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Abstract

Dependent rounding is a useful technique for optimization problems with hard budget constraints.
This framework naturally leads to negative correlation properties. However, what if an application
naturally calls for dependent rounding on the one hand, and desires positive correlation on the other?
More generally, we develop algorithms that guarantee the known properties of dependent rounding,
but also have nearly best-possible behavior — near-independence, which generalizes positive correlation
— on “small” subsets of the variables. The recent breakthrough of Li & Svensson for the classical k-
median problem has to handle positive correlation in certain dependent-rounding settings, and does so
implicitly. We improve upon Li-Svensson’s approximation ratio for k-median from 2.732+¢ to 2.611+¢
by developing an algorithm that improves upon various aspects of their work. Our dependent-rounding

approach helps us improve the dependence of the runtime on the parameter ¢ from Li-Svensson’s
NO1/€%) to NO((1/€)log(1/€))

1 Introduction and High-Level Details

We consider two notions in combinatorial optimization: a concrete problem (the classical k-median prob-
lem) and a formulation of new types of distributions (generalizations of dependent-rounding techniques);
the breakthrough of Li & Svensson on the former [24] uses special cases of the latter. We improve
the approximation ratio of [24] for the former, and develop efficient samplers for the latter — which, in
particular, show that such distributions exist; we then combine the two to improve the run-time of our
approximation algorithm for k-median. The ideas developed here also lead to optimal approximations
for certain budgeted satisfiability problems, of which the classical budgeted set-cover problem is a special
case. We discuss these contributions in further detail in Sections 1.1, 1.2, and 1.3.

1.1 The k-median problem

Metric k-median is a fundamental location problem in combinatorial optimization. Herein, we are given
a set F of facilities, a set J of clients, a budget k, and a symmetric distance-metric d on F U J. The
goal is to open a subset of at most k facilities in F such that the total distance (or connection cost)
from each client to its closest opened facility is minimized. Note that the only decision is which subset
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of the facilities to open. This problem is known to be N P-hard, so there has been much work done on
designing approximations with provable performance guarantees; indeed, virtually every major technique
in approximation algorithms has been used and/or developed for this problem and its variants.

Convex combinations of two integral solutions, with the corresponding convex combination of the
number of open facilities being k, will be particularly useful for us:

Definition 1.1. (Bi-point solution) Given a k-median instance I, a bi-point solution is a pair Fi, Fo C
F such that |Fi| < k < |Fa|, along with reals a,b > 0 with a + b =1 such that a|F1| + b|Fa| = k. (That
is, the convex combination of the two “solutions” is feasible for the natural LP relaxation of Z.) The cost
of this bi-point solution is defined as aDy 4+ bD2, where D1 and Do are the connection costs of F1 and Fo
respectively.

Charikar, Guha, Tardos, and Shmoys used LP-rounding to achieve the first constant factor approxi-
mation ratio of 6% [7]. Then, Jain and Vazirani [20] applied Lagrangian Relaxation to remove the hard
constraint of opening at most k facilities, effectively reducing the problem to an easier version known
as the Uncapacitated Facility Location (UFL) problem. Using this technique together with primal-dual
fitting methods for UFL, they first find a bi-point solution, losing a factor of 3. They then round this
bi-point solution to an integral feasible solution losing another multiplicative factor of 2, yielding a 6-
approximation. Later, Jain, Mahdian, and Saberi (JMS) improved the approximation ratio of construct-
ing the bi-point solution to 2, resulting in a 4-approximation [19]. Following this, a local-search-based
(3 4 €)-approximation algorithm was developed by Arya et al. [3].

Recently, Li and Svensson’s breakthrough work gave a (1 4+ v/3 + ¢)-approximation algorithm for k-
median [24]. To accomplish this, they defined an a-pseudo-approzimation algorithm to be one that is an
a-approximation which, however, opens k + O(1) facilities, and showed — very surprisingly — how to use
such an algorithm as a blackbox to construct a true (« + €)-approximation algorithm. They then took
advantage of this by giving a bi-point rounding algorithm which opens k + O(1) facilities, but loses a
factor of 1+T\/§ + € instead of the previous 2. Together with the factor of 2 lost during the JMS bi-point
construction algorithm, this yields the final approximation ratio. Letting N denote the input-size, the
runtime of [24] is NO1/<*).

In this paper, we improve both steps to give an algorithm for k-median with improved approximation
ratio and runtime. In Section 2, we give an improved approximation for generating bi-point solutions:
we improve the factor 2 of JMS to 1.9524. Section 4 presents an improved approximation for rounding
bi-point solutions; we obtain 1.3371 + ¢ instead of 127‘/3 +¢e ~ 1.366 4 €. Section 3 develops our dependent
rounding technique, a specific application of which reduces the dependence of the run-time from N O(1/€)
as in [24], to NO((1/)10g(1/€)) "6t us elaborate on Sections 2 and 4 in Sections 1.1.1 and 1.1.2 respectively.

1.1.1 An improved primal-dual algorithm for bi-point solutions

In the well-known UFL problem, we decide about opening a subset of facilities F and then connect
each client to a closest open facility, just as in k-median. In contrast to k-median, there is no upper
bound on the number of open facilities in UFL, but opening a facility incurs a certain facility opening
cost. The goal is to minimize the total cost of opening facilities and connecting clients. UFL has been a
popular case-study for the design of approximation algorithms, with essentially every major paradigm in
approximation algorithms playing a useful role in uncovering aspects of the problem. Here, we focus on
a single paradigm: primal-dual algorithms.

Primal-dual algorithms for UFL fit the following general framework. Each client j grows a budget «;
until a certain dual-constraint becomes tight, in which case j gets connected to a facility (either newly
opened or opened earlier). The most successful approach here is the JMS algorithm [18] that allows client
J to reconnect to a facility opened closer to j than the facility currently assigned to j. The key feature



is that the difference in the distance (being saved by j when switching) is offered as a contribution of j
toward opening a new facility.

The JMS algorithm was designed and quite well-understood in the context of the UFL. Recently,
Li and Svensson [24] used it as a subroutine for the k-median problem exploiting the fact that JMS is
a (1, 2)-approximation! algorithm for UFL. Focusing on the (1,2)-approximation guarantee, we observe
that the tight instances need to have specific properties, and discover that a variant of the original
algorithm improves the approximation ratio. In particular, in Section 2 we show that a proper choice
of the parameters leads to a (1,1.9524)-approximation algorithm for UFL; the analysis turns out to be
quite non-trivial. Although the result is a fairly small improvement, the factor of 2 remained the state of
the art for more that a decade and we believe that this is an important step towards understanding the
limit of (1,~)-approximability of UFL.

By the standard trick of using a single fixed price for each facility, we can convert a given k-median
instance into an UFL instance. If there exists a price at which our approximation algorithm returns
a solution with exactly k facilities, we get a good approximation for the given k-median instance. In
general, we can select a price at which the approximation algorithm for UFL switches from using less
than k facilities to using at least k facilities, and obtain a bi-point solution to k-median. By using our
modified primal-dual algorithm for UFL, this reduction produces a bi-point solution of cost at most
1.9524 times the cost of the optimal solution to the given k-median instance.

1.1.2 An improved bi-point rounding algorithm

How can we round a bi-point solution — say, one produced as sketched in Section 1.1.1 — to a feasible one?
We present a rounding algorithm that obtains a factor of 1.3371 4 €. This yields an 1.9524 x 1.3371 4 ¢€ ~
(2.611 + €)-approximation algorithm for k-median, an improvement over Li and Svensson’s (2.733 + ¢).
We analyze the worst-case instances of Li and Svensson’s approach, the structure of which leads us to
the new algorithm.

Let the given bi-point solution be parametrized by Fi, Fa,a,b, D1, and Ds as in Definition 1.1. As
an initial goal (which we will relax shortly), suppose we are interested in an algorithm which rounds this
bi-point solution to an integer solution of cost at most a(aDy +bDs3), for some . As already mentioned,
such an algorithm can be used to get an (1.9524 x «)-approximation to k-median. Suppose a client j is
closest to 41 in solution Fi, and is in pseudo-solution? Fo. Ideally, one would like to round the bi-point
solution in such a way that i1 is open with probability a, and 9 is open with the remaining probability
b. Then the expected connection cost of j would be exactly its contribution to the bi-point cost, and we
would get a bi-point rounding factor of 1. The problem is that we cannot directly correlate this pair of
events for every single client, while still opening only k facilities. Jain and Vazirani’s approach is to pair
each i1 € F; with its closest neighbor in F,, and ensure that one of the two is open [20]. This approach
loses at most a factor of 2, which is equal to the integrality gap of the k-median LP, and so is the best
one might expect. However, Li and Svensson beat this factor by allowing their algorithm to open k + ¢
facilities. They then give a (surprising) method to convert such an algorithm to one which satisfies the
budget-k constraint, adding € to the approximation constant, and a factor of n9(/9) to the runtime. This
method actually runs the algorithm on a polynomial number of sub-instances of the original problem,
and thus is not limited by the integrality gap of the original LP. Thus we obtain our relaxed goal:

Definition 1.2. (Relaxed goal) Given a bi-point solution parametrized by Fi,Fa,a,b, D1, and Dy as
in Definition 1.1, round it to an integer pseudo-solution using at most k + f(e) facilities, and of cost at

!An algorithm for UFL is called an (a,b)-approximation if the cost of the returned solution is upper bounded by a -
F*+b-C", where F* and C* are, respectively, the costs of opening facilities and connecting clients in an arbitrary optimal
solution.

20ne that may open more than k facilities.



most a(aDy + bD3) for a ~ 1.3371. Here, € > 0 is an arbitrary constant.

We will mainly discuss how to achieve such an improved o now, and defer discussion of the function
f to Section 1.2.1.

Li and Svensson’s approach, which we will generalize, is to create a cluster for every facility in Ji,
and put each facility in F» into its nearest cluster. We refer to each cluster as a star. Each star has a
single center in JFp, and zero or more leaves in Fa. It is useful to consider algorithms with the property
that each star has either its center or all of its leaves opened (we will do better by relaxing this property).
Then our client j may always connect to either s, or the center of the star containing is, which cannot be
too far away. The work of [24] presents two such algorithms. The first is based on a knapsack-type LP,
and yields a rounding factor of 1.53 by opening two extra facilities. The second opens a and b fractions
of F; and F, at random and obtains % ~ 1.366 + € by opening O(1/(abe)) extra facilities. (The
former and the trivial solution F; are used to handle the cases where a or b is close to zero.)

We achieve this by first considering the stars with only one leaf (or 1-stars) separately from the stars
with two or more leaves (or 2-stars). This allows us more freedom in shifting probability mass. For
1-stars, we do not need to worry about opening a of the centers and b of the leaves. We can instead
consider either opening the leaf, or opening the center, and then choose the better of the two. For 2-stars,
we still have the option of opening the center and leaves in proportion a and b respectively. However
we also may shift the mass toward the centers, and open them in proportion 1 and b/2 instead. This
gives 4 possible combinations; we may try them all and take the best solution. When combined with the
aforementioned knapsack-based algorithm, this idea improves the approximation from 1.53 to 1.4, with
O(1/¢) runtime. However, it does not immediately improve the (1 + v/3)/2 factor. It does,
however, impose some useful structure on the distribution of clients in a worst-case instance. Also, we
may consider shifting mass from 2-stars to 1-stars, the extreme being that we open the centers of all the
2-stars and open the remaining facilities in 1-stars. This must beat the (tight) bound of D;, which would
mean it does better than (1++/3)/2. However, this effect is negligible if the number of 1-stars dominates
the number of 2-stars. Thus, a worst-case instance must have a very large fraction of 1-stars.

But if there are so many 1-stars, surely we could close entirely (center and leaf) a tiny fraction of
them and shift the mass to other stars? In fact, one may show a bi-point solution where 1.366 is the
best we can do while still preserving the center-or-leaves property for all stars, but once we are allowed
to close the center and leaf of some of the 1-stars, we get a factor of 1. This motivates the following
strategy: For each 1-star, classify it as “long” or “short” based on its relative “size” (distance from center
to leaf) compared to its distance to the nearest leaf of a 2-star. If many such stars are long, we may close
both center and leaf, and still get a reasonable cost bound for any clients connected to that star. This
gives us the ability to consider shifting mass from these long stars to other stars. On the other hand, if
many such stars are short, this actually means we may obtain a better cost bound for clients connected
to centers of short 1-stars and leaves of 2-stars, by connecting them to the leaf of the short star in the
worst case. (The worst-case structure mentioned above enforces that there are such clients.) In either
case we obtain a factor strictly smaller than (1 ++/3)/2.

To find the approximation constant of this new algorithm, we construct a factor-revealing non-linear
program, the solution to which describes the new worst-case instance. The program is not convex, so
local-search methods have no guarantee of finding the global optimum. However, there are 4 variables
which, when fixed, render the system linear. Inspired by Zwick’s use of interval arithmetic [30], we
consider a relaxation of the LP over a small interval of those 4 variables. The relaxation itself is linear
and may be solved efficiently, but still gives a valid upper bound on the value of the original program in
that interval. By splitting the search space into sufficiently small intervals, we are able to systematically
prove an upper bound over the entire space, leading rigorously to the value of 1.3371.

Our approach shows there is potential to improve the approximation by improving the bi-point round-
ing algorithm. On the other hand, we give a family of explicit instances and bi-point solutions whose
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optimal rounding loses a factor of # ~ 1.207, even when we allow k + o(k) facilities to be opened.

1.2 Dependent rounding with almost-independence on small subsets

Dependent rounding has emerged as a useful technique for rounding-based algorithms. We start by
discussing an “unweighted” special case of it which captures much of its essence. Section 1.2.1 then
discusses the general weighted case and its applications to k-median: specifically, our improvement of
the function f(e) of Definition 1.2 from the ©(1/¢) of [24] to O(log(1/€)). This leads to our improved
run-time.

Let us discuss a basic “unweighted” setting of dependent rounding. Starting with the key deter-
ministic “pipage rounding” algorithm of Ageev & Sviridenko [1], dependent-rounding schemes have been
interpreted probabilistically, and have found several applications and generalizations in combinatorial
optimization (see, e.g., [4, 5, 8, 15, 17, 28] for a small sample). These naturally induce certain types
of negative correlation [28] and sometimes even-more powerful negative-association properties [11, 22],
which are useful in proving Chernoff-like concentration bounds on various monotone functions of such
random variables. We consider settings where some form of positive correlation is desirable in depen-
dent rounding, and construct efficiently-sampleable distributions that offer much more than what regular
dependent-rounding and limited positive correlation ask for.

We now define our basic problem. Consider any P = (p1,p2,...,pn) € [0,1]" such that ) p; is an
integer £, and let [s] denote the set {1,2,...,s} as usual. Building on [1], the work of [28] shows how to
efficiently sample a random vector (X1, Xo,...,X,) € {0,1}" such that:

(A1) the “right” marginals: Vi, Pr[X; = 1] = p;;
(A2) the sum is preserved: Pr[} . X; =] =1, and
(A3) negative correlation: V.S C [n] Vb € {0,1}, Pr[A,cq(X; =0b)] < [];cq Pr[X; = 10].

As we see below, some algorithms for applications including k-median and budgeted MAX-SAT ask for
the above properties, but also desire some form of positive correlation among selected (often “small”)
subsets of the variables. Generalizing all of these, our basic problem is:

The basic problem. In the above setting of P and ¢, suppose we also have some parameter «
(which could potentially be o(1)) such that a < p; < 1 — « for all i. Can one (efficiently) sample
(X1,X2,...,X,) € {0,1}" such that (A1), (A2) and (A3) hold, along with the property that “suitably
small” subsets of the X; are nearly independent? Informally, for some “not too small” ¢, we want, for
all 47 < --- < 4 with k < ¢ and for all by, ..., b € {0,1}* that Pr[/\?zl(Xij = b;)] is “close” to what it
would have been if the X,’s were all independent. Concretely, letting

A=Aty kb b)) =[] =)l -1 I pals (1)

u: by =0 v: by=1

we want for some ¢ and suitably-small 31, 82 that

(A4) small subsets are nearly independent: (1 — 1) - A < Pr| <(1+82)-A (2)

Il>w

again requiring & < ¢ and otherwise letting the indices 7; and bits b; be arbitrary. That is, we want
dependent-rounding schemes with near-independence on “small” subsets. (Note that such “almost t-wise
independence” is also a very important tool in the different context of derandomization [27, 12, 6, 25].)
Given the broad applicability of dependent rounding, it is easy to imagine that such schemes will have a



range of applications; two concrete applications arise in the Li-Svensson work [24] and in the budgeted
MAX-SAT problem — see Sections 1.2.1 and 1.3. Note that some upper-bound on ¢ is necessary, as a
function of n and «: indeed, if £ = t > an, then since £ = (1 — a)n is possible, (A2) implies that
Pr[/\?zl(Xij = 0)] can be zero regardless of the rounding scheme, violating (2). This motivates our
restriction to “small” ¢; in fact, even the cases t = O(1) and t = polylog(n) are of interest.

Our results for the basic problem. We present a randomized O(nlogn)-time algorithm to sample
(X1, X9,...,X,) € {0,1}" such that (Al), (A2) and (A3) hold, and with (A4) true with the following
parameters:
) , NG

ﬂlt/(na)and&(l—i—W) —1. (3)
In particular, for t = o(ay/n), we get 51, 82 = o(1) — i.e., we have near-independence to within (1+o0(1))
factors. This result is presented in Theorem 3.13, which in fact improves upon the factors of a? in (3)
using certain parameters & and §; we have presented the simpler-looking bounds (3) here as they are
easier to parse. We add an extra element of randomness to the approach of [28], in order to obtain our
results. (For applications where « or its substitutes & and ¢ are extremely close to zero, one can often
round the p;’s that are very close to 0 or 1 separately — e.g., by techniques such as those of Section G.)

1.2.1 Weighted dependent rounding and rounding bi-point solutions for k-median

The work of [24] actually has to deal with a more general “weighted” version of dependent rounding:
given weights a; > 0, we want to preserve ) . a;p;, rather than £ =), p; as in (A2). However, the setting
of [24] has some additional useful properties, such as o = ©(1), ¢t = 2, all the p;’s are the same, and that
>.; X; can exceed ) . a;p; by an additive constant factor. Using these properties, the work of [24] solves
this dependent-rounding problem in a certain manner; in particular, this leads to f(e) = ©(1/¢) in the
context of Definition 1.2. The overall run-time of [24] is NOU(9)/¢)and is hence NO(/ )

In Section 3, we develop a general solution to the weighted dependent-rounding problem, which in
particular solves the unweighted problem ((A1l) — (A4)); this is done without assuming that ¢t = O(1),
or that all the p;’s are the same, etc. Since (A4) — for the weighted and unweighted cases — goes far
beyond negative correlation (property (A3)) alone, we believe that our method could have a range of
consequences, given the number of applications of dependent rounding seen over the last 15 years. In
any case, when specialized to the k-median application, this enables us to set f(e) = ©(log(1/€)) in the
context of Definition 1.2, and hence our overall run-time for k-median becomes to NO((1/€)log(1/€))

1.3 Budgeted MAX-SAT

The budgeted version of set-cover is well-understood: given a set-cover instance in which we can choose
at most k sets, we aim to make this choice in order to maximize the (weighted) number of ground-set
elements covered [21]. The work of [21] presents an (1 — 1/e)-approximation for this problem, and shows
the hardness of obtaining an (1 — 1/e + €)-approximation. This problem can be naturally generalized as
follows. Consider an arbitrary CNF-SAT formula ¢ over Boolean variables x1, zo, .. ., x,, and with weight
w; > 0 for clause i. We aim to assign a True/False value to each z;, in order to maximize the total weight
of the satisfied clauses. However, we also have a hard budget-constraint as follows. The cost model is
that there exist a,b > 0 such that for each x;, we pay a if we set x; to True, and b if we set z; to False.
We have a hard budget of B on our total cost. (Such a budget-constraint is perhaps more well-motivated
when we view each variable as having two possible general choices, rather than True/False.) Thus, letting
X be the indicator variable for x; being true, our budget constraint for the case a > b is that ) X < K
(where k' = | (B —nb)/(a —b)]); if b > a, then by complementing all variables, we get a constraint of
the same type. Thus, we may assume w.l.o.g. that Zj X; < k is our budget constraint, for some given



integer k. Note that budgeted set-cover is the special case of this problem when the formula ¢ has no
variables negated. The constraint “Zj X; < K7 naturally suggests dependent rounding; on the other
hand, clauses in ¢ such as “z; VZ;” would benefit from positive correlation. For this budgeted MAX-SAT
problem, though, some of our rounding approaches for k-median show that the structure of the problem
allows for a simple rounding solution, leading to an essentially-best-possible (1 — 1/e — €)-approximation
for any constant € > 0. Please see Appendix G.

1.4 Perspective

Our primary contributions are three-fold.

First, we develop a new primal-dual algorithm for UFL, which improves upon the 2-approximation
for bi-point solutions [19] that has held for more than 12 years. Although our variant of [19] only has to
modify JMS slightly, this modification is non-standard and requires a somewhat involved analysis. This
is the first ingredient of our approximation for k-median.

As the second ingredient of our contribution to the k-median problem, we do an in-depth analysis
of the bi-point rounding algorithm of [24], and observe that their rounding can be improved by a multi-
pronged approach. In essence, these different “prongs” have different worst-case scenarios, and hence a
suitable combination of them can do better with any adversarial strategy for choosing the input instance
to the problem.

Together, the above two lead to an improved approximation ratio for the fundamental k-median
problem.

Our third major contribution is to (weighted) dependent rounding. This general technique has seen
numerous applications over the last 15 years or so, primarily since it can handle hard constraints such as
(A2), and can also guarantee negative correlation, (A3), which is useful for concentration bounds and other
applications. However, the existing body of work largely does not address positive correlation, let alone
near-independence, even for relatively-small subsets of the underlying variables X;. We are able to show
that we can guarantee all the existing properties of dependent rounding, and guarantee near-independence
for not-too-large subsets, in the sense of (A4). We believe that this will yield further applications. Our
dependent-rounding approach also helps improve the run-time of the k-median application.

2 Improved primal-dual algorithm

First we recall the JMS algorithm, which we then generalize and call JMS’. In our description of JMS’
we focus on the diffrences between the two algorithms. Exploring the potential of the algorithm analysis
method from [26], we give formal proof of the upper bounds on the approximation ratios of the studied
algorithms. All the notation and the description of the algorithms is consistent with the one used in the
orginal paper introducing the JMS algorithm [18]. Notably, with the new upperbound LP’s (inspired
by [26]) we obtain easier to compute upper bounds on JMS-like algorithms for UFL, which should allow
recomputing the numbers by an interested reader. This is in contrast to the original argument in [18],
where the upper bound was obtained by a carefully ingeneered dual feasible solution.

The JMS algorithm Each client has a budget, initially equal to zero. The final value of the budget
represents the amount of money, which client pays in the resulting solution. The budget of each client
increases up to the moment of the first connection of the client. From this time the value of the budget
will not be changed. Client can only be reconnected to a closer, newly open, facility and spend the
difference in connection distance for the (part of the) opening cost of, the newly open, facility.

1. We use a notion of time. The algorithm starts at time 0. At this time, each client is defined to be
unconnected (U := J), all facilities are unopened, and budget «; is set to 0 for every j. At every
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moment, each client j offers some money from its budget as a contribution to open an unopened
facility 7. The amount of this offer is computed as follows: If j is unconnected, the offer is equal to
max(oj — d;j,0) (i.e., if the budget of j is more than the cost that it has to pay to get connected to
i, it offers to pay this extra amount to 4); If j is already connected to some other facility i’ , then
its offer to facility 7 is equal to max{dy; — d;;,0} (i.e., the amount that j offers to pay to i is equal
to the amount j would save by switching its facility from 4’ to 7).

2. While U # (), increase the time, and simultaneously, for every client 7 € U, increase the parameter
a; at the same rate, until one of the following events occurs (if two events occur at the same time,
we process them in an arbitrary order).

e For some unopened facility ¢, the total offer that it receives from clients is equal to the cost of
opening 4. In this case, we open facility i, and for every client j (connected or unconnected)
which has a nonzero offer to i, we connect j to ¢ and remove j from U. The amount that j had
offered to i is now called the contribution of j toward 4, and j is no longer allowed to decrease
this contribution.

e For some unconnected client j, and some open facility ¢, a; = d;; . In this case, connect client
j to facility ¢ and remove j from U.

Suppose the UFL instance to be solved is being designed by an adversary. Consider an optimal
solution to the instance being solved. The optimal solution opens a certain set of facilities and the clients
get partitioned into groups served by a single facility in the optimal solution. In the analysis of the JMS
algorithm we model the behavior of the algorithm on a single such group of clients served by a single
facility in the optimal solution. If we manage to bound the cost incurred by these clients in the computed
solution in terms of the cost these clients have in the optimal solution, and if we do so for every possible
such group of clients, we obtain an estimate on the approximation ratio of the JMS algorithm.

The approximation factor of the JMS algorithm is upper bounded by the supremum of set {by : k €
N\ {0}}, where by, is defined as the objective function of the factor revealing LP (4) - (10). Moreover, we
will prove that, by is bounded from above by 1.61, for each value of k.

Consider a group of k clients that in the optimal solution use a single facility f (with a slight misuse
of the notation, we call this facility f and we refer to its cost also by f). Variables from the LP may be
interpreted as follows: o is the dual budget of client j (at the end of the algorithm), r;; is the connection
cost of a client j when client ¢ is being connected the first time, d; = d(j, f) is the connection cost of
j in the optimal solution and f (the opening cost of) is the facility used in the optimal solution. The
analysis compares the cost of an algorithm on the considered set of clients to the cost of the optimal
solution. Justification of all inequalities and a more detailed discussion of the following factor revealing
linear program you can find in [18].

k
b, = max Zi:iaz (4)
[+ di
a; < gy Vi<k (5)
Tji > Tjitl Vi<i<k (6)
a; <rji+di+dj Vi<i<k (7)
Tii < Qg Vi<k (8)
i—1 k
Z max{r;; — d;,0} + Zmax{ai —d;, 0} < f Vi<k 9)
=1 =i
i, T diy f >0 Vi<i<k (10)



The JMS’ algorithm We present a new algorithm as a variant of the JMS algorithm for UFL, and
hence place our emphasis on differences.

A reasonable modification to the JMS algorithm would be to apply scaling to instances before running
the algorithm. One could, for instance, alter the JMS algorithm by feeding it an instance with distances
scaled up by a certain fixed factor. This seems to be a reasonable solution but we find it difficult to
analyze in general, since the standard factor-revealing LP method does not capture some directions of
scaling (i.e., we cannot benefit from the connections of some clients remaining “far” from open facilities,
because they may get closer centers later by simply switching to facilities opened later). To overcome
this problem, we give an algorithm in which clients are less eager to contribute to facility opening when
they switch to closer facilities.

One may think that a client j is supposed to pay a certain tax on the amount saved by switching to a
closer facility, and only offers the rest as a contribution toward opening the new facility. This additional
tax in a combination with scaled contribution of all, not yet connected clients, results in an algorithm for
which we are able to prove an improved bound on the approximation ratio.

In the algorithm all connected clients, when reconnecting to a closer facility, scale their contribution
by a factor of §;. In the same time, each yet unconnected client scale the real value of its contribution
by a factor of d2. This algorithm, denoted JMS’(d1, d2), is formally described below.

Define U to be the set of yet-unconnected clients; U := J initially. Let 0 < §; < 1 and do > &1 be
parameters of the JMS’ algorithm. In bold we mark the differences in the algorithm as compared to the
standard JMS algorithm.

Algorithm:

1. We use a notion of time. The algorithm starts at time 0. At this time, each client is defined to be
unconnected (U := [J), all facilities are unopened, and budget «; is set to 0 for every j. At every
moment, each client j offers some money from its budget as a contribution to open an unopened
facility 7. The amount of this offer is computed as follows: If j is unconnected, the offer is equal to
02-max(a; — d;;,0) (i.e., if the budget of j is more than the cost that it has to pay to get connected
to i, it offers to pay d2 times this extra amount to i); If j is already connected to some other
facility ¢’ , then its offer to facility ¢ is equal to 81+ max{dy; — d;;,0} (i.e., the amount that j offers
to pay to i is equal to the amount j would save by switching its facility from ¢’ to ¢ times 7).

2. While U # (), increase the time, and simultaneously, for every client 7 € U, increase the parameter
a; at the same rate, until one of the following events occurs (if two events occur at the same time,
we process them in an arbitrary order).

e For some unopened facility ¢, the total offer that it receives from clients is equal to the cost of
opening 4. In this case, we open facility ¢, and for every client j (connected or unconnected)
which has a nonzero offer to i, we connect j to ¢ and remove j from U. The amount that j had
offered to i is now called the contribution of j toward ¢, and j is no longer allowed to decrease
this contribution.

e For some unconnected client j, and some open facility ¢, a; = d;; . In this case, connect client
j to facility 4 and remove j from U.

We analyze the algorithm described above by a factor-revealing LP, which is a natural extension LP
(4) - (10). To upper bound the value of the factor-revealing LP, we adapt techniques from [26].

The analysis: factor-revealing LP All the idea of analyzing only one facility and a group of clients
by a factor-revealing LP is the same as in LP (4) - (10). Here we will justify the objective function and
the inequality (16), because the rest of a factor revealing LP, described below, is similar to the previous
one.



We can assume that a varaible r; ;, is the cost of the last connection estabilished by a client i, because
in a objective function (11) its value is multiplied by a factor 1 —§; > 0, so there is no sense for adversary
to reconnect the client 7, because it will only decrease the value of the objective function. The value
a; — 7k is part of budget that client ¢ spend, on opening facilities. The contribution to the first facility
is oi; — 74, so we have to multiply it by the connection-factor d. Moreover, we have to scale the value of
;i — Tk by the reconnection-factor d;. The denominator, of the objective function, is an opening cost
of the facility f and the sum of distances from each client i € {1,2,...,k} to this facility. This all sum
up to the cost of the optimal solution for clients from set {1,2,...,k}. The inequality (16) is similar to
(9), but the contribution of all unconnected clients is multiplied by d2 and contribution of the already
connected clients is multiplied by ;. See the analysis of the Algorithm 2 in [18] for a more extensive
discussion of the rest of inequalities. Approximation ratio of the algorithm JMS’ for a group of k clients
using a single facility in the optimal solution, is upper-bounded by the following LP.

SoF s (o — rig) + 01 - (rig — Tik) + ik

2, = max f+2§:1 ) (11)
a; < gl Vi<k (12)
Tig = Tjitl Vi<i<k (13)
a; <1 +di +d; Vi<i<k (14)
Tii < Vi<k (15)
i1 k
o1 Z max{rM — dj, 0} =+ 9 Z max{ozi — dj, 0} <f Vigk (16)
o =i
ai,rj,i,di,f Z 0 ngigk (17)

Upper bound for client groups of arbitrary size The orginal upper bound for z;, which you can
find in [18], was very technical. Moreover, we find it difficult to generalize it. We decided to use techniques
[26], which significantly simplifies the argument. Instead of consucting a feasible solution to the dual LP,
we will give an LP (18) - (24), which upperbounds the approximation ratio of the JMS’ algorithm.
Consider a maximal group of clients which are connected to a single facility in the optimal solution.
To upper bound the approximation ratio for this group of clients we use the following LP (18) - (24).

Zinil da - (ag - T;z) + 01 (T;z - T;m) + 7‘;7m

Ym = Max 4+ d, (18)
Oé; < 042+1 Viem (19)
i > T Vij<ic<m (20)
of <rly g+ dj+ dj Vi<i—1ni<m (21)
i < Vi<m (22)
1 m
5 Z max{rj; — d;,0} + da Z max{ca; — dj, 0} < f' Vi<m (23)
j=1 j=i+1
;755 iy f >0 Vi<i<m (24)

The following theorem states that the above LP (18) - (24) encodes a valid upper bound on the value
of the factor revealing LP (4) - (10).

Theorem 2.1. Let m,k € N\ {0}, 01 € [0,1] and 62 > 1. The value of the objective function y,, of LP
(18) - (24) is greater than or equal to the value of the objective function z of LP (11) - (17).
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Figure 1: Lower (zj) and upperbounds (yj) on ratio of JMS’(61,1)
where 6; € [0,1] and k = 75.

Before we formally prove the theorem, let us first interpret its consequences in the context of the
known properties of the JMS algorithm.

Discussion of previous results Algorithm 1 from [18] is a variant of JMS algorithm in which clients
cannot reconnect after establishing the first connection. Obviously, algorithm JMS’(d1,d2), with the
proper choice of parameters (61 = 0,92 = 1), works like Algorithm 1 and like JMS (63 = 1,092 = 1). The
question to be posted is about combination of these two algorithms: selection of the value of §; from
interval [0,1]. Intriguing is the fact that for each value of parameter §; € [%, 1] we obtained exactly the
same worst case example. A visualization of the obtained results you can find in Figure 1.

The authors of [18] proved that approximation ratio of Algorithm 1 is at most 1.86. Using techniques
described in the current paper we obtain a slightly tighter bound 1.82 (see also [13]). Recall that to
analyze Algorithm 1 we have to set 6; = 0 and dy = 1 in JMS’(d1, d2).

Lemma 2.2. Algorithm 1 from [18] is 1.82 approzimation algorithm for the Uncapacitated Facility Lo-
cation problem.

Proof. Let 61 = 0 and d2 = 1. Recall that the value of y,, (2x) is an upper (lower) bound on approximation
ratio of the algorithm JMS’(d1,d2). The value of y179 is equal to 1.81977655 and the value of z;g¢ is equal
to 1.81021848, so there is not much room for improvement. O

The proof of Theorem 2.1 Assuming d2 > 61 and 0 < §; < 1 we show that y,, > z; for each
m,k € N\ {0}. At first we will prove Lemma 2.3, which describes a form of monotonicity of solutions
of LP (11) - (17). Next in Lemma 2.6, on a base of optimal solution for LP (11) - (17) for k - m clients,
we will construct feasible solution for LP (18) - (24) for m clients. Finally, using two above mentioned
lemmas, we will prove Theorem 2.1.

Let zx, and zj, be the values of objective functions of LP (11) - (17) in optimal solution for k; and
ko clients, respectively.

Lemma 2.3. If ko =k; -1l and l € N\ {0}, then zi, < zj,.

11



Proof. From a solution of LP (11) - (17) for k clients we will construct a feasible solution for this LP for
ko =1 - k1 clients. Values of variables in the bigger instance, of ko clients, are defined as follows:

. a; 5 d; . Tji
Q(i-1)i+h = 7 di—1)i+hn = T =D, - 1)i+d = 77 f=1r

where 1 <j<i<k,and1<h,d<land (j—1)I+h<(i—1)+d.

Claim 2.4. The value of the objective function (11) is the same for the initial solution (cy,d;, v, f) of
LP (11) - (17) for k clients and for the constructed solution (ézi,cij,fj7i,f) for ko clients.

Claim 2.5. Inequalities (12) - (15) holds for variables oli,czj,f’jvi,f.

To finish the proof we have to show that inequality (16), the lower bound on the value of f in the
instance with ko clients, holds for variables al, d],r] i f It will imply that we can set f f, which will

finish the proof of feasibility of solution &;, dj, i f for the instance with ko clients. Let p = ¢ -1+ h for
0<g<kandl>h2>1.

p—1 ko
61 Z maX{pr — dA]', 0} + d9 Z max{dp — dAj, 0} =

Jj=1 Jj=p
alht ) . 2 A - (Figuen<dy)
01 Z max{rj7q.l+h — dj, 0} + 9 Z Hla.X{Oéq.lJrh — dj, O} <
j=1 j=ql+h
. glih=1 . k2 R (62201,6;5<&gq.14h)
0 Z max{7; q.1+n — d;,0} + 01 Z max{&; — dj;,0} + 2 Z max{&g.4+4 — dj,0} <
=1 j=q-l+1 J=ql+h

o . - k2 R . ka=l-k,def.
o1 Z max{7; g1+n — dj, 0} + 52 Z max{dq.;+n — dj, 0} <

j=1 j=q-l+1

q k
1 1 A
01 g l-j-max{mq“—dj,()}—i—(sz g l-j-max{aqﬂ—dj,()}gf:f
i=1 =g+

where the last inequality follows from (16) for i = ¢ + 1, which ends the proof. O

Lemma 2.6. Feasible solution (o, 7j,,d;, f) for LP (11) - (17) with k = m-d clients can be transformed
to a feasible solution (aj,75,,d;, f) for LP (18) - (24) with m clients. Moreover, the value of (11), with

variables (a;,rji,di, f), is smaller or equal then the value of (18), with variables (c, Jz,d;, f)-

Suppose that (a;,dj, 75, f) is an optimal solution of LP (11) - (17) for k = m - d clients. Consider a
solution (o, d},7%;, f) defined below, we will prove that it is feasible for for LP (18) - (24).

id id 7d
o) = Z o, d = Z i, 7= Z rid, V1<j<i<m (25)
I=(i—1)d+1 I=(i—1)d+1 I=(j—1)d+1

Observation 2.7. Inequality (19) holds.

Claim 2.8. Inequality (20) holds.

12



Proof. Inequality (13) implies that for j <4 and for all 1 < h < d,

T(j—1)d+hid = T(j—1)d+h,(i+1)d-

Summing over h from 1 to d gives us

jd jd
Z Tlid = Z T1,(i+1)d>
I=(j—1)d+1 I=(j—1)d+1

or,

/ !
Tji 2 Tjit1:

Claim 2.9. Inequality (21) holds.

Proof. Inequality (14) implies that for j < i — 1 and ¢ < m, the following holds
Ai-1)d+h < T(G—1)dth,(i-1)d+h + di—Ddrn + dG-1)dsh-
Inequality (13) implies that
Q- 1)dth < T(j-1)d+h,(i-1)d T dGa-1)d+h T AG-1)d+h-

Summing over A from 1 to d gives us

id jd id jd
Yooa< D> mnat Y. di+ > i
j=(i—1)d+1 I=(j—1)d+1 j=(i—1)d+1 i=(j—1)+1

which is equivalent to
CY/ < 7“;",5‘_1 + d; + d;

=

Claim 2.10. Inequality (22) holds.

Proof. Inequality (13) and (15) implies the following

T(i=1)d+lid < T(i—1)d+,(i—1)d+l < C3i—1)d+1-

Summing over [ from 1 to d gives us

id id
Z Tlid < Z a,
I=(i—1)d+1 I=(i—1)d+1
which is equivalent to
ro<a

Claim 2.11. §; 22:1 max{r}, —d;,0} <4 23':1 max{r;j; —d;,0} fori=td.

13



Proof.

jd jd
01 Z max{rjt dj, 0} =01 Z max Z Tltd — Z d;,0 3 <
j=1 I=(j—1)d+1 I=(j—1)d+1
td td
01 Z E max{r 4 — d;,0} = Zmax{rﬁd — dj, 0} (51 Z max{r;; — d;,0}.
Jj=11=(j-1)d+1 7=1 j=1
O
Claim 2.12. 02> 7, .| max{ay — d},0} < &2 Z] _i1 max{a; — d;,0} fori=td.
Proof.
m m td jd
09 Z max{a; fd;-,()} =dy Z max Z Q) — Z d;,0 3 <
j=t+1 j=t+1 I=(t—1)d+1 I=(j—1)d+1
m jd m Jjd
52 Z max < d - Qd — Z dl, 0 = (52 Z max Z Qd — dl, 0 <
j=t+1 I=(j—1)d+1 j=t+1 I=(j—1)d+1
m jd md td) k
09 Z Z max{azg — d;, 0} = o Z max{ayg — d;, 0} (= 09 Z max{a; — d;,0}.
J=tH1I=(j—1)d+1 I=td+1 I=it1
O]

Claim 2.13. 4; 23:1 max{r;; —d;,0} + o Z;?:H_l max{o; —d;,0} < f.
Proof.

) k
01 Z max{rj’i — dj, O} + 09 Z max{ai — dj, 0} <
j=1 j=i+1
i—1 k
01 Z max{r;; — dj,0} + 61 max{r;; — d;, 0} + 62 Z max{a; —d;,0} <
Jj=1 J=it+1
i—1 k
3t Z max{r;; — dj,0} + 6y max{a; — d;,0} + J2 Z max{a; — d;,0} <
j=1 j=i+1

i—1 k
01 Z max{r;; — dj,0} + 62 Z max{a; — d;,0} < f.
j=1 j=i
where we use (15) in the second inequality, the fact that d2 > d; in the third inequality, and (16) in the
last one. O

Observation 2.14. Inequality (23) holds. It easily follows from lemmas 2.11, 2.12 and 2.13.

The fact that (o d., f) is feasible solution for LP (18) - (24) easily follows from Observation 2.7

&, ]z’ Al

and Claims 2.8, 2.9, 2.10 and 2.14.

Claim 2.15. The value of (11), with variables (o, 7j;:,d;, f), is smaller or equal then the value of (18),
with variables (o, d., f).

a;, ]z’ 79
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Proof. Inequality (13) implies that

ik ik
PO D
I=(i—1)k+1 j=(i—1)k+1
Summing over ¢ from 1 to m gives us
m ik km
Z Z TLik < Z T4,
i=1 1=(i—1)k+1 j=1
m km
DTS D g
i=1 j=1
We use the fact that d2 > d; to obtain
m km
D (61 =82) 1 =D (61— 63) 1y (26)
i=1 j=1
The following inequality trivially holds
km km
Z Tlkm = Z Tikm
=1 i=1
m ik km
Z Z Tlkm = Zﬁgkm
i=1 I=(i—1)k+1 i=1
Using the definition of 7"31 we obtain
m km
2T 2 ) ik
i=1 i=1
We use the fact that 6; <1
m km
Q=0 7= (1=61)D Tikm (27)
i=1 i=1

Using inequalities (26) and (27) it is easy to prove that the following inequality holds

Yoy O2(ag =1 ,) F01(ri; — 1) F i, S SR So (s — 7id) + 01(Tii — Tikm) + Tiskm
42370 d; - f+Skm g,

The above inequality implies that y,;, > zkm, so the Claim (2.15) holds.

O]

Proof. (Theorem 2.1)

Using Lemma 2.3 and solution zx, for k clients, we can construct a feasible solution zy,, for k- m
clients, such that z; < zg,,. Next using Lemma 2.6 and solution zi,, we can create a feasible solution .,
for LP (18) - (24), such that zg;, < ym,. Above arguments implies that zj is upperbounded by v, for any
values of k,m € N\ {0}, so the theorem holds.

O
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Bi-point approximation We can analyse the JMS’ algorithm with a slightly different objective func-
tion to prove that it is a (¢, ~.)-approximation algorithm. The value v¢ is a parameter of analysis and
Ye(7vf) is the supremum of the set {2 (vf) : k € N\ {0}}, where Zj(v¢) is defined as the objective function
of the LP (28) - (34). An optimal solution to the following LP models an instance, for k clients, which is
the worst case for our analysis.

Zle 02 - (v —rii) +01(rii — rig) + ik — VS

Z; = max 28
k(’Yf) 2521 di ( )
o; < Qg Vick (29)
Tji > Tji+1 Vi<i<k (30)
o; <1+ d; + dj Vj<i§k (31)
Tig < O Vi<k (32)
i—1 k

(51 Z max{rjji — dj, 0} + (52 Z max{ozi — dj, 0} S f Vigk (33)

=1 =i
a;, i, diy f >0 Vi<i<k (34)

To upper bound the value of 7.(vf), we use the following LP (35) - (41). Theorem 2.18 implies that
indeed ¥, (vf) is an upper bound on 7. (vs) for any value of m € N\ {0}.

Doy 02 (af — i)+ 01(ri; — i) F 1, — vt

() = max (35)
mA N Yt d;
oz; < oz;_H Vicm (36)
T Vj<i<m (37)
O[; S 7’3‘}2‘71 + d’/L + d‘/] Vj<i—1/\i§m (38)
i < o Vi<m (39)
7 m
5 Zmax{r&vi —dj,0} + 0, Z max{a; — dj,0} < f' Vi<m (40)
j=1 j=it1
g, gy diy f1>0 Vj<i<m (41)

Proofs of the following lemmas, which will be used in the proof of the Theorem 2.18, are analogous
to proofs of Lemmas (2.3) and (2.6), so we decided to skip them.

Lemma 2.16. Z, (vf) < Z, (), where ky = ki -1 and | € N\ {0}.

Lemma 2.17. Feasible solution (o, 7, d;, ) for LP (28) - (34) with k = m-d clients can be transformed
to feasible solution (aj, 7}, dy, f) for LP (35) - (41) with m clients. Moreover, the value of (28), with

variables (o, 7j4,d;, f), is smaller or equal then the value of (35), with variables (af, 7% ;,d;, f).

Theorem 2.18. JMS'(61,92) is a (vf,Ym(7f))-approzimation algorithm for UFL, for any m € N\ {0}.

Proof. Let ki be an arbitrary natural number. Consider any solution of value zj, (y¢) to the LP (28) -
(34) for ky clients. Using Lemma (2.16) we can transform it to a feasible solution of not smaller value
Z, (7f) for the LP (28) - (34) with ko clients. Using Lemma (2.17), we transform the solution for ks
clients to a feasible solution to LP (35) - (41), with m clients, so its value is at most ymm(v¢). The proof
of the inequality z,(vf) < Um(7yy) is very easy and could be done in the same way as in the Lemma
(2.17). O
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Figure 2: A plot presents (7¢,7.)-approximation ratios, for JMS and JMS’(1, 1.023) algorithms, computed
for k = 75.
m | 2 | 50 | 75 | 100 | 175 | 200 | 250
Um(1) | 1.97005293 | 1.96071418 | 1.95735066 | 1.95551828 | 1.95327445 | 1.95291564 | 1.95238219

Table 1: A few upper bounds on the value of ~.(1).

For §; = 1 and 02 = 1.023, we obtain an upper bound %,,(1) on 7.(1), the maximal value of factor-
revealing LP (28) - (34) with variable v; equal to 1, for any value of m € N\ {0}. Computed values of
upperbounds for values of m are given in a Table 1.

To give an idea of the tightness of these upper bounds, the value of Z1pp(1), for 6; = 1 and 02 = 1.023,
is equal to 1.94483254, so there is some room for improvment, but not much.

Theorem 2.19. The JMS’(1, 1.023) algorithm is a (1, 1.9524)-approzimation algorithm for the Unca-
pacitated Facility Location problem.

Proof. As it was proved in the Theorem 2.18 the value of ¥, (v¢) upperbounds ~.(v¢), for any value of
m € N\ {0}. By setting the value of a parameter v; to 1 we obtain that JMS’(1, 1.023) is a (1,7.(1))-
approximation algorithm for the UFL problem. For values of m big enough we can obtain, an almost
tight, upper bounds on the value of 7.(1). For example, by setting the value of m to 250, we obtain a
bound of 1.95238219. This implies that JMS’(1,1.023) is a (1, 1.9524)-approximation algorithm for the
Uncapacitated Facility Location problem. O

Bi-point solution For the completness of our argument we formulate the following corollary, which is
a well known result from [20]. By combining it with Theorem 2.19 we obtain a bi-point solution for the
k-median instance of cost at most 1.9524 + € times the cost of the optimal solution.

Corollary 2.20. Using a (1,7)-approzimation algorithm for the UFL we can obtain a bi-point solution
to the k-median problem of cost v + € times the cost of the optimal solution.

The next section describes a dependent rounding technique which will later be used in rounding the
bi-point solution to a feasible one.
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3 Dependent rounding with near-independence on small subsets

Recall the setup described in Section 1.2, and properties (Al)-(A4) in particular. For the k-median
application, we will actually need a weighted generalization of this, as mentioned briefly in Section 1.2.1.
The basic change is that we now have positive weights a1, ao, ..., a,, and want to preserve the weighted
sum ), a;p;, instead of ). p; as in (A2). Such preservation may not be possible (no matter what the
rounding), so we will leave at most one variable un-rounded at the end, as specified by property (A0’)
next. Let us describe our main problem, and then discuss the results we obtain. Our main problem,
given P = (p1,...,pn) € [0,1]" and positive weights A = (a1...,a,) € RZ, is to efficiently sample a
vector (X1, Xo,...,X,) from a distribution on [0, 1]"™ which satisfies the following properties:

(A0’) “almost-integrality”: all but at most one of the X; lies in {0,1} (with the remaining at most one
element lying in [0, 1]);

(AY) Vi, E[X;] = pi;
(A2’) Pr[} a0 X; =) aips] = 1;
(A3’) VS C [n|, E[[[;es(1 — X4)] < [lies(1 = pi), and E[[[;co Xo] < [Licspis

(A4’: informal) if the weights a; are “not too far apart”, there is near-independence for subsets of
{X1,Xs,...,X,,} that are of cardinality at most ¢, analogously to (A4).

In this section we will give an O(n)-time algorithm (called DEPROUND) for sampling from such a
distribution; see Section 3.2. In particular, this shows that such distributions exist. This algorithm is a
generalization of the unweighted version given in [28], with the added property (A4’) of near-independence.
Our main theorem is Theorem 3.10; it is improved upon, with further work, in Section 3.4. It basically,
says, in the notation of (2), that we can achieve 1, 82 = O(t?/(na?)) when t < O(v'na3). Thus, we
obtain near-independence up to fairly large sizes t. Once again, this bound is in fact further improved
in Section 3.4. Let us also remark about the possible (sole) index ¢ that is left unrounded, as in (A0’).
Three simple ways to round this are to round down, round up, or round randomly; these can be chosen
in a problem-specific manner. None of these three fits the k-median application perfectly; a different
probabilistic handling of this index 4 is done in Section 4.3.

Note that DEPROUND could be described more simply as a form of pipage rounding (with an added,
crucial, element of processing the variables in random order), with flow adjusted proportionally to the
weights. However, in order to facilitate the analysis of (A4’), we give the following, less compact descrip-
tion of the algorithm. Also note that we will apply this method to k-median in Section 4.3, but that here
it is described it as a general-purpose rounding procedure, independent of k-median; this is because we
believe that this method is of independent interest since it goes much beyond negative correlation. Thus,
the reader is asked to note that the notation defined in this section is largely separate from that of the
other sections.

3.1 The SIMPLIFY subroutine

As in [28], our main subroutine is a procedure called SIMPLIFY (X1, X5, a1, a2, 31,02). X1 and X5 are
random variables with associated weights a1, a2 € Rsq. 81, f2 € [0, 1] are the current values of Pr[X; = 1]
and Pr[Xo = 1]. The output is a value for each of these two probabilities. We say X; is fized to 0 or 1
to mean that Pr[X; = 1] is set to 0 or 1, respectively. We ensure progress is made by fixing at least one
variable at each call, while preserving the marginals and the weighted sum.

Note that the procedure probabilistically sets the distribution of X;. Therefore the output value of
Pr[X; = 1] is itself a random variable, so we can speak of E[Pr[X; = 1]]. The main properties that must
hold are the following;:
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(B1) E[Pr[X; =1]] = p1 and E[Pr[Xy = 1]] = By;

(B2) Prla1Pr[X1 =1]+aPr[Xo =1] = a181 + asBa] =1

(B3) at least one of X; and Xy gets fixed; and

(B4) the output probabilities Pr[X; = 1] and Pr[X, = 1] are valid (they lie in the interval [0, 1]).
Now define SIMPLIFY (X1, X2, a1, a2, 51, 32) as follows. There are four cases:

Case I: 0 < a101 + a2B2 < min{aj,as}. With probability asf2/(a1f81 + a282) fix X3 = 0. With
remaining probability fix Xz = 0.

Case II: a1 < a181 + asf2 < as. With probability 8y fix X7 = 1. With remaining probability fix
X;=0.

Case III: a2 < a181 + a282 < a1. With probability fs fix Xo = 1. With remaining probability fix
Xy =0.

Case IV: max{aj, a2} < a1f1 + azf2 < ay + ay. With probability as(1 — fB2)/(a1(1 — 51) + az(1 — B2))
fix X1 = 1. With remaining probability fix Xs = 1.

If we fixed X; = 0, then set Pr[Xy = 1] = 82 + ﬁl@

If we fixed X7 = 1, then set Pr[Xy = 1] = 8 — (1 — 1) L.
If we fixed X3 = 0, then set Pr[X; = 1] = 51 + 52

If we fixed X =1, then set Pr[X; =1] = — (1 — ﬁ a2

Lemma 3.1. Properties (B1), (B2), (B3) and (B4) hold for SIMPLIFY (X1, X2, a1, a2, 51, 32).

This is straightforward to show; we provide a partial proof in Appendix A.

3.2 Main algorithm: DEPROUND

We now describe the full dependent rounding algorithm, which we denote DEPROUND. Initialize the
vector of random variables X = (X7, Xo,...,X,,), each with the property Pr[X; = 1] := p;. S, is the
group of permutations of n elements. Choose a random 7m € S,,, and consider the sequence 7(X) =
(Xr-101)s Xn-1(2) - - - » Xr—1(n)). Now repeatedly apply SIMPLIFY to the two left-most unfixed variables
in 7(X) (some X; and X), along with their corresponding weights a; and a; and current probabilities
Pr[X; = 1] and Pr[X; = 1]. As described above, SIMPLIFY’s output adjusts the probabilities Pr[X; = 1]
for each of the two input variables, fixing at least one of them. Repeat this step until there are less than
2 unfixed variables remaining. Finally, collapse each variable X; to the current value of Pr[X; = 1], and
output the vector X. The additional random element of using 7 to process the indices in random order,
is the key to our results.

It is not hard to follow the proof of [28] and validate properties (A0’), (A1), (A2’), and (A3’); it is
(A4’) that is much more interesting:

Lemma 3.2. DEPROUND samples a vector in O(n) time; this vector satisfies properties (A0’), (A1’),
(A2’), and (AS3’).

Proof. The proof is basically as in [28]. By definition, the algorithm ends only when there is at most
one unfixed variable remaining, therefore there will be at most one fractional value in the output vector.
Since at least one variable is rounded in each constant-time step, the algorithm takes at most n — 1
steps, and thus runs in linear time. (The random permutation 7 may also be generated in linear time.)
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(B2) implies that the quantity ) . a; Pr[X; = 1] remains unchanged at each step; since the initial value
is ), a;p; and the final value equals ), a;X;, this implies (A2’). Similarly, (B1) implies that for each
i, Pr[X; = 1] (which is initially p;) has zero change in expectation at each step, so this implies (A1’).
Proving (A3’) can also be done in a similar inductive manner as in [28]. O

3.3 Limited dependence

It remains to show the limited dependence property (A4’). Consider a subset I C [n] of ¢ indices, with
corresponding “target” bits (b;);c; € {0,1}!. For each i € I, define Y; := X; if b; =1, or V; := 1 — X, if
b; = 0. We are interested in the value of E [Hle I Y;], which is essentially is equal to the joint probability
Nicr(Xi = b;) that each variable in {X;};cs obtains its target bit. Note these are not exactly equivalent,
because of the one fractional variable. This variable must be handled in a domain-specific way to ensure
this property holds, as we will do when applying it to k-median.

Recall that p; is the target value of E[X;]. Similarly, Vi € I, define ¢; to be the target value of E[Y]].
Then it follows that g; is either p; or 1 — p; if b; is 1 or 0, respectively. If we independently rounded each
variable, this would be exactly [];c; ¢; (but (A2’) would be violated). We will show that when set I is not
too large, the product is still very close to [[,c; ¢; (i-e., that the variables {X;};cr are near-independent).

During a run of DEPROUND, we say that two variables X; and X are co-rounded if SIMPLIFY(X;, X, ...)
is called at some step. We will first show that if two variables are far apart in 7(X), then they are unlikely
to be co-rounded. Then we will show that a group of variables is near-independent if the probability of
any two of them being co-rounded is small. Finally, we will show for a small enough set I, variables are
very likely to be far apart, and thus very likely to remain independent.

3.3.1 Distant variables are seldom co-rounded

Recall that DEPROUND always calls SIMPLIFY on the two left-most unfixed variables, fixing at least one
of them. Thus, once a variable survives (i.e., remains unfixed during) one step it will automatically be
included in all subsequent SIMPLIFY steps up until the step in which it is fixed. We want to bound the
probability that a variable survives for too long. We first show that in any two consecutive steps involving
X, there is a minimum probability that X; gets fixed (given that the weights are not too different).

Lemma 3.3. Let anin = mini{a;} and ama, := max;{a;} be the minimum and mazimum weights.
Suppose X; survives its first round of co-rounding. If ¢mex < 2, then during any two future consecutive
steps where X; is corounded with X;, and then (potentwlly) X, we have that X; is fized with probability
at least p = min{f;,1 — B;} - min{fBk, 1 — B;}. This bound is independent of any other steps.

Proof. What is the probability that X; is fixed in the first step? It depends on which of the four
aiBi 5 aibi _ a;(1-5;) _
aifita;B; = a; ai(1-B:)+a;(1-5;)
aﬁtlﬁ&?ﬁfﬁajﬁj) > Zj&f JG)L = 1—[3;. In these three cases, X is fixed with probability at least min{g;, 1
B} > p. However, in the remaining case III, X; will be fixed with probability 0.
Given that case IIT occurs in the first step, what is the probability that X; gets fixed in the second step?
It is at least the probability that one of cases I, IT or IV occur in the second step, times min{Sx, 1 — B¢}
(by the same reasoning as above). When case IIT occurs in the first step, Pr[X; = 1] gets set randomly to

one of two values: 3; + Bj% or B —(1— ﬁj)ﬁ (Let 8" be this new value.) These values differ by exactly

cases occur. In case I, it is

Bj. In case Il it is 1. In case IV it is

Z—J Now, in the second step, case III only occurs if 4’ lies in the open interval (%&£ — %k B 1— % Bk)
Notice the size of this interval is exactly 1 — %&£, minus the endpoints. Also notice that by the condltlons
of the lemma,

&Z Amin >}>1_Gmm 21_%

7 Omax 2 Omax Qg
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Thus, the two possible values of 3 cannot both lie in the interval necessary for case III, and with
probability at least min{/3;,1 — 3;}, the second step will be a case other than III. ]

Important remark on notation: In the following paragraph, by overloading notation, we fix the
random permutation 7w to be some arbitrary but fixed w. Several pieces of notation such as o, J;, and,
most importantly, 05 := HZUZJS‘/% (1 = @y, 5,y 5;,1)» are functions of this w. All statements and proofs
until the end of the proof of Lemma 3.5, are conditional on the random permutation equaling 7 (this is

sometimes stated explicitly, sometimes not).

Lemma 3.3 implies that the probability of a variable’s survival decays exponentially with the number
of steps survived. Now, given a permutation 7w € S, let o : [t] — I be the bijection such that w(c(1)) <
w(0(2)) <--- < m(o(t)).

Let

J:=[n]\I

be the set of the indices not in I. Now partition J into sequences (Jp, Ji, ..., J¢), using elements of I as
dividers. Formally, for £ = 0,...,t, let J; be the maximal sequence (jj 1, jk2,...) satisfying w(o(k)) <
T(Jr1) < m(jr2) < --- < w(o(k+ 1)), letting 7(c(0)) := 0 and w(o(i + 1)) := n + 1. Note that if o (k)
and o(k + 1) are directly adjacent in 7, then Jj will be empty, as seen in the example below.

I={2,3,8} m([n]) = (12,11, 5, 3,4, 1,9,6,2,:2@,7\,,12) (o(1),0(2),0(3)) =(3,8,2)
Jo Ji J3
For k € [t — 1], let Zj, be the “bad” event that DEPROUND co-rounds Xy and X,(41). For Zj
to occur, it is necessary that X, ) be co-rounded with all variables inbetween as well. For example, in
the above sequence, Z; means that X, ;) = X3 must be co-rounded with Xy, X7, X9, X¢, (surviving each
round), and finally Xg. The next lemma bounds Pr[Z;] in terms of the set J.

Lemma 3.4. Let o; := min{p;, 1 — p;}. If ¢=ex < 2, then Vk € [t — 1], we have Pr[Zy] < dy, where
Trl/2
O := HZU:(SC‘/ J(l - ajk,2iajk,2i+1)‘

Proof. Suppose Zj, occurs. Then the algorithm must call SIMPLIFY(XU(k),Xj,aU(k),aj,Pr [Xa(k) = 1] ,
pj) consecutively for each j € Ji, with X,y remaining unfixed each time. (Here we know fBa = p;
because X lies to the right of X4y, and thus has not been changed yet.) Divide Jj, into ||Ji[/2] pairs,
from left to right. The probability of Zj, occuring is at most the probability that it survives all ||J|/2]
pairs of steps. By lemma 3.3, the probability that X,y is fixed during two consecutive steps against
the pair (X, ;, Xj, ,,,) is always at least o, ,a;, .., 50 it survives each pair of steps with probability at
most 1 — ay, ;aj, ... This bound holds independently for each pair, so the chance of surviving all pairs
is bounded by the product, giving Pr[Z;] < 0. O

3.3.2 Seldom co-rounded variables are near-independent

The following lemmas show that if the probability of variables in {X;};c; being co-rounded is low, then
E[[[,c; Y] = [lic; ¢- For notational convenience, define d; := 0.

Lemma 3.5. Let Iy := {o(k),0(k +1),...,0(t)}. Let & denote an arbitrary set of events which is
a subset of {Zi, Z;, Yoy = yi}le, which does mot contain both Zj and Y4y = yk, where y; is any
attainable value of Y, ;). Then, conditioned on a fized permutation w, the following holds for all k € [t]:

H max {g; — 0y-1(;),0} <E H Y| 1| < H (¢ + 05-13)) - (42)

i€} i€l i€l
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Proof. Fix a permutation m € S,,. Note that all probabilities and expectations in this proof are condi-
tioned on 7. At any step of DEPROUND, we may consider the remainder of the algorithm as simply a
recursive call to itself, on the vector containing only the remaining unfixed variables. Let Dj be the first
such call where X, ) is one of the two variables to be co-rounded. Notice the subvector passed to Dy
has at most one already co-rounded variable, say X;, with the rest still having their initial probabilities
from P. Now observe that any set of past events £, as defined has no bearing on the future execution
of Dy; it affects only the identity and seed probability of the first variable X;. The only dangerous event
would be (Z; A Yy = yx), which would imply that the first variable X; is rounded to a particular value.
However, since this combination is explicitly excluded from &1, we conclude that Dy has all the normal
properties of DEPROUND, independently of £;_1. Namely, we have (A1), the bound on Pr[Z;] given in
Lemma 3.4, and — as we will claim by induction — (42) for I.

As a base case, consider the singleton set I; = {o(t)}. By (A1l’) of Dy and the definition of ¢;, we
have E[Y, ) | k1] = go(1), and (42) follows from d; = 0.

We now proceed by induction on k, counting backward from ¢. Let Wy, := [, Y= H =k Yo(j)- Let
Zy. be the complement of event Zj. For some k < ¢, assume that (42) holds for Dy with set I;11. Then,
using (A1) of Dy, and the independence properties of D1 just mentioned, we have that E[Wj | 1]
is

ElY, (Wi | Er—1]
E[Y, () Wit1 | Zk A Ex-1] PrZy | Ex—1] + E[Yo () Wit1 | Zi A Ex1] Pr[Z | Exa]
E[Ya Wk—i—l | Zp N\ Ej_ 1] Pl"[Zk | Ek—1] + E[Wii1 | Zi A Ek—1]0k
=3 WREWiir | Yoy =k A Zk A e PrYouy =y | Zk A E—1] Pr[ 2 | Ex-1]) + E[Wiy1 | E 10k
=3 WEWin [ EPrYog =y | Zk A 1] Pr[Zy | Ex-1]) + E[Wiyy | E1]0k
<H2€1k+1 qi + 05-1( (Zyk kPr o(k) = Uk A Zi | Ex—1]) + k)
<ILier,, (@ + 0o1) (2, W Pr[Yo) = yre | Ex—1]) + %)
=ILicr,., (@ + 010 (B[Yoqw) | Ex—1] + Ok)
=ILics, (4 + 05-10) (@or) + 001 (oh))) = TLics, (¢ + =15)-

Similarly, we have that E[W}, | &_1] is

IA

=E[Y;0)Wk+1 | Ek-1]

>E Y0 Wit | Zi A Er—1] Pr[Zy | Ep—1]

=3 UE [(Whit | Yoy = vk A Zi A k1] Pr[Yoy = yn | Zi A Exa] Pr[Z | Ex—1]
_Zyk Y B (Wipt | E ] Pr[Yom) = un | Zie N Ex1)Pr[Zy | Ep_1]

>[Lier,,, (@ + 0010 EYow) | Zi A Ex—1] P2y, | Ex—1]

)
)
=[Licr,, (@ + 010 (B[Yoqw) | Ex—1] — E[Yoqw) | Zi A Ex—1] Pr[Zy; | Ex—1])
>TTics,,, (@ + 85-10)(

qo‘ _5/6) = Hie[k(qi—i_(scr*l(i))'
But also E[Wy|Ex—1] 2 0 [L;eq,,, (@ + 05-1:)) so we use the better of the two lower bounds. O

Remark. From now on, we will no longer take 7 as fixed, and hence the d; (which are functions of the
random permutation) will be viewed as random variables.
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Lemma 3.6. If ‘Z’:ﬁ < 2, we have

e E Hmax{l_ o}

iel Qo (k)

t
[IY

i€l

<E

SH%"E

i€l

t—1
1)
11 <1 + = ) :
k1 45 (k)
Proof. Apply Lemma 3.5 with k = 1 and £ = (). Recall d; := 0. Take the expectation over all permutations
7, and then factor out the constant [[;; ¢:. O

3.3.3 Small subsets are spread out
The following lemma gives a very useful combinatorial characterization of the distribution of {Jj}.

Lemma 3.7. Let g = (g1,-..,91+1) be a sequence of nonnegative integers which sum to n — t, picked
uniformly at random from all such possible sequences. Then the distribution of g is equal to the distribution

Of(“]0|7' ) ’Jt|)

Proof. Consider the mapping ®; : S,, — {0,1}" from permutations on [n]| to binary strings of length n,
in which we replace each index in I with a 1, and the rest with a 0. Also define © to be the following
standard combinatorial bijection from binary strings to arrangements of balls in boxes: given a binary
string s, first add a 1 to the beginning and end of the string; then, viewing the space between each nearest
pair of 1’s as a ‘box’, and the zeros between each pair as ‘balls’ in that box, let ©(s) be the sequence
which counts the number of balls in each box, from left to right. For an arbitrary permutation 7, and the
corresponding sets {Ji}, we see that |Ji| corresponds to the number of zeros between the k’th and the
(k+1)th 1in ®;(m), and thus to the number of balls in the corresponding box in (0 o ®;)(7). Therefore
we have that (0 o ®7)(7) = (|Jol, ..., |Ji]).

I=1{2,3,8) =(n])=(12,11,5,3,4,1,9,6,8,2,7,10) —> () = 000100001100
S = L= (9 o ®y)(m) = (37 4,0, 2)
Jo J1 J3
Now recall that DEPROUND chooses a uniformly random permutation 7 € S,. Notice that ®;(m)
only maps to binary strings of length n with exactly |I| = ¢ ones. Furthermore, for each such binary
string, there are exactly t!(n — t)! permutations which map to it. Thus, ®;(x) is uniformly distributed
over all ( t) such binary strings. © provides an exact bijection between binary strings of length n with ¢
ones, and sequences ¢ as defined in the lemma. This implies that (© o ®;)(w) — and thus (|Jo|,...,|Jt])
— is uniformly distributed over all such possible sequences g. O

Remark. Note that the above distribution over balls-in-boxes is that such that each possible arrangement
is equally likely. This is not to be confused with distributions obtained by randomly and independently
throwing the balls into the boxes.

Lemma 3.8. Consider a subset C C [t] of size ¢, and let Jo := Upco k- Then for 0 <z <1,

=)= (mma)

Proof. Lemma 3.7 shows that the distribution of (|Jo|, |J1],...|J¢|) is symmetric; clearly the order of the
boxes doesn’t matter, so neither does the order of {Jx}. Thus, when considering the distribution of a
function of the sizes {|Jx|}rec, we may w.l.o.g. assume that Jo = JoU Jy U...UJ._;. Notice since {Ji}
are all disjoint, we have |Jo| = > ..o |Jk|; also, |[Jo| < |J| =n —t.

n—t n—t c—1
E [lecq = mzz:oPrHJd = m|z™ = Z Pr [Z | k| = m] z™ (43)

m=0 k=0
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Now for a quick exercise in counting. From the previous proof, ®;(7) maps permutations uniformly to
n-digit binary strings with ¢ 1’s. For a given permutation 7, we observe that ZZ;B |Ji| = m iff the binary
string ®7(m) has exactly m zeros before the ¢’th 1 (i.e., there are m total balls in the first ¢ boxes). How
many of the (?) possible strings have this property? It is the number of ways to put (¢ — 1) 1’s in the
first (m + ¢ — 1) digits, a 1 in the (m + ¢)’th digit, and (¢ — ¢) 1’s in the remaining (n —m — ¢) digits.
Thus,

kz;w :m] _ SO S <m+c— 1) o <m—|—c— 1) <t> "

@) ') c—1 nc c—1 n

where nE :=n-(n—1)---(n — k + 1) denotes the falling factorial. Now we combine (43) and (44), and
relax the bound by allowing m to go up to infinity. The resulting series converges when 0 < x < 1.

2] < () 5 ("0 - () o - ()

m=0

Pr

A quick proof of the series’ convergence is to start with Y :° 2™ = 1/(1 — z), and take the (¢ — 1)’th
derivative of both sides, with respect to x. ]

Lemma 3.9. Let 0y := HZ-H:J(;“VQJ (1 = Qg 5i g 541 )» and a :=minj{a;}. If gmez <2, then

Ok 16 t \¢
11 S\7 )
kec do k) na

Proof. First, recall by definition that ¢; is either p; or 1 — p;, so ¢; > min{p;, 1 — p;} = a; > . Then

E

5 1 1 L1kl /2] 1 (e 1)/2
E QJ(k)] < JE H 5k] = JE H H (1 - ajk,Qiajk,2i+1) < JE H(l - ) r ]
keC keC keC =1 keC
_1g [(1 B a?)(|Jc|—c)/2] < g [(1 B O§>Jc|—c] 45)
af af

1 2\ ¢ t\° 1/2)2\ /2t \° (16 ¢t \°
=— . (1-< LI Py e 2y (B (46)
as 2 n(a?/2) 2 nas 7 na?
In the first line we used |z/2] > (z —1)/2. In (45) we used V1 — 22 < /1 —22+2%/4=1-2%/2. In
(46) we applied Lemma 3.8 and then used o < 1/2. O

Now we can complete the bound given in Lemma 3.6. The upper bound follows by expanding the
binomial, bounding the expected value of each term, and then refactoring. The lower bound follows by
the Weierstrass product inequality.

t—1
4] 0 0;0; 010
EH<1+ k)]:1+ZE[ :|+ > E[j]+-~-+E[1tl]
k1 4o (k) 1<i<t 4o (i) 1<i<j<t 95 (i)40(5) do(1) """ do(t-1)
16t 16t \° 16t \"* 16t \"*
< DR =
=1+ Z <7na3>+ Z <7na3>+ +<7na3> (1+7na3> (47)
1<i<t 1<i<y<t
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-1
Hmax{l— Ok 0} =E H<1—min{ O ,1}) 1—2111111{ }]
Ao (k) = Ao (k) QU(kz
t—1 t—1
1o E O Zl—z 16t :1_16t(t—1) (48)
= Lok — Tnos Tnosd

Thus we are led to our main theorem on dependent rounding (which in turn is improved upon, with
further work, in Section 3.4):

Theorem 3.10. Let (X1,...,X,,) be the vector returned by running DEPROUND with probabilities (p1, . .., pn)
and positive weights (a1, ...,apn). Let I'T and I~ be disjoint subsets of [n]. Define o := min;{p;, 1 — p;},

I:'=Itul,t=|I|, and \ := pz (1 —1ps). Thenzfmax{ }<2 we have

16¢(t — 1) 16¢ \"!
1- 2" V) A<E X [Ta-x)| < (1
(1- 5 )A_ [T [Ta-x] < (1400 ) A

el t el

Proof. For all i € I'", set b; = 1; for all i € [, set b; = 0. Then apply (47) and (48) to Lemma 3.6. The
theorem follows by recognizing that

HXiH(l_Xi):HYi and HPiH(l_pi):HQi-
ielt el— icl ielt  Gdel— el

O

Note that (1 + 7523)75_1 < exp (%) Thus we see that Theorem 3.10 allows us to bound the

dependence among groups of variables as large as O(y/n) when a = ©(1).

3.4 Improvements and Special Cases

With a little more work, Lemmas 3.8 and 3.9 may be generalized to show the following, more refined
bound, which depends on the average values of «; and ¢;, instead of the smallest values. We reuse the
same definitions from Theorem 3.10.

Corollary 3.11. Let a; = min{p;, 1 —p;}. Let ¢; = p; fori € I, and let ¢; = 1 —p; fori € I~. Then let

1
J = () \ 1), : (|J| D> @i, ‘md? \I\Zqz

7]6‘] el
1<J

If max; j{a;i/a;} <2, then

16t(t — 166\
1-— A< E X; 1-— <|1l4+  — A.
(- e | T o TTa-x0| < (1400

iel+ el—

In our k-median application we will have that all p; are uniform. In this case, if the maximum ratio
of weights is very small, we can modify Lemma 3.3 to show that Case III (from Section 3.1) never occurs

twice in a row if the weights are sufficiently close. This gives Pr[Z;] < HZU:JSV 2l (1 — o), which yields the
following.
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Corollary 3.12. Suppose p1 =py =---=py, =p and 0 < a = min{p, 1 — p}. Then if ‘;Zﬁ <1+ a, we

have
8t( st \'"!
1— < 1— X < (1 .
(1- Y )r<e [T TTa-x0| < (1450 ) A

ielt iel—

On the other hand, if we consider the unweighted case (where all a; = 1), it is easy to see that Case
III never occurs at all. This gives Pr[Zy] < [[;c;, (1 — «;), which yields the following.

Theorem 3.13. Let X := (X1,...,X,,) be the vector returned by running DEPROUND with probabilities
(p1,---,pn) and unit weights (1,...,1). Let a; = min{p;,1 — p;}. Let I and I~ be disjoint subsets of
[n]. Let ¢ =p; fori € I, and let ¢ =1 —1p; fori € I~ ; let I =IT UI". Define

1 1 1
J = ([n]\ 1), /\::HpiH(l—pi), &= ’J|ZO¢], and T::mzi‘.
eIt gel- JjeJ 9

Then,

(1_t(;qa>)A<E IIx]a-x) g(unéd)t—u.

ielt el—

Furthermore, if ), p; is an integer, then X has no fractional elements.

3.4.1 An alternative lower bound

All the lower bounds given thus far become negative for ¢ larger than O(y/n). We may derive an alternative
lower bound which remains positive even for larger values of t. We will do this for the uniform weight
case for simplicity, but it may be adapted in a straightforward manner to the weighted case.

Corollary 3.14. Suppose ay = az = --- = a, = 1. Let d be an integer which satisfies (1 — a)? < o and
d<(n-—t)/(t—1). Then

(1 - m>t (1 - (1_0401)(1)%1 <E ingiil_][(l - X;)

Proof. Start with the lower bound given by Lemma 3.6. As mentioned before, if all a; = 1, we may use
o = [Lies, (1 — i) < (1 - o)kl To lower bound the expression, we will focus on the event that sets

Ji,...,Ji_1 all have at least d elements, and use the trivial bound of 0 if this event does not occur.
=1 -1 t—1
1 — o)l t 1—a)d
Hmax{l— ,0} > E |max 1—¢,0 > Pr /\\Jk]Zd (1—(0[)>
4o (k) « o1 o

To calculate this probability, recall that in Lemma 3.7, we showed that the distribution of (|.J;|,...,|J:|)
is equivalent to the uniform distribution over unique arrangements of n —t identical balls into ¢+ 1 boxes.
Note there are (?) such arrangements. In this distribution, the equivalent event is that the middle ¢ — 1
boxes each contain d or more balls. To count these arrangements, we add d balls to each of the middle

t — 1 boxes ahead of time and then count how many ways there are to add the remaining n —¢t — (t — 1)d

balls to t + 1 boxes, which is (nf(ttfl)d). So,
t—1 t t
n—({t—1)d—t+1 (t—1)d
Ji| > d =(1—- ———
r[/\’k’_ < n—t+1 ) ( n—t+1

k=1

(n—(t—l)d)

t

>

Vv
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By choosing d = P%ﬂ, the bound is close to 1 for ¢ up to O(y/n/Inn), but remains positive for
t=0(n/Inn) (for « = ©(1) and sufficiently large n.)

4 Improved bi-point rounding algorithm

4.1 A lower bound on bi-point rounding factors

We define a family of bi-point solutions and show that the optimal rounding factor, even when opening
k + o(k) facilities, approaches HT\@ ~ 1.207 for large instances. When counting facilities we will use
fractional values proportional to k, and assume that & is sufficiently large so that the effect of rounding
these to integer values is negligible. Then define the instance as follows.

Let F1 and F> be facility sets of size fik and faok, respectively, for some constants f; < 1 and fo > 1.
Then it follows that (a,b) = ( JZ;Q__fll, ]}2__];}1 ). Define the client set J as such: for every pair of facilities
i1 € F1 and ig € Fa, place a single client j with d(j,41) = « and d(j,i2) = 1 — «a, for some constant
% < a < 1. Let all other distances be the maximal such values permitted by the triangle inequality. This
means for every i € Fi \ {41} we have d(j,i) = 2 — a, and for every i € Fo \ {i2} we have d(j,i) = 1+ a.

Because of the symmetry of the instance, any integer solution may be uniquely defined by the pro-
portion of facilities opened in F; and F3. Opening less than than k facilities can only hurt the so-
lution, so assume we open exactly k. Let S(z) be the solution which opens zf1k facilities in F; and
k—xfik = (1 — xzf1)k facilities in F,. Also, we always open at least 1 facility in Fi, even if we have to
borrow 1 from F5. For sufficiently large k, this does not affect the proportions.

Since it doesn’t matter which facilities we open within either set, suppose (for ease of analysis) we
randomly open z f1k facilities in F; and (1 — x f1)k facilities in Fo. What is the expected cost of a client
j? The closest facility is i2(j) of distance 1 — «, followed by i1(j) of distance «. The third closest facility
is any other facility in Ji; these are all 2 — « away, and at least one will always be open. Thus we may
calculate the expected distance as follows. Note that we open in proportion x of F; and 1—%& of Fa,
independently of one another.

1-— :Efl
f2
The expression is quadratic in = with a negative coefficient on 2. Thus, it will be minimized at one of

the two edge cases x = 0 or = 1, and one of these two must yield the optimal solution. Summing over
all clients, and observing that the total cost is actually deterministic, we get

imin {20 L g QoD
OPT = |J| {2 a f2,a—|— £

On the other hand, the cost of the bi-point solution itself is

(1-fa)a+ (-1 -«a)
fi—fa

Now fixing o = %, fi=1(4—v2)and fo = 2(34+V/2), we get that the ratio of cost between the optimal
1+v2
S

1—xfi
P

E[COST(j)] = (1-a)+ <1 - >(:ca+ (1-2)(2—a))

al Tl +bT|(1 - a) = [T

integer solution and the bi-point solution is

Finally, suppose we take any S(z) and open o(k) additional facilities in either or both sets. Then the
respective proportions we open of F; and F» are %ﬁ{?(k) =z + o(1) and (l_zf12)},§+o(k) = l—fzﬁ +o(1).
Thus, for sufficiently large k, the increase to the proportions is negligible and we obtain the same cost

ratio.

27



4.2 Preliminaries

For a given k-median instance Z, we can apply JMS’ from Section 2 to obtain a bi-point solution whose
cost is at most 1.9524 - OPT7. We refer to F1, F2,a,b, D1, and Dy as defined in Definition 1.1.

Definition 4.1 (Stars). For a given bi-point solution aF; + bFa, we associate each facility iy € Fo to its
closest facility iy € Fi (breaking ties arbitrarily). For each i € Fi, the set of i and its associated facilities
in Fo s called a star. We refer to i as the center of the star and other facilities in the star as leaves.
Also let S; denote the set of leaves of the star with center i.

Now we further partition the stars by their number of leaves. Let Tg be the set of stars with no leaves,
T1 be the set of stars with one leaf, and 75 be the set of stars with at least 2 leaves. We call the stars
in 79,71, 72 as O-stars, 1-stars, and 2-stars, respectively. Let Cy,Cy,Cs be the sets of centers of stars in
To, T1, T2, respectively. Let L1, Lo be the sets of leaves of stars in 71, Ta, respectively. For a client j, let
11(7) and i2(j) denote the closest facilities to j in F; and F; respectively.

Definition 4.2 (Neighbors of a star). For a star S;, let §(S;) denote the set of all clients j such that
i2(7) is a leaf in S;. Note that the sets 0(S;) with i € Fy are pairwise disjoint and partition the set of all
clients.

We also use the following notations: Ap := |Fa| — |Fi|,7p := Da/D1,7¢ := |Co|/AF, 71 := |C1|/AF,
To = |C2|/AF, and Sg = 1/(1 +’I“0).

In this section, we describe a set of randomized algorithms to round a bi-point solution into a pseudo-
solution which opens at most k£ + O(1) facilities. In order to keep the number of extra facilities bounded,
we consider several different cases depending on certain properties of the bi-point solution. In the main
case, we get a 1.3371 + € approximation, utilizing DEPROUND to open only O(log(1/¢)) extra facilities.
In the edge cases, we are able to use weaker, but simpler techniques to obtain the same bound.

4.3 Main case: sy > 5/6,b € [0.508,3/4],rp € [19/40,2/3], and > 1
For each 1-star with center ¢ and leaf 7/, we define the following ratio:

B d(i,i")
U minjeg, di.7)°

We partition the set 77 into sets 714 of long stars and Tig of short stars as follows. We sort all the
stars in 77 in decreasing order of g;. Let T4 be the set of the first [aAp] stars of 71 and Tip := T1 \ T14.
Also let C14 and Ci1p be the sets of centers of stars in 714 and Tip, respectively. Similarly, let £14 and
L1p be the corresponding sets of leaves. Note that 714 is well-defined since |71|/Ar = r1 > 1 implies
ITi| > Ap.

Next, we describe a rounding scheme called A(pg, p14, 14, P18, @1 B, P2, ¢2) which is the main procedure
of our algorithm. The purpose of A is to (for X € {0,14,1p,2}) randomly open roughly px fraction of
facilities in Cx, and gx fraction of facilities in £y, while maintaining the important property that if any
leaves of a star are closed, its center will be opened — except in some cases where we completely close all
stars in Tq4.

When py # 0, we further partition 72 into “large” and “small” stars (as in [24]). For a given
parameter n > 0, we say that a star centered at ¢ € Cy is large if |S;| > 1/(p2n) and small otherwise. Let

B = min{g2,1 — ¢2} and ¢ = (%1 Then, we group the small stars according to their sizes: For each

s=1,...,[log15(1/(p2n))] — 1, let Gy :={i € Co : (1 + B)° < S| < (1 + B)5t1}.
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Algorithm 1 ROUND2STARS(p2, ¢2)

1: Open the centers of all large stars. Let C) be the set of these centers, and let £} be the set of their
leaves. Randomly open a subset of size [ga(|L5] — |CS])] of L.

2: for s =1,...,[logy,5(1/(p2n))] — 1 do

Let A, P be vectors with 4; = |S;| — 1 and P; = g9 for i € Gs.

Let X be the vector returned by DEPROUND on A and P.

For all integer elements X;, if X; = 1, open all facilities in S;. Else, open the center i.

Let X;» be the fractional element (if any). Open the center of S;+ and a random set of size | X;«

of Si* .

7. Pick min{c, |Gs|} centers of stars in G, uniformly at random and open them if not already opened.

8: end for

S+

|

Algorithm 2 A(po, p14, q14,P1B, 118, P2, 42)
1: Randomly open a subset of size [pg|Co|] of Co.
2: Take a random permutation of 77 4. Open the centers of the first [p14|714]|] stars and the leaves of
the last [g14]|T14]]-
3: Take a random permutation of 715. Open the centers of the first [p1p|715|| stars and the leaves of
the last [q158|TiB|]-
if po =1 or p» =0 then
Open all or none of Cy, respectively. Also open a random subset of size [ga|L2|] of Ls.
else
ROUND2STARS (p2, q2).
end if
Return the set of all opened facilities.

4.3.1 Main algorithm

The details of A are summarized in Algorithm 2 and its subroutine ROUND2STARS. Our main
algorithm will simply run A with 8 different sets of parameters and return the solution with minimum
connection cost. We refer to these calls of A as algorithms Ay, --- , Ag. See Table 2 for a complete set
of parameters. It is easy to see that all numbers in the table belong to [0,1] as b > a, 0 < sg < 1, and
ro > 0.

The algorithm itself runs in linear time. However, when we use Li and Svensson’s algorithm to convert
our pseudo-solution to a feasible one, it will take time O(n®(©/9) in total, where C is the number of extra
facilities we open. So it is important that C'is a (preferably small) constant. A few of these extra facilities
come from handling basic rounding (e.g. [g2|L2|]), however, the majority come from handling the positive
correlation within the groups Gs. Li and Svensson considered O(1/n) groups of stars, each with uniform
size, and bounded the positive correlation by adding a few extra facilities per group. Property (A2) of
DEPROUND allows us to run it on a group with stars of varying sizes. This allows us to use a geometric
grouping of stars, and thus open only O(log(1/n)) facilities. Property (A3) gives a bound on the positive
correlation, so that we may compensate for it by adding O(1/3?) extra facilities per group. Thus, 3
must be bounded away from zero, which strongly motivates our restriction of the domain of the main
algorithm.

Note that if we run A with parameters pg = p1a = p1p = p2 = a, and ¢14 = (18 = ¢2 = b, the
resulting algorithm is essentially the same as that given in [24]. (The set of algorithms we use subsumes
the need for this one.) The main difference in this case is that we need open only O(log(1/e€)) extra
facilities instead of O(1/e).
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Algorithms | po | p1a | 14 | P1B | 1B P2 g2
Ay 0 0 1 0 1 aso 1—asp
./42 1 0 1 0 1 1-— bSo bS()
.A3 1 0 1 1 0 1-— bSo bSQ
./44 1 1 0 0 1 1-— bSo bSo
.A5 1 1 0 1 0 1-— bSO bSo
Ag 1] 1 1 1 0 |1—(b—a)so | (b—a)so
Az 1|1 ,0]1]0 1 $bso
Asg 0 0 0 0 1 0 1
Table 2: Calls of A.
4.3.2 Bounding the number of opened facilities
Since our main algorithm will return one of the solutions by Aj,--- , . Ag, we need to show that none of

these will open too many facilities. Algorithm 2 essentially partitions all stars into a constant number
of groups. Consider the budget of each group, which is the expected number of facilities opened in that
group if we independently open each facility in Cx with probability px and each in Lx with qx. We
want to show that for each group, the number of facilities opened is always within an additive constant
of that group’s budget. The trickiest groups are the groups of small stars {Gs}.

Lemma 4.1. For each group Gs, let C(s) and L(s) be the set of centers and leaves of stars in Gs respec-
tively. Then ROUND2STARS always opens at most p2|C(s)| + q2|L(s)| + ¢ + 2 facilities in C(s) U L(s).

Proof. By property (A2) of DEPROUND, we have with probability 1 that

Y XlSil 1) = a(lsi|-1).

1€C(s) 1€C(s)

The number of facilities opened in lines 5 and 6 is at most

S (IS (1= X))+ 1 (XS]]
1€C(s),ii*

< ) XIS =D+ (C(s)] = 1) + 2+ X (ISie] = 1) + X
1€C(s) i
= > Xi(Si] - 1)+ (IC(s)| — 1) + 2 + X»
1€C(s)
= > @S| = 1) +C(s)| + 1+ X
1€C(s)
<D @ISl —1)+[C(s)] + 2
1€C(s)
= (@S- +1)+2= > (q2|Si| +p2) + 2 = pa|C(s)| + gl £(s)| + 2,
1€C(s) 1€C(s)

where in the penultimate step we have used that ps + g2 = 1 whenever ROUND2STARS is called. (This
follows from Aj; ... As, except A7 where ROUND2STARS would never be called.) The lemma follows
because we open at most ¢ additional facilities in line 7. 0
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Note that the number of groups of small stars is at most logy, 3(1/(p2n)), and we open at most
c+2 = [16/(35%)] + 2 additional facilities in each group. It is straightforward to see that the other
groups (714, Tip, and large stars) only open a constant number of extra facilities, and so our total
budget is violated by only a constant amount. The following claim shows that 5 and po are strictly
greater than zero (i.e., ¢ and the number of groups are upper-bounded by real constants.) All remaining
proofs in this section are in Appendix B.

Claim 4.2. When ROUND2STARS is called, we have 8 > 0.014 and py > 5/24.

Since we open basically O(ﬁir3 log(%)) extra facilities, these small lower bounds lead to poor constants.
Significant improvement may be made by further splitting the cases, and carefully choosing the set of
algorithms used in each. However, in order to avoid further complicating the algorithm and analysis, we
do not attempt to optimize these values here.

Lemma 4.3. For any given set of parameters {po,p14,q1A,P1B, 1B, P2, q2} in Table 2, A will open at
most E 4+ O(log(1/n)) facilities with probability 1, where

E :=po|Co| + p1a|Cia| + q14]C14] + p1B|C1B| + 1B|C1B| + P2|C2| + g2|L2].

The O(log(1/n)) term comes as a result of us opening O(log(1/n)) small groups G,;. The parameters
in Ay, ---, Ag are carefully chosen so that the total budget E ~ k in each case. This gives us the following
result.

Lemma 4.4. Algorithms Ay, --- , Ag will always open at most k + O(log(1/n)) facilities.

4.3.3 Cost analysis

We now derive bounds for the expected connection cost of a single client. For each client j € 7, let
i1(j) and i2(j) be the client’s closest facilities in F; and Fa, and let di(j) and da(j) be their respective
distances from j. Also let i3(j) be the center of the star containing i2(j). (Where obvious, we omit the
parameter j.) We will obtain several different upper bounds, depending on the class of the star in which
i1(7) and iy(j) lie. Full derivations of these bounds are in Appendix C. A key characteristic of Algorithm
2 is that for any star in class Y € {14, 15,2}, as long as py + ¢y > 1, it will always open either the star’s
center or all of the star’s leaves. By definition of stars, we know 43 is not too far away. We will slightly
abuse notation and let 4 and i represent the events that facility i is opened or closed, respectively. By
considering these probabilities, we obtain the following two bounds, similar to the one used in [24].

Lemma 4.5. Let j be a client. Suppose we are running one of algorithms Ay to A7, OR we are running
As and i9(j) & L1a4. Then the expected connection cost of j after running Algorithm 2 is bounded above
by both 0213<j> =do + Pr[ig](dl — dg) + 2Pr[z’1i2]d2 and Clgg(j) =di + Pr[il](dg — dl) + Pl‘[ilig](dl + dg).

In As, p1a = g14 = 0, meaning all stars in 7;4 have both center and leaf closed, so if i9 € L1 the
previous bound does not hold. In this case, let i4 be the closest leaf of a 2-star to 3. Recall the definition
of g;; this gives us information on the distance to 4. Let g := min;cc, , g; be the minimum value over all
stars in 714. Then we may bound the cost to i4 (or its center, in the worst case) as follows:

Lemma 4.6. Let j be a client such that i2(j) € L14. Then the expected connection cost of j, when
running As, is bounded above by c145(j) := dy + Prliy] <2d2 + é(dl + dg)) + Pr[%ﬂ;;]é(dl + do).

These two lemmas provide a valid bound for all clients. However, the bound in Lemma 4.6 may be
very poor if g is small. To balance this, we provide another bound which does well for small g.
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Lemma 4.7. Let j be a client such that i1(j) € C1p and i2(j) € Lo. Then in all algorithms, the expected
cost of 7 is bounded above by both of the following:

Czlg(j) =dy + Prﬁg] (dl — d2) + Pl“[gng]g(dl + dQ)
6120(j) =d; + Pr[gl](dg — dl) + Pl“[glgz](dl —dy + g(d1 + dg))

(Note: as we observe in the proof of the above, the coefficient (d; — d2 + ¢g(d1 + d2)) is nonnegative.)
The following lemma relates the probabilities in the above bounds to the parameters of the algorithm.
In particular, we take advantage of properties (A1) and (A3) of DEPROUND as described in Section 3.2.

Lemma 4.8. Let iy and ia be any two facilities in Fy and Fa, respectively. Let XY € {0,14,1p,2} be
the classes such that iy € Cx and ia € Ly. Then for any A(po,p14,q14, P18, 418, P2, q2) in Table 2, the
following are true:

Pr[i;] <1-— (49)
Prlis] < (1 + )(1 —ay) (50)
Prliria] < (14 n)(1 —px)(1 —qy) (51)

Proof. Consider i1. Suppose i1 € Cx. If X € {0,14,1p}, we have Pr[i1] > px (by lines 1, 2, and 3 of
Algorithm 2). Otherwise X = 2. If pp = 0 or po = 1, line 5 of Algorithm 2 is executed and Pr[i1] = po
exactly. Else, we run ROUND2STARS. If i1 is part of a large star, then it is always opened so Pr[i1] = 0.
Else, i1 is in a small star, and we have Pr[i1] < Pr[X;, = 1] < E[X;,] = ¢2 = 1 — p2. This holds because
i1 only occurs when X;, = 1. In all cases (49) holds.

Consider 3. Suppose i2 € Ly. If Y € {14,1p}, we have Pr[ia] > gy. Otherwise Y = 2. Again, if line
5 of Algorithm 2 is executed, Pr[is] > ¢2. Else, we run ROUND2STARS. Consider the case that iy € L) is
part of a big star. Recall that big stars have at least 1/(p2n) = 1/((1 — g2)n) leaves. Then

L5 —|Ch C)
) (G 1G]
125 2

Prlig] > >@p—-1-@n=1-(1-q¢)1+n).

Otherwise, iz is part of some small star, with center i3. If X;, is 1 or 0, by line 5, Pr[is] = Xj,. If
0 < Xj, < 1, then by line 6, Pr[is] > X;,. So in any case, we have Pr[is|X;, = 2] > . Note that each
indicator returned by DEPROUND can only take finitely many values in [0,1]. Letting & be the set of
these values, we have

Pr| ZPrzz\XZS—x]Pr is = T| > ZxPr is = ] = E[X;,] = ¢o.
el xelU

In all cases (50) holds.

Now consider both i; and is. There are many cases to consider, but most of them are easy. If i, and
io belong to stars of different classes, then they are opened independently, so Prlijis] = Prli1] Pr[is] <
(I1+n)(1 —px)(1—gqy). For the remaining cases, i; € Cx and ip € Lx for the same class X € {14,15,2}.
There is a special case where X = 14, and we are running Ag. In this case, p1a = ¢4 = 0 so Pr[fﬁg] =
1=(1=p1a)(1 —qra). Otherwise, if X € {14, 15}, then at least one of ¢x and px is 1, so all centers or
leaves are opened, so Pr[ijis] = 0.

The remaining case is when X = 2. Notice that line 5 of Algorithm 2 is called when either ps = 0
or po = 1. The only time ps = 0 is Ag, in which ga = 1, so all the leaves are opened and Pr[ijis] = 0.
If po = 1, then i; is always opened and Prlijis] = 0. Otherwise 7Tz is divided into one group of large
stars, and many groups Gs of smalls stars. Again, if ¢; and o are in different groups, they are rounded
independently. If they are both in a big star, then i; will always be opened and Pr[iyis] = 0. If they are

32



both in the exact same small star, then the center-or-leaves property of our algorithm implies they will
never both be closed, so Pr[ijis] = 0.

In the only remaining case, we have that ROUND2STARS is run (and py + g2 = 1), and 4; and iy lie
in separate stars within the same group Gs. Let £ be the event that “i; is among the ¢ random facilities
chosen to be opened in line 7 of ROUND2STARS”. We first show

PI‘[Xil =1A 1_2] < Z Tiy PI‘[)(Z'1 =z N 2_2]
xz‘IGZ/{

= Z T4y Z PI"[Xil =x4y N Z; A Xi3 = $¢3]

Ti €U Tig cu

= Z Ty Z PI‘[Z;‘X“ =xj N X’ig = CL‘Z'?)] PI‘{XZ‘I =y N X’is = SCZ'S]
1‘1'16[/{ :177;361/{

< Z Tiy Z — x4y) Pr[X;, = iy A Xy = ]
xi) €EU zig €U
= E[Xil(l - XZS)]

Using this, we can bound Pr[iyis] as follows. Conditioned on &, iy is closed iff X;, = 1. Thus,

Prliyis] = Pr[é’] Pr[i1i2|€] + (1 — Pr[&]) Pr[iyiz|&]

P
-G °+< gsr) tfirizlé]

=(1- Pr[X;, =1 Ais|€
( |gs|> 1“[ /\12|5]

_ (1_ | s|) Pr[X;, = 1 Ay

< (1 - |gcs|> <1+3|9186|52> (1= p2)(1 - g2),

where we have applied Corollary 3.12 from section 3.2. There are ¢t = 2 variables of interest, n = |G|
total variables, and o = min{qq,1 — g2} = 3.

We want to choose ¢ such that (1 I |> <1 + 30 |52> <1+ n, or equivalently,

16/(36%) — |G|
= 11 16/(31G.|5%)

Therefore, our choice of ¢ = [16/(35%)] implies that (51) holds true in all cases.

4.3.4 The nonlinear factor-revealing program

Now we will construct a nonlinear program which bounds the ratio between the total connection cost
and the cost of the bi-point solution. We first introduce some necessary notation. Partition the clients
into classes according to the types of stars in which i1(j) and ia(j) lie:

JEY) = {j e T |ir(j) €Cx A i2(j) € Ly} VX €{0,14,15,2},Y € {14, 15,2}
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Furthermore, since we have multiple cost bounds available, we want to use the one which will be smallest
for each client. Simply put, we want to try connecting the client to the closest facility first. To this end,
we define subclasses for clients who are closer to either i1(j) or i2(j), respectively:
TP = {j € TV | da(j) < da()} (52)
TV = {5 € TEV | di(j) < da(4)}- (53)

For (X,Y) = (1p,2), we define the subclasses slightly differently. This takes into account whether each
client is closer to ig(j) or i3(j):

JPUe2) = {j e 0B | dy < dy Ady + 2dy < di + g(dy + da)} (54)
g2 .= {5 e 7082 | dy < dy Ady + g(dy + do) < dy + 2da} (55)
gV .= (5 e 718D | 4y < dy Ady +2dy < dy + g(di + da)} (56)
JN0s2) = (e 7082 | d) < dy Ady + g(dy + dy) < dy + 2dy}. (57)

Define the following set of classes, observing {J%}zcz fully partitions the set of clients.

Z={P'(15,2),N(1p2}u () {WEXY)}
We{P,N}
X6{071A71372}
Y€{1A71572}
For each client class Z € Z, let D? := > jerzdi1(j) and D% .= >_jesz d2(j), be the total cost contribu-
tion to Dy or Ds, respectively, from clients in class JZ. Then define the following:

Csh3:= D3 + (1 — qv)(D{ — DF) +2(1 — px)(1 — qv)Dj5

Cias == D§ + (1 —px)(D5 — DY) +2(1 — px)(1 — qv)D

Csho = D§ + (1 —qv)(DY = D5) + (1 — px)(1 — qv)g(DY + DF)

Ciao := D{ + (1 —px)(D§ — DY) + (1 — px)(1 — qv)g(D{ — D§ + g(D{ + D))

1
% = DY + (1 - px) 2D2Z+g(D1Z+DQZ)>+(1—PX)(1—Q2) (D7 + DF).

Finally, given an algorithm A; = A(po,p14,q14, P18, 018, P2, q2), define

Pl(1p,2 N'(1p,2 P(X,Y N(X,Y
COSTy(A) =Cid'®? + Oigd'# P+ 3 (e + o) (58)
X€{0,14,15,2}
Ye{lalp2)
P 15,2 P(X,Y N(X,Y X1
COSTy(A;) 0210( 22 4 0120( 22 4 Z (021(3 S C12§a ’ )) + Z C£45’ A (59)
Xe{0,14,15,2} X€{0,14,15,2}
Y€{13,2}

Lemma 4.9. For algorithms Ay, ..., A7, the total expected cost is bounded above by (1 + n)COST)(A;).
The expected cost of As is bounded above by (1 + n)COST(Ag).

Proof. Sum the bounds from Lemmas 4.5, 4.6, and 4.7 over each corresponding client class, and apply the
bounds from Lemma 4.8. To apply those upper bounds, we need that the coefficients of Pr[i;], Pr[iyis] (or
similar terms) are nonnegative. This follows by definition of the class being summed over. (For example,
for class P(X,Y), we have do < dj, so dj —dy > 0.) By linearity of expectation, we get the total expected
cost of the algorithm. O
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Our NLP: max X (60)
st X < COSTy(A) Vie{1,2,3,4,5,6,7} (61)
X < COSTy(As) (62)
D% < D? VZ = P(X,Y)or Z= P'(13,2) (63)
D% > D? VZ = N(X,Y)or Z=N'(1g,2) (64)
(2- gDy 2P <gp"1#P  ww e {P,N} (65)
(2 - g)pY¥ 15D > plWiis2) YV € {P',N"} (66)
p 1
2=, (67)
Z D
Z;DQ =TT (68)
0.508 < b < 3/4 (69)
19/40 < rp < 2/3 (70)
5/6 <s9<1
9=>0
DZ,DF >0 VZec2Zz

Lemma 4.10. Given a bi-point solution with cost aD1+bDs as input, with so > 5/6,b € [0.508,3/4],mp €
[19/40,2/3], and r1 > 1, the best solution returned by Ai,..., As has expected cost E[COST] < X* -

(1 + n)(aDy 4+ bD3), where X* is the solution to the above nonlinear program. Furthermore, X* €
[1.3370, 1.3371].

Proof. Given a bi-point instance aF; + bFa, first normalize all the distances by dividing by aD; 4 bDs.
This does not change the solution or the ratio of approximation obtained. Let X be the cost of the
solution given by Algorithm 2. Because of the normalization, X is also the bi-point rounding factor.
Constraints (61) and (62) must hold because we take the best cost of all algorithms. Lemma 4.9 shows
that X may be a factor (1 + n) larger. Constraints (63), (64), (65), and (66) must hold by definition
of each client class (see (52) through (57)). Constraints (67) and (68) enforce that the corresponding
distance contributions from each client class sum to D; and Dy (normalized).

We observe that for a fixed set of values of b, rp, sg, and g, the program becomes linear. As described
in Appendix D, we exploit this with computer-assisted methods (rigorous interval-arithmetic) and prove
that 1.3370 < X* < 1.3371. O

4.4 Algorithms for edge cases

We have several border cases which we handle in a different, generally simpler, manner. The algorithms
and proofs are given in the appendix.

Lemma 4.11. There is a (1 +n) - 1.337-approzimation algorithm for rounding the bi-point solution and
opens at most k + O(log(1/n)) facilities when either b < 0.508, b > 3/4, rp < 19/40, or rp > 2/3.

Lemma 4.12. There is a (1+n)-1.335-approzimation algorithm for rounding the bi-point solution which
opens at most k + O(log(1/n)) facilities when sy < 5/6,b € [0.508,3/4], and rp € [19/40,2/3].
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Lemma 4.13. There is a (1+n)-1.337-approzimation algorithm for rounding the bi-point solution which
opens at most k + O(log(1/n)) facilities when sy > 5/6,b € [0.508,3/4],rp € [19/40,2/3], and 1 < 1.

The result is summarized in the following theorem.

Theorem 4.14. There is a (1 + n) - 1.3371-approzimation algorithm for rounding the bi-point solution
which opens at most k + O(log(1/n)) facilties.

4.5 Dichotomy result

In the last subsections, we introduced a (2.611 + ¢€)-approximation algorithm for the k-median problem
which runs in O (no((l/ €) log(1/ 6))) time. Now we show that by using a simple scaling technique and careful
analysis, we can either improve the runtime by getting rid of the log(1/¢) factor in the power of n, or we
can improve the approximation ratio. Our result is summarized in the following theorem. Recall from
the last subsection that, when ROUND2STARS(p2, ¢2) is called, 5 := min{qe,1 — g2} is strictly bounded
away from zero.

Theorem 4.15. For any instance I of the k-median problem, and a fived parameter ¢ > 0 small enough,
there exists either

e a randomized (2.611 + €)-approxzimation algorithm which produces a solution to T with constant
probability and runs in O(no(l/")) time, or

o a (1.953 + €)-approzimation algorithm for T which runs in O(nC®Y1/))) time.

We say that a star S; with i € Cq is small if 2 < |§;| < %0 for some constant ¢y > 0. Otherwise,
|S;| > %0 and we call it a large star. Again, let C; and £}, denote sets of centers and leaves of large stars.
Also let CJ and L be sets of centers and leaves of small stars.

First, observe that for large stars, we can reuse the following trick: move a little mass from the leaves
to open the center. In other words, we will open C} and a subset of size [qa(|L5] — |C4])] of L. For
ig € L}, it is not hard to show that Pr[is] > ¢ — pn (i.e. the loss is negligible). We open 1 extra facility
in this class. Recall that A opens at most 4 extra facilities in 7o U 73 UC5 U L5. The question is can we
also reduce the number of extra opened facilities which are part of small stars (previously, this number
was O(log(1/n)))? We consider the following cases.

e Case 1: |C)| > f(1/n) for some function f = O(poly(1/n)) to be determined. In this case, we have
a lot of small stars. We scale down the probability of opening the leaves by (1 — 1) and open/close
the centers/leaves independently. We show that, with constant probability, the algorithm returns
a feasible solution whose cost is only blown up by a small factor of (1 + 7).

e Case 2: |L4] + |L5] < g(1/n) for some function g = O(poly(1/n)) to be determined. In this case,
the number of leaves should be small enough so that we can simply open all the leaves in £5. The
number of extra opened facilities is O(g(1/n)). However, we achieve a pseudo solution with no loss
in connection cost compared to the bipoint solution.

e Case 3: Neither Case 1 nor Case 2 holds (i.e. [CJ| < f(1/n) and |L,| + |£5] > g(1/n)). Note that,
by definition of small stars,
n n

This implies that

12512 9(1/n) — 1241 > g(1/) - 2L,
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Intuitively, the number of centers and leaves of small stars are upper-bounded by some constant.
On the other hand, we have a lower-bound on the number of leaves of large stars. If we have enough
leaves in L5, we can scale down the probability to open each facility in £5 so that all centers in CJ
can be opened without violation.

See Appendix F for details of these cases.

5 Discussion

We conclude with a specific discussion followed by more general speculation.

In Section 4, we considered a selection of counterbalancing algorithms which were chosen (with nu-
merical aid) to be a minimal such set which obtains the bi-point rounding factor 1.3371. However, this
can be improved, if only slightly, at the cost of adding more nonlinear variables to the factor-revealing
program. We currently split the 1-stars into two groups based on their size-to-distance ratio g;, and a
threshold g. We assume this ratio may be unbounded on either side of the threshold, yet the analysis is
only tight when all g; are exactly g. We could exploit this by splitting the 1-stars into 3 or more classes,
with multiple thresholds, and adding more sets of parameters to take advantage of the division. Testing
this with three classes, we get a new factor in the interval [1.332,1.3371). So we know there is a little
more gain to be had, but it adds more complexity to the algorithm and analysis.

Also, consider that in our algorithm we have fixed the parameter 14 so that it is exactly large enough
to close and open all the big leaves (Ag). This is a strategic choice, and makes the algorithms simple.
However, it is possible that there is a better choice, as a function of some other variables in the instance.
It is also possible to fix g instead and let r14 be a variable in the program, but this creates more cases.
A purely analytical analysis would be greatly helpful toward choosing the appropriate parameter.

A rough lower bound on the potential improvement from these ideas is 3+4‘/5 ~ 1.309, as this is ratio

we get on an instance with no 1-stars (or O-stars) at all, by opening roots and leaves with proportions
(a,b) and (1,b/2).

Recent years have seen significant progress on hard-capacitated problems, e.g., for vertex-cover and its
variants [10, 14, 9]. However, progress on the different variants of capacitated has been slower: see, e.g.,
[2, 20, 23] and the references therein. We suggest speculatively that the (probabilistic) analog of [28] for
bipartite graphs — the work of [15] — may help with ensuring that the capacity constraints are met with
probability one, while ensuring other desired negative-correlation and near-independence properties.
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Appendix

Proofs for Section 3: DEPROUND

Proof. (Lemma 3.1) (B3) holds by definition in each case. The remaining properties may be shown on a
case-by-case basis. As example, we partially prove case I:

I Y SRS UL/ 2) =
EPr[X; =1]] = a1 81 + azfo 0+ a1 51 + a2 (ﬁl " 62&1) -

and similarly E[Pr[Xy = 1]] = (2, so (B1) holds. If X; is fixed, we have

a1 PriXi =1+ aPr(Xo =1 =0+ a <52 + 5122) = a1 + a2

and similarly if X is fixed, so (B2) also holds. If X is fixed, then Pr[Xs = 1] is set to

a1 ai1fi +azB2 _ min{aq, a2 as a1
Bot B2 = cmindma) oy 0
az a a as az

and is thus valid. Likewise if X5 is fixed, then Pr[X; = 1] is also set to a valid probability, so (B4) holds.
The remaining cases are omitted as they are equally straightforward to show. O
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B Proofs: Bounding the number of opened facilities

Proof. (Claim 4.2) ROUND2STARS is only called during Aj,..., As. (In A7 and Ag, line 5 is called
instead.) Consider possible values of py and g2 in Table 2. Recall that sy € [5/6, 1], b € [0.508,3/4] and
a+ b= 1. The minimum of 8 = min{qgs, 1 — g2} is attained at go = (b — a)sp, b = 0.508 and sy = 5/6.
Also, the minimum of ps is attained at ps = asg, a = 1/4, and sg = 5/6. O

Proof. (Lemma 4.3) We consider Algorithm 2. It is easy to see that

e In line 1, we open at most pg|Co| + 1 facilities,

In line 2, we open at most p1a|Ci4| + q14|C1a| + 2 facilities,

In line 3, we open at most p1|C1p| + ¢15|C18| + 2 facilities,

If line 5 is executed then we open at most ps|Ca| + g2|Lo| + 1 facilities,
e Otherwise, ROUND2STARS is called:
o In line 1, the number of opened facilities is
Col + [q2(IL5] = IC3])] < 1+ [Col + q2(|L5] = [C3]) = p2|Ca| + 2| £5] + 1,

where the equality follows due to the fact that 1 — g = p2 whenever ROUND2STARS is called.

o By Lemma 4.1 and Claim 4.2, the number of facilities opened by the for loop (lines 3...7) is

at most
[logy4(1/(p2m))1—1 [log144(1/(p2m))]-1
> (p2AC()] + gl £(s)| + e+ 2) = > (p2lC(s)] + g2l £(s)]) + O(log(1/n))
s=1 s=1

The lemma follows by taking the sum of opened facilities in each case.
O

Proof. (Lemma 4.4) Since b € [1/2,3/4] and so < 1, py is bounded away from 0 in Ay, ..., Ag. Note that
ROUND2STARS is not called in A7 and Ag; at most E+ 1 facilities can be opened in these two algorithms.

By Lemma 4.3, it suffices to show that F < k + 1. The proof is straightforward. We substitute the
parameters in Table 2 and sy = m =1+ % to compute E in each case. We use simple facts

such as |C14| = |L14], [CiB| = |£1B], and [C1a| + |CiB| = |C1] to further simplify the expression. Also
recall that |C14| = [aAF], and thus aAp < [C14] < aAp + 1.

e For Ay, we have

FE = |C1A‘ + ’CIB| + CL80|C2’ + (1 — CLSO)‘,C2|
= ’C1| + a|Co‘ + a]C2| + b’[,2|
= a(|Co| + |C1| + |C2|) + b(|C1| + |L2]) = a|Fi1| + b|F2| = k.

e For Ay, A3, A4, and As, substituting the parameters gives the same E:

FE = |Cg‘ =+ ‘Cﬂ + (1 — b80)|62‘ + b80|£2’
=|Co| — b|Co| + |C1| + |Ca| — b|Ca] + b| L2
= a|F1| + b|F2| = k.

40



e For Ag, we have

E = |Co| + [Cra] + [Cra] + [Cin| + (1 = (b — a)s0)[C2| + (b — a)so|L2|
= ‘Co’ + |C1A’ + |C1| + (1 - (b - CL)S())|C2’ + (b - a)80|£2|
<1+ |Co|l +aAp +|Ci| 4+ (1 — (b —a)so)|Ca| + (b — a)so|L2]
=1+ Co| — b[Co| + |C1| + [Ca| — b|C2| + b| L2
=1+a|F|+bF| =k+1.

e For A7, we have

b
_ b
1/80 “+ 12
= |Co| = b|Co| + |C1| + [Ca| — bIC2| + b| L]

= a|.7:1| + b’fz’ =k.

< |Col + [C1] + |C2| + Lo

e For Ag, we have

E = |CiB| + | L]
= [C1] = [Cra| + |£2
< |Ci| — aAF + | L2
< |Cl| — Ap +bAfp + |£2|
= |Fi| + bAp = k.

C Proofs: Bounding client connection cost

Proof. (Lemma 4.5) For all these clients, we know that at least one of iy or i3 will always be open. First
consider the case that i1 # i3. Then the facilities are as shown below. Observe by the construction of stars,
i9 cannot be closer to i1 than i3 (otherwise i1 would be its center). Thus d(iz,i3) < d(i2,i1) < di + da.
It follows by the triangle inequality that d(j,i3) < d(j,i2) + d(i2,i3) < di + 2ds.

@,,,,ﬁl{,,,,””@g””@ <dy+dy @

Now let us connect j to 79 if open. Else, connect to i; if open. Else, connect to ¢3. The actual facility
which j connects to can only be closer than any of these. Thus, this yields the following upper bound for
the expected connection cost of j.

Cglg(j) = PT[iQ]dQ + PT[ing]dl + PT‘ﬁng](dl + 2d2)
= PT[iQ]dQ + PT[EQ]dl + QPT‘[gng]dQ
= d2 + PT[EQ](dl — dz) + 2PT[%1%2]d2, (71)
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where the subscript corresponds to the order in which we try connecting to facilities. Alternatively, we
may connect j first to 1 if open, else 4o if open, else i3. This gives the equally valid bound

0123( ) = P?"[Zl]dl + PT’[Zl’LQ]dQ + P?"[’Lllg](dl + 2d2)
= P’l“[ll]dl + P?“[’Ll]dz + P?“[lez](dl + d2)
=di + P'I"[gl](dQ — dl) + Pr[iﬁg](dl + dg) (72)

Now consider the remaining case that i; = i3. In this case, at least one of i1 or io will always be open.
Again, depending on which facility we attempt to connect to first, we can obtain either of two bounds:

c21(j) := Prlio]da + PrlizJdi < ca13(4)
c12(j) := Prli1]dy + Prlii]ds < c103(5).

Thus (71) and (72) are valid bounds in both cases. O

Proof. (Lemma 4.6) For these clients it is possible that i1, io and i3 are all closed. Let i4 be the closest
facility in L9 to i3, and let i5 be the center of i4. Then by definition, we have

_ dis,iz)
Jis d(is,i4)

This yields the following bound on d(i3,4) (and thus d(i4, i5)):

. .. 1 . 1
d(Z4,Z5) S d(23,24) = fd(lg,’bgg) -
Gis g

IA

(d1 + dg).

Now we know that if 74 is closed, then i5 must be open. We also know that io and i3 will always be
closed. In the case that i1 # i3 (which is shown above), we will try connecting, in order, to i1, i4, and i,
connecting to the first one which is open. This yields the following bound:

c145(F) :==Prli1]dy + Prliyi4] <d1 + 2do + g(dl + d2)) + Prliyi4] <d1 + 2dy + g(dl + d2)>
=dy + Prlii] (2d2 + g(d1 + dz)) + P?“[Z1Z4]g(d1 +dy). (73)

For the case that i1 = i3, we have the below situation:

dg l d1

Here 47 and io are always closed, so we try connecting first to 74, then to i5, giving the following bound:
045( ) =d + — (dl + dg) + PT[’L4] (d1 -+ dQ)

In this case Pr[il] = 1. Also since i1 € C14 and i4 € Lo are in different types of stars, they are rounded
independently, so Pr[i1is] = Pr[i1|Pr(i4] = Prlis]. Thus, c45(j) < c145(j), and the claim still holds. [
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Proof. (Lemma 4.7) In this case i1 € C1p. Let ip be the leaf attached to i;. Again, we know that if i¢ is
d(i,i")
minjec, d(,5)

respectively of a 1-star. Applying this to ¢; and g, we have

closed, i1 will be open. Recall that by definition g; = , where ¢ and ¢’ are the center and leaf,

(i1, ip) = giy mind(iy, i) < g - d(ir, iz) < g(d + da).
el

dq /,//‘\\ \dg

Now we may try connecting in order s, i1, ig, or alternatively, in order i1, i, g, yielding the following
bounds:

c210(j) := Prlis]da + Prliriz]di + Prliriz)(d1 + g(d1 + d2))

=dy + PT‘[%Q](dl — dz) + Prﬁﬂg]g(dl + dg) (74)
c120(7) := Prlir]dy + Prlivig]dy + Prliyia](di + g(d1 + d2))
= dl + PTﬁl](dQ — dl) + PTﬁng](dl — d2 + g(dl + dz)) (75)

Note that by definition of i3(j), we know d(j,i2) < d(j,49), or do < dj + g(di + dz2). This implies that the
coefficient (dy — da + g(dy + d2)) is nonnegative, a fact that will be used later. O

D Interval relaxation: Bounding the NLP

The non-linear program does not appear to admit a simple method of solving. We may find a local
maximum, but as the system is not concave, we have no guarantee of global optimality. However, we
observe that by fixing a small number of variables, the remaining system becomes linear and may be
solved exactly. Using this fact together with an interval arithmetic approach [30], we systematically
prove an upper bound of 1.3371 on the system.

Let V = {X,1}Uycz{D?,D%}. Then we may express each constraint C; in the following form,
where f; ; is a function of several variables:

Cj = Zfl,](b7 TD,g,SO)‘/; > 0

For each (4,7), define the constant ¢; j := max,,, g so)er fi,j(b, 7D, g, 50) to be the maximum value of
each function over the interval 1. And let

CJI = Zci,jvi 2 0

Since all variables in V' are nonnegative, we may relax the program by replacing each constraint C; in
the original program with constraint C'j’-. The new, relaxed program is linear and may thus be solved
efficiently. The solution is an upper bound on the value of the original program over interval I. The
relaxed bound may be rather loose, since each term is maximized independent of the others. However, for
sufficiently small intervals, the relaxation can approximate the original program to any desired precision.
(For intervals in which g may be 0 or infinitely large, we may get terms of the form % in the relaxed
equations. For these cases, we remove any algorithm which has these terms from the program.)

Our implementation starts with several large intervals and calculates an upper bound with the above
method. Any bound which is larger than the specified goal is divided into 16 subintervals (dividing in

half for each variable), and the program is run recursively on the new intervals.
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To speed up the search, we made several modifications to the program as stated. First, we only used
the P/N class division for a few of the client classes, using the bounds cz13 and co1¢ for the remaining
classes. This is a valid relaxation of the system which significantly reduces the number of variables, but
does not appear to make the solution any worse. Second, we added a constraint that the cost must be less
than that the simple formula given by Li and Svensson (relaxed over the interval); if not we can just run
their algorithm. Third, when relaxing (61) and (62), we grouped terms of the form Df(x’y) - Dg(X’Y)
before relaxing the coefficients. (We know this value is positive by definition of the class.) This gives a
tighter relaxation in many cases.

Using this approach we obtained an upper bound of 1.3371. The calculation was implemented in
Mathematica. It examined around 8 million intervals, and took around 7 hours on an Intel Core i7
2.9GHz machine.

D.1 Tight example

The following is a solution that obtains 1.3370. (There are many possible solutions, as there is some
degree of freedom among some of the D-type variables.) This shows that our above bound on the
nonlinear program is tight.

DYUs1s) — (987

X =1.3370 DPU4? — 0,221
b = 0.645 DYUE2) — 0847
rp = 0.497 DY®I) — 0125
g =0.646 DY) — 0,221
so=1 DY1e — 0404

DY) — o111

E Proofs: Algorithms for edge cases

We will need these two facts:
Claim E.1. 9 S 1/80.
Proof. By definition of 2-stars, we have |C3| < |£2]/2 which implies |[Co| < (|C1| + |L2]) — (|Co| + |C1| +

IC2]) 4+ |Col = Ap + |Col. Thus, ro <1419 =1/s. O
Claim E.2. &2l < 2.
Proof. Since |L2|/2 < |L2] —|C2| = AFp + |Cp|, we have 2‘%}1 <1+4+7r9=1/s0.

O]

Proof. (Lemma 4.11.) Basically, we just return the better solutions between F; and the one produced by
A" = A(a,a,b,a,b,a,b). As mentioned before, A" and Li-Svensson’s rounding algorithm are essentially
the same, and output a solution with the same upper-bound on the expected cost:

(1+n)(ady + (1 4+ 2a)ds),

The main difference is that A’ only opens at most O(log(1/n)) (instead of O(1/n)) extra facilities.
As in [24], we need to be careful when a or b is close to 0 because the number of extra facilities opened
by A’ is roughly % logy5(1/(a- 1)), where 8 = min{a,b}. We consider two corner cases:
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e If 0 < b < 1/4, we can just return F; as our solution. Note that |F;| < k and the approximation

ratio is adldﬁ < % = ﬁ <4/3.

e If b > 5/6, we can use the knapsack algorithm described in [24], which only opens at most k + 2
facilities, to get a 4/3-approximation algorithm. Note that the approximation ratio of this algorithm
is bounded by 1+ 2a <4/3 as a < 1/6.

e We claim that the above algorithm gives an approximation ratio of 1.337 for all remaining cases.
Note that the cost of this algorithm is at most (1 + 1) min{d;, ad; + b(1 + 2a)dz}. Thus, it suffices
to bound the ratio

min{dy, ady 4+ b(1 4 2a)da} min 1 1—-b4+0b(1+2(1-0))rp
ady + bds - 1—b+brp’ 1—b+brp '

Note that the right-hand-side is a function of b and rp. When b € [1/4,0.508], b € [3/4,5/6],
rp < 1/2, or rp > 2/3, that function is at most 1.337 by elementary calculus.

O]

Proof. (Lemma 4.12.) We show that the better solution returned from a set of 3 algorithms will be within
a factor 1.337 of the optimal solution. The purpose of this case is to bound sy away from 0, so that ps and
@2 in our main case are bounded away from zero. The first algorithm is a knapsack algorithm in which
we open all facilities in £1 and C. After that we almost greedily choose some of the 2-stars, close their
centers, and open all their leaves. This algorithm does very well if sg is small. In the second algorithm,
we open JF7 and some additional facilities in £o which maximize the saving. In particular, we use the
following algorithms:

e Algorithm 1: Open all facilities in £; and Cs. For each client j, if i2(j) € L1, connect j to iz(j).
Otherwise i3(j) is a leaf of a 2-star, let i3 be the center of this star and connect j to i3. Thus, the
total connection cost of the current solution is upper-bounded by

Yo i+ Y, QhG)+d() =Dt D (di(h) + da(f)).

ji2(j)ELL Jiiz(4)€L2 Jri2(j)€L2

Now, for each i € Co, if we close facility 7 and open all of its leaves, the total cost will be saved by
> jes(sn(di(d) + da2(j)) and we also open additional |S;| — 1 facilities. This motivates us to solve
the following knapsack LP, just as in [24]:

maximize Z Z; Z (d1(j) + d2(7))

i€Ca JEI(S:)
subject to Z zi(|Si| — 1) <k —|L1] — |Col
1€Co

0<z; <1Viel

Note that a basic solution of the above LP only has at most 1 fractional value. Thus, we can easily
obtain it by a greedy method. Let us call this fractional value x;+. Now, for all i € Co, if ; = 0, we
keep i opened. If x; = 1, we close i and open all of its leaves. We also open i* and a subset of size
[x«|Si=|] of Si+ uniformly at random. It is easy to see that the expected saved cost is at least the
optimal value of the LP by doing so.
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e Algorithm 2: Open all facilities in F. Define the saving of a facility i € L3 be 3 ;c55,(d1(j) —

d2(j))+. Sort all the facilities in £5 non-increasing by its saving. Open the first [22|£5[] facilities
in this order.

Analysis:

e The two algorithms only open k + 2 facilities. In the first algorithm, we claim that at most k + 2
facilities will be opened. The first constraint of the LP guarantee that a fractional solution x will
open at most k facilities. The two extra facilities come from the fact that we open i* and take the
ceiling of x;+|S;+|. In the second algorithm, we open at most

bl Lo . 2AF
2 | Lo
:‘fl‘—FbAF—I—l:k—i—l,

+1

bs
|F1| + 70|E2] +1<|FA|+

where the first inequality is due to sp < 2@—;‘“, by Claim E.2.

e Now, we bound the cost of the first algorithm. Let ¢ be the maximum value such that the solution
x; = q for all ¢ € (5 is feasible to the knapsack LP. We solve for ¢ by requiring

Y allSil = 1) <k —[Li] |Gyl

i€Co

q(|L2] = |Cal) < k —[L1] = |Co

¢ — [L1| = |Co| _ A+ bAF — |L4] = |Co| _ bAF +|Co|
T (Ll =G |La| = |C2 [La| = |C2

Thus, we can set g := ?ﬁjjg;". Note that |La| — |C2] = |Co| + A, we have

- bAF—i-‘C()’ B b+ry
ICol +Ar 14719

= l—as(].

Since x = ¢ is a feasible solution, the saved cost is at least

doal D (D) +de(h) | =1 —aso) Y (dilh) +d2(h)).

1€Co JEN(S:) j: zz(J)ELQ
Therefore, we can upper-bound the cost by

Dot Y (di(j)+d2() = (L—aso) Y (di(j)+da(s))

J: zQ(J)eﬁz J: ZQ(J)Eﬁz

= Dy + asp Z (d1(j) + da(j)).

Jria(f)EL2

e Recall that the sets §(S;) are pairwise disjoint. By a simple average argument, the cost of the
second algorithm is upper-bounded by

D -0 S (@) () <D - Y (i)~ da(i))

i€La jE§(S;) Jiia(4)€L2 i
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We run these two algorithms along with A" = A(a, a,b,a,b,a,b), and use the best solution of the three.
(Again, note that f = min{a,b} > 1/4 and a > 1/4 in this case.) We can easily formulate an NLP to
derive the approximation ratio as discussed in subsection 4.3.3. Using an interval search as before over
the interval 0 < sg < 5/6,b € [0.508,3/4],rp € [19/40,2/3], we get an upper-bound of 1.3371 on the
factor-revealing NLP. Note that the value of ¢ is irrelevant to any of these algorithms, so our intervals
are over only b, rp and sg. This interval search runs in seconds and examines about 6400 intervals.

O]

Proof. (Lemma 4.13) We will run the set of 10 algorithms shown in Table 3. Obviously, when ROUND2STARS
is called (only algorithms Af, A5, A%, Ag), we have f = min{g2,1 — g2} > 5/24 and py > 5/24, which
are achieved at ps = asg, a = 1/4, s = 5/6. Thus, it is easy to check that Aj,---, A5 only open
kE+ O(log(1/n)) facilities. For Afj and A],, using the same argument as in Lemma 4.4 and Lemma 4.3,
we open at most

[F1] 4 b|Ci| + O(log(1/n)) < |F1| + (b/r1)|C1] + O(log(1/n))
= |F1[ 4+ bAr + O(log(1/n)) = k + O(log(1/n)),

where the first inequality is due to the fact that r; < 1 in the interval of interest.

The approximation ratio will be bounded by an NLP as in our main case. It is simpler, as we need
not consider the distinction between 774 and Tipg, or the value of g. We do an interval search and get an
upper-bound of 1.337 when b € [0.508,3/4],rp € [19/40,2/3], and sy € [5/6,1].

Algorithms | po | p1a | 14 | P1B | Q1B P2 q2
Al 0 0 1 0 1 asg 1—asg
Al 0 1 0 1 0 aso 1 — asg
Ap 0|0 1|01 1 1=aso
A o 1] 0] 10 1 L
Af 10| 1|0 |1 1 bso

A 1|10 1[0 1 bso
17 1 0 1 0 1 | 1—bsg bsg
S 1 1 0 1 0 1-— bSo bSo
A 1)1 | b | 1] b 1 0
o 1) b |1 [ b |1 1 0

Table 3: Calls of A when r; < 1.

F Details: Dichotomy result

F.1 Casel
For each i € Cl), let X; be an indicator of the event that we open S; and close i. (If X; = 0, we close S;

and open i.) The idea is to set each X; = 1 independently with probability (1 — n)gs.

€0

Lemma F.1. With probability at least 1 — exp (—W), the algorithm opens at most pa|CH| +

q2|LY| facilities which are part of small stars.
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Proof. Recall that small stars have at most ¢o/n leaves. The number of opened facilities which are part
of small stars is

X = (Xi|Si[+ 1 - X)) =[c5]+ > Xi(|Si| - 1) = ZY

ieCy iecy ieCy

where Y; = %}‘{1) Note that Y;’s take random values in [0, 1]. The expected value of Y = Zz’ecg Y; is

DY

ieCl

:ZM

iy co/n

= ZCI2’S|

c /77 i

= 2020 gy 12 - e

€o

1— 1-—
> M= ey > ML= D gy,
Co Co
since each small star has at least 2 leaves. Using Chernoff’s bound, we have

Pr [X > palCy| + g2l 4] = Pr rc |+ LY > )+ aalle] - 1) |>}

N |c;’>}
Co

— Pr Y>1’“}

<Pr[Y > (1+4n)y

2
n
BWES

< exp (Jf”(l - n)ﬁfﬂ/n)) |

300

To bound the expected connection cost, we need the following lemma.

Lemma F.2. Let i1 and iy be any facilities in F1 and Fa, respectively. Let X,Y € {0,14,1p,2} be the
classes such that i1 € Cx and io € Ly . Then the following are true:

Prli] <1—px (76)
Prii) < (1422 ) (- ) ()
Priivis] < (1 + 1;/377) (1—px)(1— qv) (78)
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Proof. The proof is quite similar to that of lemma 4.8.

e Proof of (76): We only need to check the case i1 € Cj. It is clear that
Prii] =(1-n)gz=1-p2—ng2 <1 —pa.
e Proof of (77): We only need to check the case iy € L. Tt is clear that

1-p

Prliog] =1~ (1-n)g < <1+ 3

77) (1—q2),
since ¢o <1 — §.
e Proof of (78): i1 and i2 are always opened independently

Prliria] = Pr[iz] Prlia] < (1 + 1;%) (1= px)(1—gy).

O

Corollary F.3. The expected connection cost of the solution returned by the algorithm is at most 1.337 -
(1 + %n) times the cost of the bipoint solution.

Theorem F.4. There exists a choice of f = O(poly(1/n)) so that, when |CJ| > f(1/n), the algorithm
returns a solution opening at most 4 additional facilities and having connection cost at most 1.3371 -

(1 + %n) (1 +n) times the cost of the bipoint solution with constant positive probability which is a
function of n.
Proof. Let f(1/n) = 773(?%77)611”772‘ Also let & be the event “the connection cost is at most 1.3371 -

(1 + %n) (1 4+ 7n) times the cost of the bipoint solution” and &; be the event “the algorithm opens at
most 4 extra facilities”. By Markov bound,

1
Pri&]>1— ——.
e 21— g
Note that at most 4 additional facilities in C, U £ U 7o U T14 U Tip could be opened. By the choice of f
and lemma F.1,

Pr[&) > 1 —n%
Thus,
Pr[El VAN 52] = Pl“[gg] — Pl”[gl VAN 52]
Z Pl"[gg] — Pl‘[gl]
1 S+n?+1
2(1_n2)_7:1_w’
1+mn n+1
which is strictly greater than zero when 7 is small enough. O
F.2 Case 2

Assume |L|+|LY] < g(1/n) for some g = O(poly(1/n)) to be determined, we simply open all the facilities
in F». Indeed the number of extra opened facilities is O(poly(1/n)); however, the solution has cost equal
to Dy < aDq + bDs.

49



F.3 Case 3
If neither Case 1 nor Case 2 holds, we have [C5| < f(1/n) and |L3] + |£3] = g(1/n). Since |L5] < £|C3],

we can bound the number of leaves of large stars

12512 9(1/n) — 241 > g(1/) — 2L,

The “budget” to open facilities in the class of large stars is
p2|La| + a2|Col = Col + q2(IL5] — |Ca)).-

Suppose that we want to open each leaf in £ with probability g2(1 — ¢;n) for some constant ¢; > 1 and
open all the centers in C,. Then the remaining budget which can be used to open other facilities in C} is

R = |Cy| + q2(1L5] — [C3]) — (IC3] + g2 (1 — e1m) | L))
= c1nga|L5] — q2|Cal.

To open all centers in CJ, we need to open at most ¢2|Ch| < ¢2f(1/n) additional facilities in CJ, apart
from the usual ps|C/| ones. Thus, it suffices to require that R > g2 f(1/n).

o If |C)| > 1A/ yecall that [£3] = $2{Cs], we have

= —14cocr’

R > coc102|Cy| — q2|Cs]

> (coc1 — 1)%—{(—1#/2))01
=q2f(1/n).
e Else |Cy] < _fl(iﬁgll, recall that |L5] > g(1/n) — Wv we can lower-bound R as follows.
R > c1ng2|Ch| — q2m
> c1ngo <g(1/n) - COf(nl/n)> — 4 —{(Jlr/zcl'

A simple calculation shows that we can choose

9(1/n) =

CoC1

mf(l/n),

which implies R > ¢2f(1/n) as needed.

Theorem F.5. For any polynomial function f(1/n), let
2
g(1/m) = F(1/n).

IfICY| < f(1/n) and |4 + |LY] > g(1/n), then there is an algorithm which returns a solution opening at
most 4 additional facilities and having expected connection cost at most 1.337 - (1 4+ %n)(l +n) times
the cost of the bipoint solution.

Proof. We simply set ¢cg = 2 and ¢; = 1. As discussed above, there are no extra opened facilities in
CH U LY. Lemma F.2 also holds in this case and can be used to bound the expected connection cost. [

This implies an approximation algorithm which runs in O(no(4/ 6)) time for k-median.
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G A simple approach to the budgeted MAX-SAT problem

We present the algorithm and give a brief outline of the proof of its approximation guarantee. Consider
an arbitrary CNF-SAT formula ¢, weight function w, and budget constraint 3 j X; < k as in the intro-
duction. Given some € > 0 (where we assume w.l.0.g. that € is small, say € < 0.1), we aim to approximate
this maximization problem to within (1 — 1/e — ¢). Motivated by [16], consider a LP relaxation with
a variable y; to indicate whether x; is True, and a variable z; to indicate whether clause i is satisfied.
Let P(7) be the set of variables that appear positively in clause ¢, and N(7) be the set of variables that
appear negated in clause i. The LP relaxation is: maximize }; w;2; subject to: (i) >, y; < k; (i) V4,
(Xjer@ ¥i) + (jene (I —y;)) = 2i; and (iii) 0 < yj,2 < 1.

Let {y*, 2*} denote an optimal solution to the LP relaxation. Note that if we did not have the budget
constraints (i), then this MAX SAT-problem can be approximated to within 3/4 [16]. Also, as pointed
out in [16], if we just do standard (independent) randomized rounding on the y; values, we will get
an (1 — 1/e)—approximation (again, if we did not have the constraints (i)); this is achieved when the
typical clause ¢ has a “large” number ¢ of literals, each j € P(i) has y; = 1/¢, and each j € N(i) has
y; =1-1 /t. We get a much-better-than-(1 — 1/e)—approximation in cases that deviate significantly
from this. However, randomized rounding will not preserve (i) with high probability. Our problem has
a simple solution. If k < 1/€3, say, then find an optimal solution by brute force in O(n1/63) time. FKlse,
scale all the y;f by (1 — €) to give us some margin in the budget, and then do independent rounding of
the y;. In other words, set each variable z; to True independently with probability (1 — €)y;.

Claim G.1. When k > 1/€3, the algorithm produces a feasible solution to Budgeted MAX SAT problem

(i.e., the number of variables that are set to True is at most k) with probability at least 1 — exp (1731#).

Proof. Let X be the number of variables that are set True. Then,
EX]=(1-c¢ Z y] <(1—e¢)

By Chernoff’s bound,

Pr[X > k] < Pr[X < (1+€)(1 — €)k]
<o (<50 0n) <o (<55 ) mem (151).

Claim G.2. The expected number of satisfied clauses is at least (1 — 1/e — €)OPT, where OPT is the
optimal number of satisfied clauses to the budgeted MAX SAT problem.

O]

Proof. (Sketch) The proof is almost identical to the one in chapter 5.4 of [29], except that we replace y*
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by (1 —€)y* and z* by (1 — €)z*. In particular, let ¢; be the size of clause i, then

Pr[clause C; is not satisfied] = H (1-=(1-ey;) H (1=9y;)

JEP() JEN(4)
— Ez
1 " *
< 7 Z(l_(l_ﬁ)yj)"‘ Z (1—e)y;
| \jeP() JEN(D)
_ 17
1 * *
= 1_[ Z(l_f)?/j+ Z(l_(l_e)yj)
b \jeP() JEN(i)

IN

) *\ i
1 (1—¢)z
; ’
since, by LP constraint,

MoU=agyi+ D> (1-(1=-agy)> Y (1l—ay+(1-¢ Y (1-y)
JEP(3) JEN(i) JjeP(3) JEN(i)
> (1—¢€)z.

Then, by concavity, we have
g.
1—e)zr\b
Pr[clause Cj is satisfied] > 1 — (1 — (€>Zl>

> [1 _ <1 _ 2)1 (1 ez,

The claim follows by computing the expected number of satisfied clauses and observing that the approx-
imation ratio is at least

k>1

min [1— (1 - ;)k] (1—e)>(1—1/e)(1— )

>1—1/e—ce.
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