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This paper studies an extension of the k-median problem under uncertain demand. We are given an m-vertex
metric space (V,d) and m client sets {S; C V}iZ,, and the goal is to open a set of k facilities F' such that the
worst-case connection cost over all the client sets is minimized, i.e.,

max Z (4, F) p,
JES;

min
FCV,|F|=k i€[m]

where for any F' C V, d(j, F) = minger d(j, f). This is a “min-max” or “robust” version of the k-median problem.
Note that in contrast to the recent papers on robust and stochastic problems, we have only one stage of decision-
making where we select a set of k facilities to open. Once a set of open facilities is fixed, each client in the uncertain
client-set connects to the closest open facility. We present a simple, combinatorial O(logn+logm)-approximation
algorithm for the robust k-median problem that is based on reweighting/Lagrangean-relaxation ideas. In fact, we
give a general framework for (minimization) k-facility location problems where there is a bound on the number
of open facilities. We show that if the location problem satisfies a certain “projection” property, then both the
robust and stochastic versions of the location problem admit approximation algorithms with logarithmic ratios.
We use our framework to give the first approximation algorithms for robust and stochastic versions of several
location problems such as k-tree, capacitated k-median, and fault-tolerant k-median.
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1. Introduction. Consider the following class of facility location problems: given a metric space
(V,d) with |V| = n locations, and a subset of locations S C V containing clients that want service, we
want to locate a set of k facilities F' C V' to minimize the cost of servicing clients S from the facilities
F, denoted by ®(F' | S). Since the number of facilities to be opened is constrained by the number &, we
refer to such problems as k-facility location problems.

Below we list several examples of problems that fall under this category.

(i) k-Median: For the k-median problem,

O(F|5)=) daF),

zesS
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where we define d(z, F) = minsep d(z, f) .
(ii) k-Center: For the k-center problem,

O(F|S)= Teagd(x,F).

(iii) k-Person TSP: For the k-person TSP,

®(F|S) = minimum total distance traveled by salesmen, one at each f € F,
so as to visit all clients in S.

Many k-facility location problems are known to be NP-hard, and have been extensively studied in both
the computer science and operations research literature.

In this paper, we study several k-facility location problems under uncertainty in demands, i.e., when
the client-set is not fixed in advance. Specifically, we consider the following stochastic and robust versions
of these problems. We are given several sets S1,53,..., S, of clients, which are called scenarios. The
goal is to locate k facilities that are simultaneously good for all scenarios—more precisely, we want to
minimize the objective function

Robust-® = mrglx O(F | S;),
1=

in the robust (or min-max) version, and

m
Stochastic-® = Zpi SD(F | Sy),

i=1

in the stochastic version (for given probability values p; for each scenario S;). Recall that ®(F | S;)
denotes the cost of servicing client set .S; using the set of facilities F.

The robust and the stochastic versions of these location problems naturally model cases with uncertain
or dynamic systems. For instance, we might want to locate our facilities knowing that one of several
scenarios are likely to happen but we do not know which. Or, we might know consumer demand patterns
on each day of the week (and maybe on special holidays) and might want to locate facilities to be
simultaneously good given these scenarios. Note that these problems only have a single stage of decision-
making, in contrast to much work that has been done on two-stage stochastic optimization [2, 22, 32, 19,
36].

1.1 Our Results and Techniques. We use the k-median problem as an example to illustrate the
basic ideas of our algorithm. We present an O(logm + logn)-approximation algorithm for the robust
k-median problem in Section 3 where m is the number of different client sets and n is the number
of vertices in the given metric. The algorithm uses ideas from the classical reweighting/Lagrangean
relaxation techniques (see, e.g., [42, 4]) in conjunction with a reverse-greedy algorithm [8]. We note that
the natural approach to solve the problem by embedding the metric space into a tree metric does not seem
to give us an advantage here as we do not know how to obtain a better than logarithmic approximation
for the problem even on a uniform metric. (The uniform metric is one where all points are at equal
distance from each other, and it is a tree metric, since it can be represented as the shortest-path metric
on the leaves of the unweighted star graph K ,,.)

We then show that, in fact, a similar algorithm works for any k-facility location problem that satisfies
the following “G-projection” property for the single-scenario version (this is formalized in (4.2)).

Given any instance of a k-location problem with objective function ®, client set S, and
an infeasible solution F with K > k facilities, there are K — k facilities F' C F such
that shutting down a random facility in F' (chosen uniformly) causes the cost to rise in
expectation by at most % times the optimum.

To give some intuition for this property, consider the k-median problem, and the special case when
the set F' contains the optimal solution F*: in this case we can set F' = F'\ F* and when we close a
facility f € F’, we assign all the clients originally assigned to f to the facilities these clients were assigned
toin F* = F\ F’. The sum over all f € F’ of the cost-increase in shutting down facility f, is at most
OPT, where OPT denotes the optimal objective value. Hence the average cost-increase of shutting down
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a facility in F” is at most OPT/|F’'| = OPT/(K — k). Note that we looked only at a special case, and one
has to consider other cases when F* ¢ F'| but loosely, the projection property says that even if F* ¢ F,
we can “project” the F* onto some k vertices in F', such that closing a random facility from the other
K — k facilities F'\ F'* behaves more-or-less in the above-mentioned fashion.

In Section 4, we show that for any k-location problem ® with the above —projection property and
where the objective function ® is computable in polynomial time, there is

(i) an O(B - (logn + logm))-approximation algorithm for the robust version of ®, and

(ii) an O(8 - log n)-approximation algorithm for the stochastic version of ®.

Additionally, the algorithm for stochastic k-location problems is incremental [28, 26] in the following
sense. We obtain a permutation 7w of all locations V' such that for any bound 1 < ¢ < n on the number
of facilities, {m, -+ ,m} is an approximately optimal solution to the stochastic ¢-location problem.

We show that the projection property holds for the following problems with 5 = O(1):

(i) Hard-capacitated k-median with uniform capacities (the non-uniform soft-capacitated version
was studied in [9]),

(ii) Fault-tolerant k-median with non-uniform requirements (the uniform version was studied in [38]),
(iil) k-tree.

Hence, the robust and the stochastic versions of all these problems admit logarithmic approximation
guarantees. We also note that the results for hard-capacitated k-median and non-uniform fault-tolerant
k-median seem to be the first logarithmic approximation guarantees known for even the deterministic
versions of these problems (where there is only one scenario or client set).

Finally, we show that not all natural k-facility location problems give good results using this framework,
since they do not satisfy the projection property. In particular, we show that the stochastic k-center
problem is as hard to approximate as the (minimization) dense-k-subgraph problem. Dense-k-subgraph
is a well-studied problem for which the best approximation guarantee is O(n’) (for some constant § <
1/3) [16], and improving on this is a long-standing open question.

We would like to point out that in all the k-location problems we consider, we do not have costs
associated with openings facilities at specific locations.

1.2 Related Work. Location problems under uncertainty have long been studied in the operations
research literature due to their vast applicability in real world scenarios. Sheppard [35] used a scenario
based approach to model uncertainty in demand and minimize the expected cost, while Cooper [11] was
among the first to consider the robust objective on location problems. Following this, similar models
for location problems such as k-median and uncapacitated facility location were studied [29, 41, 33].
See Louveaux [27] and Daskin and Owen [12] for more thorough surveys of location problems under
uncertainty with robust and stochastic objectives; a good summary can be found in the recent survey by
Snyder [37]. The papers by van Hentenryck et al. [39] have also proposed online stochastic algorithms for
some stochastic location problems. However, to the best of our knowledge, no algorithms with provable
guarantees have been given for robust k-median and the other stochastic/robust location problems we
consider in our work.

In the single-scenario case, many results are known for the k-median problem [7, 6, 23, 1, 28, 8] as well
as its capacitated [9] and fault-tolerant versions [38], and k-center problems [34, 20]. Out of these, the
one most relevant to our work is the reverse-greedy algorithm of Chrobak et al [8] whose work we adapt
and extend: our proofs of the projection property give reverse-greedy O(logn)-approximation algorithms
for all the problems we consider.

While facility location problems have been considered in the context of stochastic optimization (see,
e.g., [22, 32, 19, 36]), and robust optimization (see, e.g., [13, 18, 15]), it is not clear how to use the
techniques in these previous papers to solve the problems we consider where we have a strict bound on
the number of open facilities.

Bicriteria results for robust versions of profit maximization k-location problems (e.g., locating k depots
such that one salesman can start at each of these depots and travel for at most some time budget B,
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so as to maximize the number of clients visited) can be obtained by recent work on robust submodular
function maximization by Krause et al. [25].

Outline. In Section 3, we present our results for the robust k-median problem. We first consider the
case of uniform metrics, which gives many of the ideas, and then extend the ideas to general metrics.
We then abstract out the general framework in Section 4. In the following sections (Section 5, Section 6
and Section 7), we show that the k-tree problem, capacitated k-median problem and the fault-tolerant k-
median problem satisfy our general framework and thus admit O(log m+log n)-approximation guarantees
for their robust version, and O(logn)-approximations for their stochastic versions. Finally, we give
evidence of the hardness of approximating stochastic k-center in Section 8.

2. Notation and Preliminaries. In the following discussion, we consider finite metric spaces (V, d)
with |V| = n points. The function d: V' x V' — Ry satisfies the following two conditions:

(i)

d(u,v) + d(v,w) > d(u,w) for all u,v,w € V (triangle inequality),
(i1) d(u,v) = d(v,u) for any u,v € V (symmetry).

A metric (V,d) is uniform if d(z,y) = 1 for all z,y € V,x #y. For aset S CV and j € V, we define
d(j,S) = minjcgd(j,j’). We let diam(V, d) denote the diameter of the metric; i.e.,

diam(V, d) = max d(7, ).
1,3

For any integer ¢t > 1, [t] denotes the set {1,2,...,¢}. All logarithms in the paper are base-2 logarithms,
unless otherwise specified. The ¢-th harmonic number is H; = 1 + % + % 4+ 4 % We will often use the
standard approximation that H; = O(logt). We also use the notation @ for symmetric difference, i.e. for
sets Aand B, A®@B=(A\B)U(B\ A4).

Approximation Algorithm. Given a minimization problem II and a parameter a > 1, an «-
approximation algorithm for the problem II is an algorithm that, on every input instance Z, outputs
a feasible solution whose cost is at most a factor « times the cost of an optimal solution for the instance
7 [40] in time polynomial in the length of the input.

3. The Robust k-Median Problem. In the robust k-median problem, we are given an n-vertex
metric space (V,d), m subsets Sy, ,S,;, CV of clients, and a bound k on the number of facilities. We
want to find a set of k facilities ' C V' that minimizes the objective,

m
max ; d(v, F).

In this section, we prove the following.

THEOREM 3.1 (ROBUST k-MEDIAN RESULT) There is an O(logm + logn)-approzimation algorithm for
the robust k-median problem where m is the number of client sets and n is the number of vertices in the
given metric.

3.1 A Warm Up: the Uniform Metric. We first study the special case when (V,d) is a uniform
metric. The analysis here illustrates the basic ideas for the subsequent algorithms. In the uniform metric
case, the problem can be recast as follows:

Given a ground set V' and a family of m sets Sy, - ,5, CV, find a set FF C V where
|F'| = k such that the mazimum “exposure” max(” |S; \ F| is minimized.

The set F' corresponds to open facilities and the exposure of any set S; is the number of elements in
S; that are left uncovered by the open facilities, i.e. |S; \ F|. We first observe that it is NP-hard to
approximate robust k-median on uniform metrics to better than a factor of 2.

THEOREM 3.2 The robust k-median problem on uniform metrics is NP-hard.

PrOOF. We reduce from the decision version of the minimum vertex cover problem: given a graph
G = (V, E) and a parameter k, the goal is to decide if there is a subset V! C V with |V’| < k such that
for each edge (u,v) € E, at least one of w and v is in V”.
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Given an instance (G = (V, E), k) of vertex cover, we construct a robust k-median instance as follows.
We consider a uniform metric on the vertex set V', and corresponding to each edge e = (u,v) € E there
is a scenario S, = {u,v}. The goal is to open k facilities F' so as to minimize the maximum exposure,

maXe—(yv)er [{u, v} \ F|.

If G has a vertex cover V' of size k, then setting F = V'’ would cover at least one vertex from each set
{S. | e € E'}, and hence the optimal value of robust k-median is at most 1. On the other hand, if G has
no vertex cover of size at most k then any choice of F¥ C V (of size k) would miss both vertices of some
edge in E. Hence in this case, the optimal value of the robust k-median instance would be 2. Since the
vertex cover problem is NP-hard, this proves the theorem.

The same reduction implies that robust k-median on general metrics is (2 — ¢)-hard to approximate
for any € > 0. For this, we modify the above uniform metric by introducing L (some large number)
copies of each vertex in V' (all copies of a vertex are at zero distance from each other), and for each edge
e = (u,v) € E scenario S, consists of all copies of vertices u and v. In this case, if G has a vertex cover of
size k then the optimal value is L; otherwise the optimal value is 2L. Thus it is NP-hard to approximate
robust k-median on general metrics to better than factor two. |

Our algorithm for the uniform metric robust k-median problem is based on maintaining ‘weights’ for
each scenario and reweighting them appropriately. This technique is similar to the Ezxperts algorithm
in learning theory (see survey [3]), and the fast combinatorial algorithms for solving fractional cover-
ing/packing linear programs [31].

We first observe that two natural greedy algorithms do not work well for this problem. One simple
approach is to start with all elements, and repeatedly drop the element that increases the exposure of the
fewest sets, until the number of elements is k. Another greedy approach would be to repeatedly drop any
element that keeps the maximum exposure minimized, until the number of elements is k. Appendix B
gives bad examples for both these algorithms.

In order to get a result for minimizing the mazimum exposure, we “penalize” the newly exposed sets
by increasing their weights, so that exposing them further costs us even more. Formally, the algorithm
is as stated in Algorithm I.

Algorithm I: Uniform Metric Robust k-Median
e Set w; «— 1 (1 <i < m) and open facilities F* = V.
e Fort=1,--- ,n—kdo:
(i) For each v € F', W'(v) := 21850 w!, i.e. total weight of sets containing v.
(ii) Let v' be the element v € F* that minimizes W*(v)
(iii) Drop this element to get F'"* « F*\ {v'}.
(iv) Set wit! «— 2. w!if S; 3 0% and wit! — w! if S; F v".

e Output F" *+1 of size k.

The next claim follows immediately from the statement of the algorithm.
Claim 3.3 If the exposure of some set S; at the end of the algorithm is £, then its weight is 2°.

Claim 3.4 Let Wt = Z;’;l w! be the total weight at the beginning of round 1 <t < n —k, and let the
maximum exposure of the optimal solution be £*. Then

e*
Hlewt (14— ).
w _W< +nkt+1>

PRrROOF. Let F* be the k elements picked in the optimal solution: they expose at most £* in each of
the sets. Note that there are n — k elements in V' \ F*, and by round ¢ at most ¢t — 1 of these elements
might have been discarded, leaving at least n — k — ¢t + 1 elements in F* \ F*. Since each set contains
at most £* of these elements, an averaging argument shows that there must be an element such that the
total weight of sets containing it is at most Wt x #—H—l Thus W(v?) is at most this quantity. But
the weight adjustment step implies that Wil = W + Wt (v?), which proves the lemma. O
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We are now ready to prove the performance guarantee of Algorithm I.

THEOREM 3.5 If the maximum exposure of the optimal solution is £*, then the mazimum exposure in the
solution found by Algorithm I is O(logn)-£*+O(logm). Hence there is an O(logm+logn)-approzimation
algorithm for robust k-median on uniform metrics.

Proor. By Claim 3.4, the total weight of the m sets at the end of Algorithm I is at most:

n—=k n—k
6* g*
wt. 14— < . -
H( +n—k—t—&—l = meexp Zn—kj—t—i—l

t=1 t=1
= m-exp{{*H,_},

where H; is the t*" harmonic number. Now if some set is exposed £ times, its weight (and hence the total
weight of all sets) is at least 2¢ by Claim 3.3. Therefore,

2t <m-exp{{*H,_1}. (3.1)
Taking logarithms on both sides of (3.1), we get that
L <logm+ O* - H,_y).
Finally using H; = O(logt) proves the theorem. O

We note that an algorithm based on solving a suitable linear programming relaxation followed by
randomized rounding gives an improved (1 + €)¢* + O(log m/e€) guarantee (with any constant 0 < e < 1)
for robust k-median on uniform metrics, where £* is the optimal value; the details appear in Appendix A.
However that algorithm does not extend to the case of general metrics considered in the next section.

3.2 Robust k-Median on General Metrics. In this section, we generalize the algorithm on
uniform metrics to obtain an O(log m + log n)-approximation algorithm for the robust k-median problem
on general metrics. This algorithm is based on a reverse greedy algorithm for k-median due to Chrobak
et al. [8] combined with a weight-update scheme similar to the one described above. We assume (by
scaling) that distances in the metric are at least one; and let A := diam(V,d). Then observe that the
optimal value of any robust k-median instance lies in the interval [1, nA]; recall that n = [V].

In Algorithm IT (described below), we also assume that we know a value B such that 4 - OPT < B <
8 - OPT, where OPT is the optimal value of the given robust k-median instance. This assumption can
discharged by running the algorithm several times, trying all values of B that are powers of two in the
interval [1,8nA]; and finally taking the minimum cost solution. We need to try O (log(nA)) different
values for B, which is polynomial in the size of the input.

Algorithm II: Robust k-Median for general metrics
o Set w} «— 1foralll<i<mand F! — V.
e Fort=1,---,n—kdo:
(i) For each v € F* and each 1 < i < m, let §!(v) be the increase in the k-median objective for S; when
the set of facilities changes from F* to F*\ {v}, i.e.,

5i(v) == > (d(z, F*\v) — d(z, F")).

zE€S;

(i) Set Ft — {ve F'[6t(v) < Z V1 <i<m}.
(iii) Set v' « argmin {ZZI wh - St(v) v e ﬁ’\t} Drop this vertex and set F* « F'\ {v'}.

(iv) For all 1 <4 < m, update
1 5f(vt)
w:+1<_w§.(1+§> )

e Output F"**! with k facilities.

We first prove the following lemma.



Anthony et al.: A Plant Location Guide for the Unsure 7
Mathematics of Operations Research 00(0), pp. xxx—xxx, ©20xx INFORMS

LEMMA 3.1 In any iteration 1 <t < n — k, there exists a set Q C F*! of size at most k such that for
each scenario {S;}™,,
> Slw) <2 > d(x, F*) <20PT,
vEFt\Q? z€S;

where F* is an optimal solution to the robust k-median instance, and OPT = max{", Y g d(z, F").

PrROOF. Our arguments here follow those by Chrobak et al. [8]. For each f* € F*, let n(f*) :=
argminge pe d(f*,g), i.e., the vertex in F* closest to f*. Let Q' C F* be the “projection” of F* onto
F', i.e., the vertices in F* closest to F*. Formally, Q' := {n(f*) | f* € F*}. Note that the size of the
projection is Q'] < |F*| = k.

In the following discussion, fix any ¢ € {1,---,m}; and the superscripts ¢ are dropped for brevity.
Summing the changes d;(v) over all the vertices in R = F'\ @, we get

251(0) = Z (Z d(x, F\v)— Z d(x,F))

vER vER \z€S; z€S;

= 33 (e, F\v) —d(z, F)

z€S; vER

Y (d(@,Q) — d(x, F)) (3-2)

z€S;

> (2-d(x,F*) +d(x,F) - d(z, F)) (3.3)
€S,

= 2 d(x,F). (3.4)

z€S;

IN

IN

To derive inequality (3.2), consider some client « € S;, and f, € F that serves x in solution F (see also
Figure 1). If f, € @, then for any v € R,

d(x, F\v) =d(z,F) = Y _ (d(z,F\v) - d(z,F)) = 0.
vER
If f. € R, then
> (dx, F\v) —d(x,F)) =d(x,F\ f.) - d(z, F) < d(z,Q) — d(x, F).
vER
To obtain inequality (3.3), let fX € F™* be the facility that serves z in solution F™* (see Figure 1). Using
the triangle inequality, we have that
d(z, Q) < d(x, f7) +d(f;, Q)
d(x, f;) + d(f;, F)

< d(z, fy) +d(fs, @) +d(z, F)
= 2-d(z,F*)+d(z,F).
Finally, for any i € [m], the last expression (3.4) is bounded from above by 2 - OPT. O

The following claim ensures that the algorithm is well-defined, and always terminates with a feasible
solution to robust k-median.

Claim 3.6 Assummg B > 4-0PT, in any iteration 1 <t < n —k and in step (i) of Algorithm II, we
have F'\ Q' C Ft, and hence F' is non-empty.

PROOF. By Lemma 3.1, there is aset Q" (of size at most k) such that 3°,  pe\ g« 0;(v) < 2:OPT < B/2
for all scenarios i € [m]. Moreover, the §’s are non-negative: hence, each individual cost increase 4} (v)
is at most B/2 for all v € F*\ Q! and for all i € [m], implying that Ft DO Ft \ Q%. Since Q! has size at
most k, and |F*| > k, the set FP s non-empty. (]
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Figure 1: Argument for robust k-median. The shaded portion on the right is @ = Q°, and the grey
arrows indicate the “projection” from F* to F.

Claim 3.7 Assuming B > 4-OPT, in any iteration 1 <t <n — k, we have

2.0PT &
t t
mln{g w 05 ( } 771—/5—154‘11-:511%'

veF?t

PROOF. Let us fix Q" as in Lemma 3.1. Let us sum the weighted §!(v) values, this time both over
vertices in F'\ Q' and over scenarios i € [m]:

Z iwféf(v) Z Z St(w gzm:wf.g.op-r.

'L}GF‘\Q‘ 1=1 1=1 UEF’\Q’ =1

The last inequality follows from Lemma 3.1. Finally, a simple averaging using the fact that F*\Q? C Fi
(from Claim 3.6) shows that:

i {32t a00) UJ?%{’@{Z” e }
= ‘Ft\Qt Z Zw 6t

vEFN\Q! i=1

IN

2-0PT &,

- n—k—-t+1 ;wl
The last inequality uses |F*\ Q| >n —t —k + 1 since |F*|=n—t+1 and |Q'| < k. O
LEMMA 3.2 Assume that B > 4-OPT. Let W' =Y"""  w! denote the total weight of all scenarios at the
start of iteration 1 <t < n — k. Then the total weight at the start of the next iteration,

1
I‘rt-‘rl < IIrt .
- exP(n—k—t—Fl)'

ProOOF. For any iteration ¢ and scenario ¢, the weight update step ensures that
5 (v")
witt =wl (14 5) < w!-exp (6 (v')/B),

where v € Ft is the facility that is dropped in iteration ¢. From the definition of the set I/T\t, we have
0 < 8t (v')/B < 1/2. Moreover, for y € [0,1/2], we have e < 1+ /e - y. This implies

3t (vt
wf*lgwf.(uﬁ Zg)),
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and hence
HED

m m
W <Yt (1+\/E iB) — W YOSl al)
=1 =1

Using Claim 3.7 and the facts that B > OPT/4 and /e < 2, it follows that

WL S W SO W < (1 oy WS W exp (1 (n— k=t + 1),

where the last inequality follows as 1 + z < e*. O

We now prove the main result of this section.

PROOF OF THEOREM 3.1. Let Alg = max?", 27" §(v") denote the value of the solution F"~F+1

at the end of the algorithm, and let iy be the value of ¢ achieving the maximum in the above expression.
Hence, the total weight

Al
ankJrl > wn—k-{—l _ 1 n l g
- 10 B .

Furthermore, repeated applications of Lemma 3.2 imply that
Wn7k+1 < Wl . eHn_k, -m- eH"_’“.

Taking logarithms and approximating the harmonic number by a logarithm, we get
1
Alg < O(logm + logn)/log (1 + B) .

Using B = ©(OPT), B > 1 and the fact that log,(1 4+ y) > y for y € [0, 1], we get
Alg < O(logm + logn) - OPT.
(Il

In the next section, we show how a similar algorithm works for robust and stochastic location problems
satisfying certain properties, and give a general framework for solving such problems.

We note that the stochastic k-median problem can be easily reduced to the usual k-median problem
with weights on clients. Since this latter problem admits a constant factor approximation algorithm [23, 1],
the same holds for stochastic k-median as well.

4. A General Framework for Robust and Stochastic Location. Consider a location problem
IT on a metric space (V, d) where the cost of serving a set of clients S C V from a set of facilities FF C V
is given by ®(F | S). We assume that ® is a monotone non-increasing function in the set of facilities, i.e.,
S(FU{x}|S)<®(F|S)foral F,SCV and x € V. In other words, opening more facilities does not
cause the cost to increase. We are also given a parameter k < n = |V|, and want to choose a set of at most
k facilities F C V that minimizes the resulting cost ®(F | S). For instance, ®(F | S) = > _qd(v, F)
defines the k-median objective function.

veES

Robust Version, Robust(IT). In the robust version Robust(IT) of the location problem II, we are given
m different scenarios S1,S5s,...,5, C V and the goal is to open a set of k facilities F' that minimizes

max ®(F | 5;).
Stochastic Version, Stoc(II). In the stochastic version Stoc(II) of the location problem II, we are given

scenarios {9;}7, each occurring with probabilities {p;}/™, (with >, p; = 1) and the goal is to find a
set F of size k that minimizes

> pi ®(F | S)).
i=1

We show that simple greedy-like procedures give good approximations to both these versions of the
location problem II, given that the following properties hold:
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Pl (Cost Computation) For any facility set F' C V and client set S C V, the objective value
O(F | S) is computable in polynomial time. This implies that for any client set S C V, facility
set FF CV,and x € F, we can compute, in polynomial time, the incremental cost of dropping z:

§(Fox | S):=®(F\z|S)—®(F|S9). (4.1)
Note that the monotonicity property implies that this value is always non-negative.

P2 (8-Projection) There is a § > 1 such that, for any set F* C V of size k and a set ' C V of
size greater than k, there exists a “small” set Q C F of size |Q| < k such that for all client-sets
SCV,

> S(Fx|S8)<B-BFS). (4.2)

z€EF\Q

In applications, it also suffices to prove (P1) and (P2) with any lower bound ®’ in place of ®, that
satisfies the following properties:

e &' is a y-factor lower bound for @, i.e. it satisfies ®'(F | S) < ®(F | S) < v - P'(F | S) for all
F,S C V. In addition, there is a polynomial time algorithm that given any F,.S C V, outputs a
solution satisfying clients S from facilities F', having cost at most v - ®'(F | S).

e &’ is monotone, i.e. D' (FU{z}|S) <P (F|S)forall F,SCVandzeV.

If we use ® in place of ®, an additional factor v appears in the approximation guarantees of
Theorems 4.1 & 4.2. This modification is useful in cases where the lower bound ®’ is polynomial-time-
computable, but the objective function ® itself is not; e.g. the k-person TSP (Section 5).

The first property (P1) naturally arises in a reverse-greedy-style algorithm for location problems. The
second property (P2) is only required to prove the performance guarantee: it seems somewhat mysterious
at first, and is useful in the same way as Lemma 3.1 was for the robust k-median problem. Proving this
property is very problem specific; see Section 1.1 for some intuition for property (P2) applied to the
k-median problem.

4.1 Algorithm for Robust Location. Recall that the input consists of a metric (V, d), client sets
{S;},, and objective function ® satisfying properties (P1) and (P2). We assume (by scaling) that
distances in the metric are at least one. We also assume that there is a polynomial-time computable
upper bound U such that (i) ®(F | S) < U for every F CV (with |F| = k) and S C V, and (ii) logU is
polynomial in the input size. This is a mild assumption, and (to the best of our knowledge) is satisfied
by all previously studied location problems. For example, in the k-median problem U = n - diam(V, d).

The general algorithm (described below) is a natural extension of the algorithm for the robust k-median
problem. We assume that the algorithm knows a value B € [2 30PT,4 3 OPT], where OPT denotes the
optimal value of the robust k-location instance. As in the k-median case, this can be achieved by
performing a binary search for B in the interval [1,4 3U] in order to find the smallest B such that the
algorithm runs successfully.

General Algorithm for Robust k-Location
1 Initialize weights w} « 1 for all 1 < ¢ < m and the set of facilities F! «— V.
2 Fort=1,---,n—k do:
(a) For each v € F* and i € [m], let 6!(v) := 6(F*,v | S;) = ®(F*\ {v} | S:) — ®(F' | S)).
(b) Set Ft — {ve F'|§(v) < Z V1 <i<m].
(c) Let v" = argmin {Z:’;l wi -6 v) v € Z/T\t} be a vertex with the least weighted increase.
(d) Drop this vertex v* and set F*+' « F'\ {v'}.

EHCE

(e) Update weights by wf“ — wt- (1 + %) ) for all 1 <i<m.

3 Output F"~F*+! with k facilities.

THEOREM 4.1 (FRAMEWORK: ROBUST VERSION) Given a robust location problem Robust(II), where IT
satisfies properties (P1) and (P2), there is an O(f -log(n + m))-approzimation algorithm for Robust(II),
where m is the number of scenarios, and n = |V/|.
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The proof is almost identical to that for robust k-median, and is given here for completeness.

LEMMA 4.1 Assummg that B > 28 - OPT, in any iteration 1 < t < n — k and in step 2b, we have
Ft\ Q! C Ft and hence F* is non- empty.

PROOF. By the projection property (P2), there is a set Q' (of size at most k) such that
2w Fn\Qt 8t (v) < B-OPT < B/2 for all scenarios 7. Since the ds are non-negative, each individual

cost increase 4! (v) is at most B/2 for all v € F*\ Q' and i € [m]. This implies that Fi D Ft \ Q. Since
Q! has size at most k, and |F*| > k, the set F'* must be non-empty. ([l

LEMMA 4.2 Assuming that B > 23 - OPT, in any iteration 1 <t <n — k, we have

n@{fh#&@}s ﬁop fﬁ
=1

vEF? =1

PROOF. Let us fix Q' as promised by the projection property (P2), and sum the &!(v) values both
over vertices v € F' \ Q' and over scenarios i € [m]:

> iwf«éf(v) Z D wa- > 5(Ft,v|Si)§zm:wf~ﬂ~OPT.
i=1 i=1

vEF\Qt i=1 vEFt\Q? vEF\Q? i=1

The last inequality follows from Property (P2). Since F* \ Qt C Fi by Lemma 4.1, we have:
min wt -8t (w min wt -8t (w
t
< [F\ Q| \ Q| Z Z w; - 0 (

vEFT\Qt i=1

IN

B-OPT i .

T on—k—t+1 & i

The last inequality uses |F*\ QY| >n —t —k + 1 since |[Ft|=n —t+ 1 and |Q?| < k. 0

LEMMA 4.3 Assume that B > 23 -OPT. Let Wt = Z:il w! denote the total weight of all scenarios at
the start of iteration 1 <t <mn — k. Then the total weight at the start of the next iteration,

Wt—‘rl S Wt . el/(n—k—iH—l).

PrRoOOF. For any iteration ¢ and scenario ¢, the weight update step ensures that
st
it =l (14 4)"" < wl-exp (31(01)/B),

where v? € Ft is the facility that is dropped in iteration ¢. From the definition of the set ﬁ, we have
0 < d%(v')/B < 1/2. Moreover, for y € [0,1/2], we have e < 1+ /e - y. This implies

t+1 (1 + \/7 ’L( t))
and hence . .
9; (v*) Ve
t+1 t i _ st t sty t
w g;wi.(1+\/é e )_W +§.;wi.5i(v)
Using Lemma 4.2 and the facts that B > 23 - OPT and /e < 2, it follows that

-OPT 1
witl < it ﬁ_ﬁi.wt< 1e— = Ywt
- +B n—k—t+1 - +nfkft+1

Finally, the inequality 1+ z < e® implies the lemma. O
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PROOF OF THEOREM 4.1. Let Alg = max/™, 327 6 (v') denote the value of the solution Fn—F+1
at the end of the algorithm, and let iy be the value of i achieving the maximum in the above expression.

Hence the total weight
1 Alg
—k+1 n—k+1 __
wmn > U}io = (1 + B) .
A repeated application of Lemma 4.3 implies that
Wn7k+1 S Wl . eHn_k =m - eHn—k'

Taking logarithms and approximating the harmonic number by a logarithm, we get

1
Alg < O(logm + logn)/log (1 + B) .

Using the fact that log,(1+y) > y for y € [0, 1], we get
Alg < O(logm + logn) - 8- OPT.
O

4.2 Algorithm for Stochastic Location. We can extend our framework to stochastic problems
as well: given a location problem II as in the previous section and scenarios {S;}, that now come
with probabilities {p;}/, with >.", p; = 1, the stochastic problem Stoc(II) seeks to find a set F of
size k that minimizes > . p; ®(F | S;). We denote the optimal set by F*, each scenario’s cost by
OPT; = ®(F* | S;), and StocOpt = Y ;" p; OPT;. The algorithm we present for stochastic location
problems is similar to that for the robust version, but is even simpler since it does not use the weight
updates.

General Algorithm for Stochastic k-Location
1 Initialize the set of facilities F' «— V.
2 Fort=1,--- ,n—k do:
(a) For each v € F* and i € [m], let 6!(v) := d(F",v | S;) = ®(F*\ {v} | S:) — ®(F' | S,).
(b) Let v* = argmin {37 pi 6{(v) : v € F'} be a vertex with the least expected increase.
(c) Drop this vertex v* and set F' « F*\ {v'}.
3 Output F"~**+! with k facilities.

THEOREM 4.2 (FRAMEWORK: STOCHASTIC VERSION) Given a stochastic location problem Stoc(II),
where 11 satisfies properties (P1) and (P2), there is an O(f-logn)-approxzimation algorithm for Stoc(I1).
Here n = |V| is the number of vertices.

LEMMA 4.4 In any iteration 1 <t <n — k, we have
. - 3 - StocOpt
Lot (w) b < L2tocopt
i {3t} < Lo0n

PROOF. Let us fix Q! as promised by the projection property (P2). Then

> sz 3t (v sz S st §§:pi-ﬁ-OPTi=ﬂStocOpt.

vEF\Q?t =1 1=1 vEF\Q? i=1

The second inequality follows from the projection property (P2). Observe that |Ff|=n—t+1 > k+1
and |Q'| < k; hence |F*\ Q| >n —k —t+ 1> 1. Now,

Hé%{;piﬁ(”)} = Uergtl{th{sz (v }
< g 2, Lond

vEFI\Qt i=1
[ - StocOpt
n—k—t+1’
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which completes the proof of the lemma. O

PRrROOF OF THEOREM 4.2. The cost of the solution found by the algorithm is eventually:

m n—k n—k m ﬁ StOCOpt
PADBICAED DI ALACY Z ;
; ; —k—t+1’
i=1 t=1 t=1 i=1
using Lemma 4.4. But this is just O(8 - log(n — k)) - StocOpt, proving the theorem. |

Remark 1: Our algorithm for stochastic location problems is also incremental in the sense of [28, 26]:
given metric (V,d) and scenarios {S;, p; }!™ , the output is a single permutation of the vertices such that
for every 1 < k < |V, the solution consisting of the first k vertices in this permutation is an approximate
solution to the stochastic k-location instance.

Remark 2: Our framework for stochastic location problems also extends to the model where the demand
distribution is not given explicitly, instead by means of a sampleable black-box. This model is well-
studied in the context of two-stage stochastic optimization problems, e.g. [19, 36, 5]. Let D denote the
demand distribution, i.e. the actual client-set S C V is drawn according to D. We now describe the
modifications required in the above algorithm for stochastic location. In any iteration 1 <t < n —k,
define 6'(v) := Esp [0(F*, v | S)] for each v € F*. For each v € F*, let §'(v) denote an estimate of §*(v)
obtained by taking the average of a large (polynomial) number of independent samples from D. The
algorithm for general demand distributions replaces Steps (2a) and (2b) by the following:

(2a’) For each v € F', compute &'(v) by sampling from D.
(2b’) Let v! « argmin {gt(v) |ve Ft}.

Using Chernoff bounds [30], it can be shown that with high probability, all the estimates 6(v) obtained
in the algorithm are within a factor of two of the respective true values 6(v). Then the same analysis as
above implies that w.h.p. the solution F"~**+1 has objective value O(3 - log(n — k)) - StocOpt.

5. The k-Tree and k-Person TSP Problems. In the k-tree problem, we are given a metric space
(V,d) and a set S of clients, and we want to open a set of k facilities F' C V and build a forest of minimum
cost in the induced metric (F U S, d) so that for each client v € S, there is some facility f € F such that
this forest contains a path from v to f (and we say that the forest connects v to f). In particular, we
want to minimize d(k(F,S)), where x(F,S) denotes the minimum-cost forest in the metric induced on
the set F'U S that connects each vertex in S to some vertex in F'. Thus the objective function is:

O(F [ S) = d(r( = > dle (5.1)

eck(F,S)

It is worth noting that once we choose the set F' of facilities, x(F,S) (for a given client-set S) is a
minimum spanning tree in the distance function obtained from (F U S,d) by shrinking all the nodes in
F to a single “root” vertex; hence the real effort is in choosing the set of facilities F'. This also implies
that property (P1) holds for the k-tree problem.

k-Person TSP. In this problem, given a metric space (V,d) and a set S of clients, the goal is to open
a set of k facilities F C V; but now the goal is to build k tours, so that for each i € [k], the i'" tour
contains the i*" facility in F, each client in S is visited by some tour, and the sum of the tour lengths
is minimized. Given an instance Z of the k-person TSP problem, the cost of the optimal k-tree for 7
is a lower bound on the cost of the optimal k-person TSP for Z; moreover, given a forest which is a
k-tree solution to the instance Z, taking Euler tours for each of the trees in the forest gives a solution
for k-person TSP with cost at most twice as much. Hence, an a-approximation algorithm for the robust
version of the k-tree problem gives a 2a-approximation algorithm for the robust version of the k-person
TSP problem. In this section we focus on the k-tree problem.

To apply the general framework of Section 4 to k-tree, we show that this problem satisfies the two
required conditions. Property (P1) has been established above. The subsequent lemma shows that the
B-projection property (P2) is satisfied with 8 = 4.

LEMMA 5.1 (PROPERTY (P2) FOR k-TREE) For every F* CV with |F*| =k and F CV with |F| > k,
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Figure 2: The solution x(F,S) and one possible mapping o : D — D U F™*.

there exists a subset Q C F of size at most k such that for all S CV,

Z [d(k(F\18)) —d(k(F,S))] <4-d(k(F*,S)).
reF\Q

PROOF. For each f* € F* choose a facility n(f*) € F closest to f*, i.e. n(f*) := argmin ¢ pd(f*, g).
Define Q = {n(f*) | f* € F*}; clearly |Q| < |F*| = k. Fix an arbitrary client set S C V. Recall that
S(Fyr | S) =d(k(F\rS)) —d(k(F,S)) denotes the increase in the cost for S upon dropping facility
r € F. For each vertex r € F, define:

C(r)={seS: (r,s) is an edge in x(F,S)}, and D(r) = C(r) \ F™.

Since each tree in x(F, S) contains exactly one vertex from F', the sets {D(r)},cr are disjoint subsets of
S\ F*; define D := U,.cpD(r). We define a useful map o : D — D U F* as follows (see also Figure 2).

1 Obtain an Euler tour on each tree in forest x(F™*,.S). This corresponds to |F*| = k vertex-disjoint
tours 1y, , 7 on F*JS.

2 For each j € [k], orient tour 7; clockwise and restrict the tour to vertices in D U F*, by short-
cutting over vertices S\ (D U F™*).

3 For each vertex v € D, let 7; (some j € [k]) be the tour that contains v; and set o(v) «— v' where
v € DU F* is the unique successor vertex of v, given by the clockwise orientation in ;.

Note that is map is indeed well-defined: since D C S, each vertex in D appears in some tour {7; }?:1

and hence has a unique successor as required in the last step above. Since each vertex of D|JF* has
in-degree one in the orientation of tours, it follows that map o is one-to-one. Finally, the total length of
the tours {7, };?:1 is at most 2 - d(k(F™, s)), which implies:

> d(v,o(v)) < 2-d(k(F*,5)). (5.2)

Now fix any r € F'\ Q; we will upper bound 6(F,r | S). To show this, we modify F' = k(F,S) to
obtain a feasible forest F(r) such that each S-vertex is connected to some vertex in F'\ r. We will show
that the length of forest F(r) is not much more than d(F’), which would bound §(F,r | S). The forest
F(r) is constructed as follows: starting with the forest F”, delete the edges {(r,v) | v € C(r)} adjacent
to r in this forest, and add the following edge-sets: (i) {(v,0(v)) | v € D(r)} where o is the map defined
earlier; (ii) {(f*,n(f*) | f* € o(D(r)) N F*}; and (iii) {(g,7(g)) | g € C(r) N F*}. Recall that for any
f e F* n(f) € Q is the closest facility to f in F'.
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Feasibility of F(r). We first show that F(r) is a feasible forest connecting each S-vertex to F'\ r: it
suffices to argue that C(r) is connected to F'\ r. Note that vertices C'(r) N F* are directly connected
to @ C F\ r by edge-set (iii) above. We will now show that edge-sets (i) and (ii) suffice to connect
D(r)=C(r)\ F* to F\ r as well. Let E(r) := {(v,0(v)) | v € D(r)}, i.e. edge-set (i) above.

Claim 5.1 The edges E(r) connect each D(r)-vertez to some vertez in (D \ D(r)) U (F* No(D(r))).

PROOF OF CLAIM 5.1. Fix any v € D(r), and let T, denote the set of vertices that are connected to
v using edges E(r). Note that by definition of the map o, we have T, C D|J (F* No(D(r))). Hence if
T,\D(r) # 0, it follows that v is connected to some vertex in (D\ D(r)) | (F*No(D(r))). Suppose (for a
contradiction) that T, \ D(r) = 0, i.e. T, C D(r). Since F*ND(r) = (), it must be (again by construction
of o) that there is some vertex u € T, with o(u) ¢ T,,. But as (u,o(u)) € E(r), this contradicts the
definition of T,,. Thus it must be that T, contains some vertex from (D \ D(r))J (F*No(D(r))). O

Note that edge-set (ii) connects each vertex in F* No(D(r)) to Q. Combined with Claim 5.1, each
D(r)-vertex is connected to some vertex in D\ D(r) or Q. Finally observe that each vertex in D\ D(r)
remains connected to F'\ r in forest F(r); and since Q@ C F'\ r, we obtain that F(r) connects each
D(r)-vertex to some vertex in F'\ r.

Bounding Cost of F(r). Next, we upper bound the increase in cost §(F,r | S) < d(F(r))—d(F') b
S(Fr|S) <= > dro)+ Y dwve)+ D> dg.F)+ > d(fF). (5.3
veC(r) veD(r) geC(r)NF* f*€a(D(r))NF*
The last term of this expression can be bounded by

> dF) <) dle

f*€a(D(r))NF* veD(r)

Y [do(v),0) +d(v, F)],

veD(r)

IN

where the last inequality follows from triangle inequality. Plugging the final expression above into (5.3),

SErS) <2 Y dwo)+ Y [, F) —dw,r] <2 Y dlv,o(v)

veD(r) veC(r) veD(r)
where the final inequality uses that r € F'.

Now summing over all r € F'\ Q, we get:

Z 0(F,r|S) < Z Z d(v,o(v Zd(v,a(v)).

reF\Q reF\QveD(r) veD
Finally, by (5.2), this last expression is at most 4 - d(k(F™*, S)), which completes the proof. O

Using this lemma within our general framework, we obtain:

Corollary 5.2 (Robust/Stochastic k-Tree Result) There is an O(log(m + n))-approximation algo-
rithm for the robust k-tree problem, and an O(logn)-approzimation algorithm for the stochastic k-tree
problem.

Note that we could also consider robust/stochastic versions of the k-Steiner-tree problem, where given
clients S and facilities F', the goal is to construct a forest that is not necessarily induced on F U S,
connecting each S-vertex to some F-vertex, i.e. the solution may use vertices outside F' U S as Steiner
points. In the k-tree problem considered above, k(F,S) was required to be induced on F'U S. However,
these two objectives are within a factor two of each other, and we obtain the same approximation results
for robust/stochastic k-Steiner-tree. As mentioned earlier, we also obtain identical guarantees for the
robust/stochastic versions of the k-person TSP.
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6. Capacitated k-Median Problem. In this problem, we are given a metric (V,d), a client-set
S C V, a number k and a capacity p such that |S| < k- p; the goal is to open a set of k facilities
F C V and construct an assignment p : S — F of clients to open facilities such that at most p clients
are assigned to any open facility (i.e., [p~'(f)| < p for all f € F), and the objective Y-, ¢ d(v, p(v)) is
minimized. A map p: S — F is said to be feasible iff [p~1(f)| < p for all f € F; additionally we define
the cost of mapping p as D(p) := > g d(v,p(v)). Thus, given client-set S C V and facility-set F* C V,
the objective in capacitated k-median is:

O(F | S)=min{D(p) | map p: S — F is feasible}.

Note that ®(F | S) and the map p : S — F achieving the minimum can be found in polynomial
time by solving a minimum cost b-matching problem [10]. In this section we show that the capacitated
k-median problem satisfies the conditions for our general framework, and hence we obtain logarithmic
approximations for its robust and stochastic versions.

To the best of our knowledge, our algorithm for the robust version gives the first non-trivial approxima-
tion guarantee for even the deterministic version of the problem, with hard capacity constraints. Chuzhoy
and Rabani [9] obtain a constant factor approximation for the deterministic version with non-uniform
soft capacities where the algorithm violates capacities by a constant factor.

To apply our general framework for robust and stochastic location problems, we establish the two
properties (P1) and (P2). Property (P1) holds trivially: as noted above, given facilities FF C V and
clients S CV, ®(F | S;) can be computed in polynomial time via b-matching [10].

We will prove the 8-projection property (P2) with 5 = 2. Recall that we are given any set F* C V of
k facilities, and another set F' C V of more than k facilities. Define o : F* — F to be a minimum cost
matching between F* and F' that assigns each vertex of F* to a distinct vertex in F. We set Q := o(F™)
to be those facilities in F' that are matched to some facility in F*. Note that |Q| = |F*| = k, as required.
In the rest of this section we show that for any S C V,

> S(Fr|S)<2-®(F|9). (6.1)
reF\Q

This would establish property (P2) with § = 2. Let p* : S — F* (resp. p: S — F') denote the minimum-
cost feasible mapping from S to F* (resp. S to F'). In order to establish (6.1), we construct for each
r € F\ Q, a feasible mapping p(™ : § — F\ {r} such that:

> (P (") = Dip) <2-@(F* | 5); (6.2)

reF\Q

this suffices since §(F,r | S) < D(p(")) — D(p) for any r € F'\ Q. In the next subsection we describe how
these new mappings are constructed, and in the following subsection we bound the cost increases.

6.1 Constructing New Assignments. A useful assignment is p’ := o o p*, which maps S to Q.
This is a candidate choice for p(") for every r € F \ @; however this may result in a large increase in
cost. Another natural choice for p(") is to map (i) all v € S with p(v) =7 to p'(v) € Q, and (ii) all other
u € S to p(u). However this might violate capacity at some facilities. Hence defining the new mappings
requires several clients to be reassigned, as described below.

It will be convenient to view any map 6 : S — F' as a bipartite graph on disjoint vertex-sets S and
F with edge-set E(8) := {(v,0(v)) | v € S}. Note that for any feasible map 6, in the resulting bipartite
graph, vertices in S have degree one, and those in F' have degree at most p. Recall that both p and
p/ = 0copmap S to F. Define bipartite multigraph H with disjoint vertex-sets S and F', and edge-set
Ey = E(p)||E(p) (i.e. if an edge appears in both E(p) and E(p’) then graph H contains two distinct
copies of it). Note that in graph H, each S-vertex has degree exactly two, vertices in F'\ @ have degree
at most pu, and vertices in @) have degree at most 2 .

A path P C Epy is called an alternating path if it starts at a vertex in F'\ @, ends at a vertex in
Q, and uses edges alternately from E(p) and E(p’). For every vertex v € p~}(F \ Q), we will show the
existence of an alternating path P, starting at vertex p(v) € F'\ S and with edge (p(v),v) € E(p). Define
P:={P,|vep Y (F\Q)}, and E(P) := |J P,. We will also ensure the following two conditions for this
collection P of paths.
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Figure 3: Figure showing maps p : S — F, optimal map p* : S — F* applied to point x € S, and also
the matching o : F* — F.

C1 The paths in P are edge disjoint, i.e. P, ()P, = for all distinct u,v € p~1(F \ Q).

C2 The bipartite graph on vertex-sets S and F with edges E(P) @ E(p) has each S-vertex of degree
one, and each F-vertex of degree at most .

To establish the existence of this collection P, we first prove the existence of a circulation in a suitably
defined network flow problem. Then we show how this circulation gives rise to the desired collection P.

An Auxiliary Flow Problem. Consider a directed multigraph T on vertex set V(T) := F |J{s} where
s is a new vertex. The arcs in T are given by the multiset A(T) := {(p(v),p'(v)) | v € SFU{(s, f) |
FeF\Q}JH(q s) | g € Q}. For any vertex u € F, denote by 6 (u) (resp. 6~ (u)) the number of arcs
in the multiset {(p(v),p'(v)) | v € S} leaving (resp. entering) vertex w. By the properties of mappings
p and p/, it follows that 67 (u),d (u) < p for all u € F; furthermore, §~(u) = 0 for all uw € F \ Q.
Consider an instance of the circulation problem on T given by integer lower-bounds {x, | a € A(T)} and
upper-bounds {7, | a € A(T)} on arcs. An assignment of integer values x : A(T") — Z4 to the arcs is
called a circulation iff:

Z z(u,v) — Z z(v,u) =0, Vu e V(T) and k4 < x(a) <1, Ya € A(T).
(u,v)EA(T) (v,u)€A(T)

Hoffman’s circulation theorem [21] states that there exists a circulation if and only if:

Z Nuw = Z Ko, forall X CV(T). (6.3)
(u,w)EA(T)ueX g X (v,u)eA(T),ueX vgX
Set the upper and lower bounds on arcs of A(T) as follows:
pw—0t(u) ifv=sandueQ 0 ifv=sandueqQ
Nu,w = 1 ifu,veF By 1= 0 ifu,v e F
00 ifu=sandve F\Q ot(v) ifu=sandveF\Q

We claim that this circulation instance satisfies (6.3). Consider any X C V(T'). We denote the left-
hand-side in (6.3) by 1(X), and the right-hand-side by x(X). If s € X then it follows that x(X) = 0, and
n(X) > k(X) trivially. Now suppose s ¢ X, and let X; = X N(F\Q) and Xo = X NQ; so X = X; |J Xo.
It is clear that k(X) = >, cx, 01 (u). For any Y C F, define A*(Y) to be the number of arcs (u,v) €
{(p(w), p'(w))}wes With u € Y and v € Y. Observe that n(X) = pu- |Xa| — 3, cx, 07 (u) + A*(X). In
order to establish 7(X) > x(X), it suffices to show that A™(X) 4+ pu - |Xo| > >0 o 07 (u).

Consider the arcs Ax C {(p(w),p'(w))}wes having their tail' in X: there are [Ax| = >, . 07 (u)
such arcs. Since 6~ (u) = 0 for all w € F \ Q, we can partition Ax into A% C Ax having head
in Xo = XN@Q, and A% C Ay having head in @ \ X. Since 6 (u) < p for all u € Q, we have
|A'| <> uex, 0 (u) < p-[Xa|. Observe that each arc in A% has tail in X and head in @ \ X: thus
|A%| < AT(X). Finally,

Y 0T (w) = |Ax| = |Ax| + |A%] < | Xo| + AT(X),
u€eX
which gives 9(X) > x(X) that in turn implies (6.3).

IWe use the standard terminology for directed graphs, the tail of an arc (u,v) is u, and its head is v.
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Constructing Alternating Paths P. We now show how this integral circulation x in T" can be used
to construct the alternating paths P. Note that by definition of the circulation instance, x restricted to
ares {(p(w), p’(w)) }wes can be decomposed into an arc-disjoint collection of paths {P, | v € p~'(F\ Q)}
where each P, originates at p(v) using arc (p(v), p’(v)) and ends at some @Q-vertex. Moreover, the total
number of paths ending at any ¢ € @ is at most p — 67 (g), due to the upper-bounds 7,s. Note that
there is a one-to-one correspondence between arcs {(p(w), p'(w))}wes and set S. Using this, for each
v € p t(F\S), directed path P, corresponds to path P, in the (undirected) bipartite graph H, defined
as follows: for every arc (p(w), p/(w)) (where w € §) in P,, path P, contains two edges (p(w),w) and
(w, p'(w)). Thus it follows that each P, is an alternating path in H, that starts at vertex p(v) using edge
(p(v),v) and ends at some Q-vertex.

Proving condition (C1). Since the collection {P, | v € p~'(F \ Q)} is arc-disjoint in T, paths P = {P, |
veEp Y F\S)} are edge-disjoint in H.

Proving condition (C2). Let {P, | v € p~'(F \ Q)} consist of arcs {(p(w),p'(w)) | w € W},
where W C 5. Then E(P) = {(p(w),w)bwew U{(0'(w), w)buwew. So Ely = E(p) & E(P) =
{(p(), ¥) }yes\w UL(p'(w), w) }wew. Clearly each S-vertex has degree exactly one in E7;. Vertices in
F\ @ have zero degree in E;: since W 2 p~!(F\ Q) by construction, and p’ maps S to Q. We now upper
bound the degree of any vertex ¢ € Q in E};. Recall that §*(q) is the degree of vertex ¢ in E(p). Let
e(g) denote the number of directed paths in {P, | v € p~*(F \ Q)} that end at vertex ¢; by construction
of the circulation instance, e(q) < p — §%(q). Additionally the number of paths in P ending at ¢ also
equals e(g). Since P cousists of edge-disjoint alternating paths in graph H, the degree of vertex ¢ in
E} = E(p) ® E(P) equals 6% (¢) + e(gq) < p. This completes the proof of (C2).

Defining Mappings p(™. For each r € F \ Q, we define p(") : § — F\ {r} as follows.

1 Consider bipartite graph G, on disjoint vertex-sets S and F', and edge set:
E, = E(p) S (UUEp—l(r)Pv)

2 For each v € S, set p{") (v) «— u where (u,v) € E, is the unique such edge.

LEMMA 6.1 For each r € F\ Q, the map p") is well-defined, feasible and p™)(S) C F\ {r}.

Proor. Fix any r € F \ @ for this proof. Note that each S-vertex has degree one in E(p), and
degree zero or two in every alternating path of P. So the degree of each S-vertex in E, is odd. However
E,. C Fy and each S-vertex has degree two in Fp; thus the degree of each S-vertex in F,. is exactly one.
This implies that p(™) is indeed well-defined.

To show that p(") is feasible, we will prove that each F-vertex has degree at most u in E,. Let
W = p7t(r) C S, and X := p~}(F \ Q). Number the vertices in X from 1 to |X| such that W =
{1,2,---,|W]|}. Consider the following iterative way of modifying E(p). Starting with Jo < E(p), define
for each i € {1,--- ,|X]|}, J; < Ji—1 ® P;. Since the paths P = {Pz}lj_f‘1 are edge-disjoint, it follows that
Jix| = E(p) ® E(P) and Jjw| = E,.. For each 1 <i < |X], the following hold:

1 For any vertex in F \ @Q, its degree in J; is at most its degree in J;_;. Note that P; contains
exactly one edge incident to a vertex in F'\ @, namely edge (¢, p(#)). Thus the degree of vertices
F\Q\{p(i)} is unchanged going from J;_; to J;. Additionally, (i, p(i)) € J;—1 since it is in E(p)
and in none of Py, -+, P,_1. Hence the degree of vertex p(7) in J; is one less than in J;_;.

2 For any u € @, its degree in J; is at least its degree in J;_;. Clearly the degree of Q-vertices

not in P; remain the same in J; and J;_;. For any vertex u € @ visited in P;, there is an edge
(u, p'~1(u)) that lies in path P; but not .J;_1; so the degree of u in J; is at least that in J;_;.

From the above, we obtain that (i) the degree in Jyy| of any (F'\ Q)-vertex is at most its degree in
Jo = E(p), i.e. p; and (ii) the degree in Jjyy| of any Q-vertex is at most its degree in J x| = E(p) ® E(P),
which is at most p by Condition (C2). Recall that .Jjy| = E,., so we obtain that E, is a feasible map.

We now show that vertex r has degree zero in F,., which would imply that p(™(S) C F\ {r}. By
definition of the alternating paths P, we have {(v,p(v)) | v € W} C Uyew P,. Clearly {(v,p(v)) | v €
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W} C E(p). Thus {(v,p(v)) |v € W} E, = 0. Finally, since r € F'\ Q, the only edges in H that are
incident to r are {(v, p( )) | v € W} recall that p’ maps S to @ C F. Hence it follows that r has degree
zero in FE,.. O

6.2 Bounding the Cost Increase. Given the alternating paths P and the mappings in Lemma 6.1,
we now complete the proof of (6.2) by bounding the cost increases, i.e. D (p™) — D(p) for r € F\ Q.

Increase of Single Alternating Path. Consider any v € p~1(F\Q), and let S\ P, = {u1,uz, ..., us}
(in that order) be the S-vertices in alternating path P,; note u; = v. By definition of an alternating
path, we have p'(u;) = p(uj41) for all 1 < j < £ — 1. Define,

14
= (d(uy,p — d(ug, p(uy))) -

For any 1 < j </, using triangle inequality we have,

d (uj, p'(u;)) — d(uz, p(uy)) < d(ug, p*(uy)) +d (p" (u;), p'(uy)) — d(uy, p(uy))
= 2-d(uj, p"(u;)) + d(p* (uj), 0 (1)) = (d(uj, p(u;)) + d(uy, p* (u;))
2 d(uj, p*(uz)) + d(p" (uz), p'(u;)) — d(p"(uz), p(uy))-

IN

Uj

Using the above, we can bound

V4
(Pv) <2 Zd(ujvp*(uj)) +
j=1

M-

(p" (ug), P (1)) — d(p” (u;), p(u;))] - (6.4)

Jj=1

Define a weighted bipartite graph M on disjoint vertex-sets F'* and F, with each edge (f,w) (for any
f € F* and w € F) having cost d(f,w). A subset of edges E’ in M is said to be an F*-matching if
E’ is a matching that contains some edge incident to each vertex in F*. Recall that o : F* — F is the
minimum cost F*-matching in M. Let E(o) := {(, U( )) | f € F*} denote the edges in this matching.

Consider the path in graph M defined by edges P, := {(p(u;), p*(u;)) ?:1 U{(p*(uj),p’(uj))}ﬁzl.

Note that this indeed describes a path since p'(u;) = p(u;41) for all 1 < j < ¢ —1. We claim that
E(0)® P, is also an F*-matching in M. This is because for cach j = 1,. .., ¢, edge (p* (uj), p'(uj)) € E(o)
and edge (p(u;), p*(u;)) € E(0), and since p(u1) € F'\ Q it has zero degree in E(o). Since E(o) is the
minimum cost F*-matching, we have

doode) - Y =D [d(p" (uy), p'(u)) = d(p* (uz), p(uy))] < 0.
e€E(o) e’EE(o)@P j=1

Plugging this into (6.4), we get
‘
Z (uj, p*(uj)) = 2 Z d(u, p*(u)). (6.5)

Bounding cost of p("). Fix any r € F'\ Q, and let W (r) := p~'(r). Now,

D (o) = Dlp) = 3 de)— > d(e)

e€E(p)®(Uvew (r) Po) e’'€E(p)

= Z €(Pv)

veW(r)

<2 Y S W), (6.6)

veEW (r) ueSNPy,

where the first equality is by definition of p(") (Lemma 6.1), the second equality uses the fact that
{P, | v e W(r)} are edge-disjoint, and the last inequality is by (6.5).
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By Condition (C1) the alternating paths in P are edge-disjoint in graph H. Furthermore, each S-
vertex has degree two in H, and degree zero or two in each path of P. Thus each S-vertex appears in at
most one alternating path from P. Thus we have,

Z (D(p(r)) p) < 2 Z Z Z d(u, p*(u)) < 2 Zd(u’7p*(u’)) = 2-B(F*|S9).

reF\Q reF\QueW (r) ueSNP, u' €S

Above, the first inequality is by (6.6), and the second inequality uses (i) {W(r) | r € F'\ Q} are disjoint
subsets of p~1(F\ Q) and (ii) {SN P, |v € p~1(F\ Q)} are disjoint (as argued above). This completes
the proof of Property (P2) for capacitated k-median with 8 = 2.

Corollary 6.1 (Robust/Stochastic Capacitated k-Median Result) There is an O(logm +logn)-
approzimation algorithm for robust capacitated k-median, and an O(logn)-approzimation algorithm for
stochastic capacitated k-median.

7. Fault-tolerant k-Median. In this problem, we are given a client set S C V, and a requirement
ry € {1,2,...,k} for each client v € S. The goal is to open a set of k facilities FF C V and connect
each client v to r, distinct facilities in F' such that the total connection cost is minimized. Given the
facility-set F' C V, each client v € S should clearly be connected to be the r, facilities in F' that are
closest to v, in order to minimize the objective. For any FF C V, v € S and integer 0 < h < |F|, let
(v, F, h) denote the set of h distinct facilities in F' that are closest to v; and let y(v, F, h) denote the
cost of connecting v to the h distinct facilities in T'(v, F, h), i.e

Y, F,h) = Y dv,f), VFCV,veS he{01, - |F|}.
fET(v,F,h)
Thus the objective in fault-tolerant k-median is:

O(F|S): Z’}/UF’I“U

veS

To use our framework to solve the robust and stochastic fault-tolerant k-median problems, the next
lemma proves the §-projection property (P2) with 8 = 2. Again property (P1) is trivial since it is easy
to calculate the exact cost of any solution.

For the problem where all the requirements r,, are uniform, the best known approximation guarantee

for the single scenario version is 4 (Swamy and Shmoys [38]). To the best of our knowledge, our result is
the first non-trivial algorithm for non-uniform requirements, even for a single scenario.

LEMMA 7.1 ((P2) FOR FAULT-TOLERANT k-MEDIAN) For every F* CV (|F*| = k) and F CV with
|F'| > k, there exists Q C F with |Q| = k such that

S > W, F\ firy) =y, Fory)| 2-®(F*|S)  VSCV. (7.1)
fEF\QvES

PROOF. Define the subset @ as a one-to-one mapping 7 : F* — F' as follows. Arbitrarily order the
elements of F*, and initialize Q < (). For each g € F* in this order, set 7(g) := argmin{d(g, f) | f €
F\Q} and Q «— QU{r(g9)}. Clearly |Q| = |F*| = k and mapping 7 is one-to-one.

Fix any client-set S C V. For each v € S, we define a mapping 7, : I'(v, F, r,) — @ thus:
1 Define G, :=T'(v, F,1,) N Q. Set 7,(g) < g for all g € G,.
2 For each g € T'(v, F,ry,) \ Q, set 7,(g) to be a distinct vertex from m(I'(v, F*,7,)) \ Gy.

Note that the second step is well-defined since |T'(v, F,r,) \ Q| = r, — |Go| = |[7(T(v, F*, 1)) — |Gy| <
|7 (T (v, F*,ry)) \ Gy|. Additionally 7, indeed maps I'(v, F,r,) to Q since n(I'(v, F*,r,)) C Q. Finally
observe that 7, is also one-to-one. Next we bound the total cost of this map 7.

Claim 7.1 For anyv € S,

Z d(v, 7 (g9)) < y(v, Fyry) + 2 - y(v, F*,ry).
gel(v,F,ry)
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PROOF. Note that by definition of 7, in Step 1 above, 3 ¢ d(v,Tu(9)) = - cq, d(v,g) (recall that
G, =T(v,F,r,) Q). For each g € T'(v, F,r,)\ Gy, define f, := 7~ 1(7,(g)); note that this is well-defined
since 7,(g) € @, and furthermore f, € I'(v, F'*,r,) by definition of 7, in Step 2 above. Observe that fgs
for each g € I'(v, F,r,) \ G, are distinct.

Fix any g € I'(v, F,r,) \ G,. Now recall the greedy construction of @, and consider the time when f, €
F* was mapped under 7 to its nearest vertex in F'. At that point, g € I'(v, F,r,) \ G, was not in @ (since
it is not in @ at the end of that process). Hence, the distance d(fy, 7(fy)) < d(fy,9) < d(g,v) +d(v, f)-
Thus,

d(v,7(9)) = d(v,m(fg)) < d(v, fg) + d(fg,7(fy)) < d(g,v) +2-d(v, fy)-

Summing this expression over all g € I'(v, F, r,,) \ G, and using the fact that {f, | g € T'(v, F,7,) \ G}
are distinct vertices in I'(v, F*,r,), we get:

Yoo dun(e) < 200 Y dw,H+ Y. dvg)
gl (v,F,ry)\Gy fET(v,F*,ry) g€l (v,F,ry)\Gy
— Y dwn) € 2a@FLr)+ S d(g).
g€l (v,F,ry) g€l (v,F,ry)
Rewriting the right hand side as 2 - (v, F*,r,) + v(v, F, r,) completes the proof of Claim 7.1. |

To complete the proof of Lemma 7.1, we show that for any f € F \ @, we can obtain a feasible
assignment of each vertex v € S to r, facilities C,(f) C F \ {f} as follows. If f & I'(v, F,r,), then
Cy(f) := T'(v,F,r,). Elseif f € I'(v,F,r,) (note also that f € F\ @), then C, = (T'(v, F,ry) \
{HU{m(f)}. By definition of map 7,, we have 7,(f) € @ \ I'(v, F,r,); thus in either case C,(f) C
F\{f}and |C,(f)| = ry. Observe that the increase in v’s connection cost upon dropping f from F, i.e.

Y, F\{f},m0) —v(v, Fyry) < d(v,7(f)) — d(v, f). Now we have,
S Y (v, F\{f}r) =0, Fry)) <Y > (dw, () —d(v, f))

fEF\Q wvEeS fEF\Q wv:fe I'(v,F,ry)

=Y Y () - dw, f)

veS fe I'(v,Fry)\Q

= > 3 @) —d, f)

veES fe T'(v,F,ry)

= > S dwr(f) | - For)

veS fer(v,F,ry)

< ST(@ A0, Frro) + 10, Fy ) — (v, Fory)

veS
— 23 (. Frr) = 2-®(F7 | 9),
veS
where the third last inequality follows from Claim 7.1. This finishes the proof of the lemma. (]

Corollary 7.2 (Robust/Stochastic Fault-Tolerant k-Median Result) There is an O(logm +
log n)-approzimation algorithm for robust fault-tolerant k-median, and an O(logn)-approzimation al-
gorithm for stochastic fault-tolerant k-median.

8. The Stochastic k-Center Problem. In the previous sections, we gave approximation algo-
rithms for some robust and stochastic location problems. In this section, we study another natural
stochastic location problem, stochastic k-Center, and provide some evidence that it is hard to approxi-
mate well in polynomial time. We consider the uniform-probability stochastic k-center problem: given a
metric space (V,d), subsets Si,...,S, CV and a bound k, the goal is to open a set F' of k facilities to
minimize

Z max d(z, F).
— x€S;

1=
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Note that the deterministic version of this problem (i.e. m = 1) is the k-center problem, for which several
2-approximations are known, and this is the best one can do unless P = NP [40].

In this section we show that the stochastic k-center problem is closely related to the dense k-subgraph
problem. Recall that in the standard (maximization) version of the dense k-subgraph problem, we are
given a graph G with n vertices and a value k, and the goal is to pick k vertices that maximize the number
of edges in the induced subgraph. One can also define the minimization version of dense k-subgraph,
where the goal is now to pick k edges to minimize the number of vertices incident to these edges. The best
result known for either version is that of Feige et al. [16] who gave an O(n%)-approximation algorithm
for some 0 < 1/3. The problem is believed to be hard, and [14, 24] showed that the dense k-subgraph
problem is hard to approximate within some constant p > 1 under two different complexity-theoretic
assumptions.

We study the (uniform-probability) stochastic k-center problem on the uniform metric, and hence can
formulate it as a set-covering-type problem:

Given m sets {S;}, that are subsets of a ground set V', the goal is to pick a set F C'V
of k elements to minimize the number of sets not contained within F'; i.e., the objective
is to minimize |{i € [m] | S; € F}|.

THEOREM 8.1 (STOCHASTIC k-CENTER HARDNESS) Suppose there exists an a-approzimation algorithm
for the stochastic k-center problem on the uniform metric. Then there is an a-approximation algorithm
for the minimization version of dense k-subgraph.

ProOOF. Consider an instance of the minimization dense k-subgraph problem: given graph G =
(V(G), E(G)) and parameter kg, we want to pick at least kg edges to minimize the number of vertices
incident to these edges. We construct an instance of stochastic k-center on the ground set V' := E(G). For
each vertex v € V(G), we define a set S, := {e € E(G) | e is incident to v}. Now consider the instance
of stochastic k-center with V| {S, | v € V(G)} and the parameter k = |E(G)| — kg. Given any solution
F C V for this problem, consider the set F' =V \ F of size kg. Choosing F' to minimize the number of
sets S, that are not contained within F' is the same as choosing F’ to minimize the number of sets that
intersect F'—but since a set S, intersects F” precisely when some edge in F’ is incident to v € V(G), this
is precisely the same as solving the minimization dense k-subgraph instance. In particular, if the bound
k is not violated, any algorithm for stochastic k-center on uniform metrics with approximation ratio «
gives an identical approximation ratio for the minimization dense k-subgraph problem. O

9. Closing Remarks. In this paper we presented the first approximation algorithms for some natu-
ral classes of max-min (robust) and stochastic location problems. Our results propose a general framework
for obtaining approximation guarantees of O(logm + logn) for such problems, where m is the number of
possible “scenarios” and n is the size of the metric space. For some of these problems, one can improve
this to O(logm + log k) by first preprocessing the instance to define a new weighted instance on a metric
space of size O(k), and then extend the current algorithms to work for weighted instances as well. As
mentioned in Section 1, the algorithms in this paper only work in the case where there are no costs
involved with opening facilities at particular locations. Can we give algorithms with similar performance
guarantees for the situation with facility costs?
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Appendix A. Improved Guarantee for Robust k-Median on Uniform Metrics. We now
consider a natural linear relaxation for the robust k-median problem on a uniform metric. Recall that
there are n elements V', and m scenarios S1,--- , S, C V; the goal is to pick k£ elements so as to minimize
the maximum number of uncovered elements in any scenario.

min z
s.t. Zzzeesixe V1i<i<m
ccy Te=n—k
0<xr<1
z2>0

In the above linear program, the variable z. is 1 if element e is not picked, and 0 otherwise. Let us fix
any solution (z, z) to this linear program. To round this solution, we use the dependent rounding scheme
of Gandhi et al. [17], which implies the following in our context:
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THEOREM A.l (GANDHI ET AL. [17]) There is a polynomial time randomized algorithm that generates
X, €{0,1} for alle € V such that:

1 Pr(X.=1]=u. foralle V.
2 Prid ey Xe=n—k]=1.

3 {X. | e €V} are negatively correlated. This implies that for any S CV and § > 0, we have:

—82ug e ps(1+9)
< min<{ e 25 .
= (751

Using this rounding scheme, it is clear that we always pick exactly k elements. For any scenario S,

we have p; = B[} cg Xe] = D ces, Te < 2. Fix any constant € € (0,1); and set a := 8Inm. Using the
epita
Hi

Pr ZXe > (14 9)ps

eeS
Here pus = E[Y g Xe].

first expression in property (3) of Theorem A.1 with §; = for each S;, we have for each 1 <14 < m:

< oxp (ww))

Pr
20 +ep + o

IN

1
ZX6>(1+€)‘/M+04 ey

e€S;

where the last inequality uses the following calculation:

i 2 i 204 -1 2 -1
Mepita) (et N (2 sa (142
2u; + ey + 2u; + ey + el + €
eeSiX@>(1+e)~z+a]S#foreachlgigm.

Now, by a union bound over all scenarios we obtain that with probability at least 1 — %, the maximum
number of uncovered elements in any scenario is at most (1 +¢€) -z + % -In'm. Thus we have:

vV
>~ o

-a=2lnm.

Using u; < z for all scenarios S;, we get Pr[>_

THEOREM A.2 For any constant 0 < € < 1, there is a (randomized) approximation algorithm for robust k-
median on uniform metrics that, given any instance, returns a solution of value at most (1+6)~Z*+§-ln m,
where £* is the optimal value of the given instance.

This randomized rounding algorithm can also be shown to achieve a better multiplicative approxima-
tion guarantee. Set 5 = ﬁlll‘:lﬁ For each scenario S;, choose d; so that p;(1+ §;) = G [z]; recall that z
is the LP objective and p; = E[)_ 5 Xe| = > .cg, Te < 2. We assume that 2 > 0, otherwise the robust
k-median instance is trivial. Since p; < z, we have 1+ §; > ( for all i € [m]. Now using the second

expression in property (3) of Theorem A.1, for any i € [m],

6121
S Xe> ﬁM} < (155) < (¢/B)” < exp <—ﬂ- ;lnlnm> < %

ecS;

Pr

Now, again by a union bound, with probability at least 1 — %7 the maximum number of uncovered
elements in any scenario is at most (3[z], which implies:

THEOREM A.3 There is a randomized O (lﬁﬁm)—appmximation algorithm for the robust k-median prob-
lem on uniform metrics.

Appendix B. Bad Examples From Section 3 Here we give bad examples for the two greedy
algorithms for robust k-median on uniform metrics, that were mentioned in Section 3.

Consider first the greedy algorithm that drops the element increasing the exposure of fewest sets. This
algorithm performs badly on the following instance. The universe V' = {a1, as,..., a3} U{b1,ba, ..., b},
and the sets/scenarios are as follows:

e There is a set Sy = {a1,az,...,a3t}.
e For each j € [t], there are three sets Sj1 = {b;,a;}, Sj2 = {bj,a;4+} and Sjo = {bj, a; 4ot}



2 Anthony et al.: A Plant Location Guide for the Unsure
Mathematics of Operations Research 00(0), pp. xxx—xxx, ©20xx INFORMS

Note that each element b; lies in three sets, whereas each element a; lies in two sets. The total number
of elements is n = 4¢, and suppose we want to choose a set F' C V with k = 3t to minimize the maximum
exposure. An optimal solution is to choose F' = Sy, which results in a maximum exposure of 1. However,
if we keep greedily dropping elements which increase the exposure of the fewest sets, we will drop some
t of the elements in Sp, which will give us an exposure of ¢t = |V|/4.

Next, consider the greedy algorithm that drops any element that keeps the maximum exposure min-
imized. The bad instance consists of universe V- = {ec1,...,¢c:} U{d1,...,d:}, and let C := {c1,..., ¢t}
For each j € [t], there is a set C' U {d;}. The bound k = ¢. Clearly the optimal solution picks elements
C, resulting in a maximum exposure of one. However, one possible run of this greedy algorithm is to
repeatedly drop each element in C'; this results in a solution having maximum exposure t.



