

Now we remove all the white edges and call a maximal connected component using only black edges a
group. What we have now is a forest of directed trees with vertices in C’. The following figure illustrates
a single directed tree.

By construction, if group J is a root of some tree, then its opening volume y(F'(.J)) will be at least /.
Thus, the total mass of any tree should be at least ¢. This is exactly what we want: we can now transfer
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root of a tree
»

a cluster center
_-v

\‘\\\
groups (maximal black components)

the mass among the groups in each tree and can afford to open some extra constant number of facilities.
Unfortunately, the diameter of such a tree could be too big. Therefore, it is necessary to further break the
original trees into smaller trees so that we can bound the moving cost when transferring demands among
groups in these trees.

The decomposing process works as follows. Let us fix any original tree 7. Set 7, := (). If there is no
group J in 7 such that the total mass of subtrees rooted at children of J (not including the mass of .J) is
at least 7, then let 7" be this tree and we simply add it into 7. Now suppose such a group J exists, we
pick J as the deepest group with this property. Then the total mass at subtrees rooted at children of J
will be at most 2¢ (recall that the mass of any internal group is at most £). We then use a simple greedy
algorithm to choose a subset of children of .J such that the total of subtrees rooted at the chosen children
is in the range [¢, 2(]. Let T be the tree induced by J and these subtrees. We add 7" into 7, remove all
the chosen subtrees from 7, and repeat the process.

Properties and distance bounds: For any tree 7, the decomposing process will break 7 into a collection
T, of trees with the following properties. Let us take any tree 7' € 7,. Abusing the notation, let
F(7), F(T) denote the set of facilities claimed by some cluster center in 7 and 7', respectively.

e Note that each group J will appear as an internal of some tree in 7, at most once. Since the total
mass of internal groups of each tree (not including the last tree in the above process) is at least /,
we have

T < y(F(7))/+1.

e If T is not the last tree, then the total mass of F'(7") is at most ¢ + 2¢ = 3¢. Thus, there can be
at most 3¢/(1/2) = 64 cluster centers in 7" since the mass of a single cluster is at least 1/2. If T’
is the last tree, then either the mass of the root is at most 2¢ or the root contains only a single big
cluster. In either cases, the total mass of the internal vertices is at most £. Thus, there are at most

max{ (¢ +2()/(1/2),£/(1/2) + 1} < 6/ cluster centers in this tree.

e Now suppose 7 is the root of 7" and J is an arbitrary group other than r in 7. Let u, v be arbitrary
cluster centers in J and r, respectively. We want to bound the distance d(u, v).
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First, observe that the lengths of directed edges on the path from .J to r are non-increasing.
Suppose Ji, J2, J3 are three consecutive groups on this path: there are edges from .J; to Jo
and from J; to J3. Notice that when the algorithm add a directed edge from J; to Js, J5 is
already a part of some connected component with total mass greater than ¢. Thus, this edge
should be added after the edge from .J; to /5 and hence should have greater length.

Second, for any group J’ on the path from J to r, the length of any black edge in this
connected component should be at most the length of any grey in-coming or out-coming
edges. This is because any undirected, black edge in .J’ should have been added before any
directed, grey edge to/from any vertex in J'.

Third, the length from J to its parent group is exactly d(.J,C’ \ J). Consider the time when
this edge is first added by the algorithm. At this time, J has been formed and no more black
edges will be included to this component. The property follows by greedy choice of the
algorithm.

From these observations, the length of any single edge on the path from u to v is at most
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d(J,C"\ J). Since there are at most 6/ cluster centers in 7', we have

d(u,v) < 60-d(J,C"\ J).

root r

Tree T

4.5 Rounding algorithm for CKM

In this section, we describe a rounding algorithm that round the LP solution into an integral one. Recall
that after the clustering step, we have a collection of edge disjoint trees T = (J, ., 7 where A is the
forest of original trees without using any white edge. Moreover, the family of non-root clusters of all
trees in T and the root clusters of original trees in A form a partition of F. As discussed before, to move
all demands out of a group J, we need to make sure that x ()¢ is bounded in terms of 7(J). This can
be done via Lemmal[ll

Main algorithm:

e Pre-assignment phase: for each group J which is either not a root of some original tree in A or
a root with total mass at most 2¢, apply the algorithm in Lemma |l| to J (or return an infeasible
constraint to the Relaxed Separation Oracle if the related constraints cannot be satsfied.) Let C
denote the set of remaining unconnected clients.

e Rounding phase: we first move all demands from clients to facilities and then to cluster centers as
in the (4, 11)-approximation algorithm. Now we process each tree in A separately. For each tree
T € A with root group r. Let V (T') be the family of groups in 7', excluding r. Also, let ¢ denote
the number of pre-opened facilities in '(V'). Let v be some arbitrary cluster center in the root 7.
We move all demands from centers in V' to v. Then we move the demands from v back to facilities
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in F'(V') using the following LP as a guide.
minimize Z a;d(v, 1)

i€ F(V(T))
subjectto Y L4t < (1+1/0)y(F(V(T)))
ieP(V(T))
a(F(V(T))) = Lpv(T)),C
Q; € [0, uz] Vi € F(V(T))
Let o* be any vertex solution of this LP. We move o] units of demand from v to facility . Next, if
r is also a root of some original tree in A, there are two cases.

o if r has total mass at most 2/, then r contains at most 4/ cluster centers. In this case, we again
pick an arbitrary center v, move all the demands to v and then redistribute the demands from
v to facilities in F'(r) by a similar LP.

o if r has total mass greater than 2¢, the group r must contain exactly one cluster center. We
shall redistribute the demand from this center to its local facilities as in the simple approxi-
mation algorithm.

Finally, we open a facility at 7 if o > 0.

4.6 Analysis

Bounding the number of open facilities: Fix any tree 7 € T with root r. For a tree T', let V' (7") denote
the set of non-root groups in 7". Recall that the sets V' (7") for 7" € T, and r are mutual disjoint and form
a partition of F'(7). Consider the iteration in which we process the tree 7' € 7. It is clear that o* would
contain at most two fractional values. Thus, by the LP constraint, we only open

o Jaful+t< D aifui+t+2< (1+1/0y(FV(T))) +2
i€F(V(T)) i€F(V(T))
facilities in F'(V/(7')). By similar argument, we also open at most (1+1/¢)y(F(r))+2 facilities in F'(r).
In total, we open at most
(L+1/0y(F (7)) + 2T < (1 + 1/0)y(F(7)
= (1+3/0y(F(7)
< (1+5/0y(F(7)

facilities for the tree 7. (The final inequality follows because y(F' (7)) > ¢.) Summing this bound over
all 7 € T, the total number of open facilities is at most (1 + 5/¢)y(F) = (1 4+ 5/)k.

) +2(y(F(7)) /€ + 1)
) +2
)

Cost analysis: It is clear that moving the demands to cluster centers would cost 50 PTY as in the simple
approximation algorithm. Now fix any tree 7 € A. We will analyze the cost of the rounding phase for
trees in 7. Consider the iteration in which some tree 7" € T is processed. The moving cost for this step

is exactly D ;e oy @7 d(v, 0).

TP, )€

Now observe that o := (ozi = Tic, 1 € F(V(T ))) would give a feasible solution:

xF(Jg(i)),C
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(Jg( ))s ¢

e since z;¢ < wy; < wu;and 0 < <1, we have «; € [0, u;],

T TR
e we have
Lpg
aF(V(T) = > Z
JeV(T) ies v
- Z Lry.e = Trv(m)c:
JeV(T
e finally,

> —+t— > Z—+t

iEF(V(T)) JEV(T)ieF(J) Ui

Yy Tene

Jev(T) ier(g) TEU)C Ui

S S Tl Ly,

Jev(r) \ier(s) TEWOC

- (L o)

IA

Jevr) VTFU)C
< Y L+ 1/0yFQ) = (1+ 1/Oy(F(V(T))),
JEV(T)

where ¢ ; is the number of pre-opened facilities when preprocessing the group .J. The final inequal-
ity follows by Lemmall]

Now, fix any group J € V(T'). We have

T N
Z a;d(v, i) = Z F(J)’Casivcd(v,z’)

i€F () i) Ee
.
<> x”‘”’c ieldlv,0(0)) +dlo (i), )
ier(n) e
< 3 medo() i)+ S P (60d(I,C\ )
50 zGF(J J)C
= Y #ied(0(i),1) + (60)xpy cd(J,C\ ).
i€F(J)

Using a similar argument in the simple approximation algorithm, we can bound the first term:

> wied(o(i),i) < 5(D(F(J)) + D'(F(J))).

iEF(J)
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For the second term, note that z ;) s < ¢'7(J) after the preprocessing step. Therefore, by the distance
bound in the previous section, we have

(60) s, cd(J.C\ T) < (60¢')x(T)d(J,C \ J)
= O(L0')(D(F(J)) + D'(F(J))).

Now the moving cost for 7" can be easily bounded:

Z aid(v,i) < Z a;d(v, 1)

iE€F(V(T)) i€ F(V(T))

= Z a;d(v,1)

iE€F(V(T))

= Z Z a;d(v, 1)

JEV(T)icF(J)

< O(L)(D(F(V(T))) + D'(F(V(T))))-

Next, for the root group r of 7, we can use a similar argument to show that the cost of redistributing
demands in this group is at most O(¢¢')(D(F(r)) + D'(F(r))). Thus, by taking the sum over all tree
T' € 7 and this bound, the moving cost when processing 7 is at most

O(Le)(D(F (7)) + D'(F(7))).

Then, summing this bound over all 7 € T', the total connection cost is at most

O(t¢)(D(F) + D'(F)) = O(t¢')OPT;.

By setting ¢ = 5/, the algorithm opens (1 + )k facilities and the approximation ratio is O (% log 1).
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