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Abstract

In this paper, we present approximation algorithms for the ATRPORT AND RAIL-
WAY problem (AR) on several classes of graphs. The AR problem, introduced by
[1], is a combination of the CAPACITATED FACILITY LOCATION problem (CFL)
and the NETWORK DESIGN PROBLEM (NDP). An AR instance consists of a
set of points (cities) V' in a metric d(.,.), each of which is associated with a
non-negative cost f, and a number k, which represent respectively the cost of
establishing an airport (facility) in the corresponding point, and the universal
airport capacity. A feasible solution is a network of airports and railways provid-
ing services to all cities without violating any capacity, where railways are edges
connecting pairs of points, with their costs equivalent to the distance between
the respective points. The objective is to find such a network with the least
cost. In other words, find a forest, each component having at most k points and
one open facility, minimizing the total cost of edges and airport opening costs.
Adamaszek et al. [1] presented a PTAS for AR in the two-dimensional Euclidean
metric R? with a uniform opening cost. In subsequent work [2] presented a bicrite-
ria % (2 + é)-approximation algorithm for AR with non-uniform opening costs
but violating the airport capacity by a factor of 1 + e, i.e. (1 + a)k capacity
where 0 < o < 1, a (2 + ﬁ + e)—approximation algorithm and a bicriteria
Quasi-Polynomial Time Approximation Scheme (QPTAS) for the same problem
in the Euclidean plane R?. In this work, we give a 2-approximation for AR with
a uniform opening cost for general metrics and an O(log n)-approximation for
non-uniform opening costs. We also give a QPTAS for AR with a uniform open-
ing cost in graphs of bounded treewidth and a QPTAS for a slightly relaxed
version in the non-uniform setting. The latter implies O(1)-approximation on
graphs of bounded doubling dimensions, graphs of bounded highway dimensions
and planar graphs in quasi-polynomial time.
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1 Introduction

We study a problem that integrates CAPACITATED FACILITY LOCATION and NET-
WORK DESIGN problems. The problem referred to as Airport and Railway problem
denoted as AR (introduced by [1] and studied further in [2]) is the following. Suppose
we are given a complete weighted graph G = (V, E) embedded in some metric space
(for instance the Euclidean plane), with two cost functions f : V' — R>( for opening
facilities (also known as airports) at vertices (also known as cities) and ¢ : E — Rxg
for installing railways on the edges in order to connect cities to airports. We are also
given a positive integer k € Z as the capacity of each airport. The goal is to partition
the vertices into a set of clusters each of size at most k, find a set of vertices A C V
at which we open facilities (airports) so that each cluster has exactly one airport, and
a set of edges R C E, such that the edges on each cluster induce a connected graph,
while minimising the total cost of the edges plus the opening of selected facilities.

Clearly, the graph induced by each cluster must be a tree. So we have a collection
of trees, each of size at most k and each having an open facility. The idea is each open
facility serves as an airport that will serve all the cities in the cluster it belongs to
(including the city at that vertex). The goal is to minimise the total cost
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To be more precise, a cluster is an airport and the set of all the cities served by it,
together with the set of railways connecting the cities to the airport that forms a tree.
Adamaszek et al. [2] also defined a relaxed version of AR (they called AR') where in a
feasible solution a component of the forest might have multiple airports and multiple
copies of any edge and each component allows routing one unit of flow from all its
cities to the airports so that each airport receives at most & flows and each copy of
an edge has capacity k. Note that in this version of the problem, the cities belonging
to different airports can share the edges of the network. So an edge might be used by
cities from different clusters but no more than k in total; in this case, the cost of the
edge occurs only once in the objective.

When considering special metrics (e.g. shortest path metrics induced by trees or
other special graph classes) we may not have a feasible solution to AR in the strict
setting that clusters need to be disjoint. For this reason, we consider a slightly relaxed
version of AR, denoted by AR where the clusters do not need to be edge-disjoint
but each cluster will pay for the edges it uses separately. In other words, each edge is
allowed to be used by multiple clusters but each of them needs to pay the cost of the
edges they use separately. Considering this relaxed version becomes useful when we
are working on specific metrics e.g. shortest path metrics of certain graph classes such
as trees (e.g. see Figure 1). Note that in AR, each connected component in a feasible
solution may contain multiple clusters and the total cost that we want to minimise is
Y vea fo D ecr Ce - @(e) where ¢(e) is the number of clusters using the edge e. We

highlight that AR’ is a strictly more relaxed setting vs. AR. In AR’ the cities sending
flows to different airports can share the edges of the network and if the flow over an
edge is < k (even if used to send flow to different airports) the cost of the edge is paid
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Fig. 1: a) An example tree where we assume the airport capacity is 3 and u; and s
have an opening cost of zero while other vertices have cost infinity; b) The solution to
AR. Pink vertices represent cities with an airport. Each edge is coloured to indicate
its cluster. The dashed edge is used by both clusters; ¢) The solution to AR’. Each
directed edge is labelled with its flow value.

for only once. This is not the case in AR. For instance, a feasible solution to AR in
this Figure 1 has two clusters, one u1,u,v and the other us, v1,v2 and has a total cost
of 6 whereas a feasible solution to AR’ has one component with cost 5.

The AR problem has some characteristics of the Capacitated Facility Location
(CFL) problem and Network Design problem. The instance of AR is the same as
CFL with uniform capacities. However, in CFL one has to open a number of facilities
and assign each client/city to an open facility (by a direct edge) so that each facility
is assigned at most k clients and we minimise the total opening cost and connection
cost. The main difference is that in CFL each cluster forms a star (with the facility
being the centre) while in AR each cluster is a tree, whose cost might be much cheaper
than the star. In AR, the clients might share the same path to be connected to the
facility and hence reduce the total cost of forming the railroad network. AR has also
similarities to the Capacitated Vehicle Routing Problem (CVRP) and Capacitated
Minimum Spanning Tree (CMST). In CMST, the goal is to construct a minimum-
cost collection of trees covering all the input vertices, each tree spanning at most k
vertices, connected to a single root node. As discussed in [2], AR can be modelled as
CMST in general weighted (non-metric) graphs.

The following variants of AR have been studied [1, 2]. For some constant 8 > 1,
ARg refers to the bicriteria version of AR, where airport capacity is allowed to be
violated by a factor of 8 (also known as resource augmentation). AR™ is a relaxed
version where the airport capacity is dropped, or equivalently, set to infinity: & = +oco.
When airport opening costs are uniform we refer to it by 1AR. Another special case
is AR p where each component is a path with both endpoints having an airport. ARp
is a relaxation of the Capacitated Vehicle Routing Problem (CVRP) since not all the
paths need to have a common endpoint (the centralised dépot in CVRP). The original
problem is sometimes denoted as AR (or simply AR) where we have a general forest.

1.1 Related Work

As mentioned above, [1, 2] have studied AR and some variants of it defined above.
No true (non-trivial) approximation is known for AR in general setting. For the case
of uniform airport opening cost, for both 1AR and 1ARp, [1] show that the problems
are NP-hard in Euclidean metrics and present PTAS’s for them.



In [2] the authors consider bicriteria approximations. They present a % (24 %)—

approximate for AR14p, p € (0,1] for general metrics. For Euclidean R? they present
a QPTAS for ARy, for arbitrary p > 0 (i.e. violating the capacities by 1 + ) and
a (24 ﬁ + ¢)-approximation in polynomial time. To obtain the latter result they
obtain a PTAS for AR’ on Euclidean metrics and show that a solution to AR’ implies
a solution for AR at a loss of factor 2 + %

In CFL, we are given a weighted (metric) graph G = (V| E), a facility opening cost
function f: V — R>g, and edge costs ¢ : E — R>g, and a capacity u,. The goal is to
open a set of facilities F' C V', and assign each point v € V to an open facility so that
each open facility v has at most u, points assigned to it while minimizing the total
opening costs plus the assignment costs of points to open facilities. The only difference
between CFL and AR is that in CFL the assignment edges in each cluster form a
star whereas in AR it forms a minimum tree spanning the nodes of that cluster. There
are constant approximation algorithms for CFL in general as well as uniform settings
3, 4].

For CVRP and its variants there are constant-factor approximations in general
settings and QPTAS for special metrics such as Euclidean and doubling metrics and
minor-free graphs [5-8]. Another related problem is the capacitated cycle cover prob-
lem (CCCP) studied in [9]. In this problem, we are given a weighted graph G and
parameters k and «y. The goal is to find a spanning collection of cycles of size at most k
while minimizing the cost of the edges of the cycles plus 7 times the number of cycles.
This problem is related to Min-Max Tree Cover and Bounded Tree Cover studied ear-
lier [10, 11]. In [9] the authors present a (2 4 2)-approximation for CCCP. This also
implies a (4 + %)—approximation for uniform AR.

For CMST, Jothi and Raghavachari [12] give a 3.15-approximation algorithm for
Euclidean CMST and a (2 + «)-approximation for metric CMST, where v < 2 is the
ratio of minimum-cost Steiner tree and minimum spanning tree. As pointed out by
[2], AR can be reduced to CMST in non-metric setting.

We refer to [2] for discussion of other related works such as capacitated-cable
facility location problem (CCFLP) [13] and sink clustering problem [14].

1.2 Contributions

Although AR (and Xﬁ) are similar to both CFL and CVRP, the mix of Capacitated
Facility Location and Network Design components appears to make it significantly
more difficult than both. The approximability of AR for general metrics remains
uncertain. Even for more restricted settings such as special metrics (e.g. trees) or
uniform opening costs, the approximability of the problem is open.

In this paper, we make progress on some special cases. First, we consider AR with
uniform opening cost (i.e. 1AR) on various metrics. For general metrics, we present a
simple 2-approximation algorithm for this.

Theorem 1. There is a 2-approzimation for uniform AR on general metrics.

We also consider graphs of bounded treewidth and present a QPTAS for AR on
such metrics. -

Theorem 2. There is a QPTAS for uniform AR on graphs of bounded treewidth
which runs in time nO@*1og* n/(e*108” W) yhere w is the trecwidth of the input graph.



General metric Euclidean plane Bounded treewidth

PTAS for AR%;
Bicriteria: % (2 + %)— exact for AR%;
Nonuniform | approximate for ARjyp, | QPTAS for ARiy,, | Exact algorithm for
airport cost | p € (0,1] [2]; O(logn) | > 0; (2+ ﬁ +¢)- | AR’ (Theorem 3)
(Corollary 1.1) approximate for AR
2]

Uniform 2 (Theorem 1) PTAS for both 1ARr | QPTAS for AR
airport cost and 1ARp [1] (Theorem 2)

Fig. 2: Summary of previous work and our results

Next, we consider AR’ in the general setting (i.e. with non-uniform facility opening
costs). We propose an exact algorithm for trees and graphs of bounded treewidth.
Theorem 3. AR’ can be solved in polynomial time on graphs with bounded treewidth.

Using embedding results for general metrics into tree metrics with O(logn) distor-
tion as well as embedding of graphs of bounded doubling dimension, graphs of bounded
highway dimension, and minor-free graphs into graphs with polylogarithmic treewidth
as well as O(1)-reduction from AR to AR’ ([2]) we obtain the following corollary.
Corollary 1.1. There is a polynomial time O(logn)-approximation for AR on gen-
eral graphs, a QPTAS for AR and therefore a quasi-polynomial O(1)-approzimation
for AR for graphs with bounded doubling dimension, graphs of bounded highway
dimension, and minor-free graphs.

We also show that at a factor 2 loss, we can reduce the general AR problem to
the case that facilities have cost 0 or +00, we denote this case by 0/+0c0 AR. In other
words, the special case of the problem that all facilities (to be opened) are given to
us and we simply have to build clusters of size at most k each of which has one of the
open facilities. Even for this special case, a good approximation remains elusive.
Theorem 4. Given an instance G for AR, we can build an instance G' for 0/+o00 AR
such that any a-approximate solution to 0/+o0c AR implies a 2a-approzimate solution
for AR on G.

A summary of previous and our results appear in Figure 2. In the next section, we
prove Theorem 1. Then in Section 3 we prove Theorem 2 and in Section 4 we prove
Theorem 3 and Corollary 1.1. We present the proof of Theorem 4 in Section 5.

2 Algorithm for Uniform AR in General Metric

In this section, we prove Theorem 1. Since each facility (airport) is trivially serving
its own city, we refer to the remaining capacity k — 1 (to serve other clients) as k for
simplicity. We assume opening a facility at each vertex costs a uniform value f. Given
an instance G we first define a modified instance G for each input graph G. The graph
G is obtained by adding a dummy node r to G and connecting r to all the vertices
v € V with an edge of cost ¢, = f. We first define the MSTY problem and prove the
following lower bound.



Definition 1. In the MSTY problem, we are given a graph G = (V, E) with a vertex
r € V. The task is to find the minimal cost of the spanning tree of the input graph,
while ensuring that the degree of vertex r in the solution is o.

Lemma 2.1. If o is the number of components in an optimum solution to AR on G
then the cost of an optimal solution to the MSTy problem on G is a lower bound on
the optimal solution to AR on G.

Proof. Consider an optimal solution £ to AR on G. Say there are ¢ components in &.
After adding into £ a dummy node r and connecting r to the vertices that are open
facilities with an edge of cost f, we obtain a spanning tree T for G of the same cost,
where the vertex 7 has a degree of 0. Namely, this is a feasible solution to MSTY.

Therefore, an optimal solution to MST? on G cannot cost more than the optimal
solution to AR on G. O

Our algorithm first guesses the number of components in the optimal solution. We
do this by enumerating all possibilities. Say there are ¢ components in the optimal
solution for some integer 0 < n. Note that we know o > {%] for certain, as otherwise
there must exist some cities that are not getting served. Our algorithm is as follows.

Construct the instance G. Solve the MST? problem on instance G. After removing
the dummy vertex r, we obtain a set T = {11, T5,...T,} of o connected components
(i.e. trees). Note that we can solve the MST? problem using the technique of matroid
intersection [15].

Let M; = (E,Il) represent the graphic matroid of G (also known as the cycle
matroid or polygon matroid), where the ground set F is the set of edges in G, and
the set of independent sets Z; consists of acyclic subgraphs of G. That is to say, each
independent set corresponds to the edges of a forest in the underlying graph G. Let
My = (E,Ig) denote the partition matroid, where the set of independent sets Zs is
defined as follows, where N(r) represents all the edges incident to the vertex r and 174
is the vertex set of G,

12:{SQE‘ ISAN()| <o, |Sﬁ(E\N(r))|§|‘7|—1—a}.

In other words, each independent set of this partitional matroid corresponds to the
edge set of a subgraph of G with at most \f/| — 1 edges, where there are at most o
edges incident to the vertex 7 and at most |V| — 1 — ¢ edges not incident to 7.

Note that a feasible solution to MST; is an independent set of both matroids. The
underlying graph must form a spanning tree, so it is an independent set of M;. The
set of edges must satisfy the degree requirement for vertex r, so it is an independent
set of Ms. For each connected component T; € T, we obtain a cycle C; in the following
way: double the edges of T; and trace them while short-cutting whenever we encounter
a vertex that has been visited. We cut each cycle C; into a set of disjoint subpaths
of fixed length k, except for at most one subpath per cycle that is strictly shorter
than k. Essentially, we have transformed the trees in 7 into a set of paths. Let Py
denote the set of paths with length exactly k. For each path in Py, we simply open
one of its cities as an airport. Note that |Py| < L%J since there are at most n vertices

n

(other than the vertex r) in the graph. In addition, as we know o > {ﬂ, we have
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[P < L%J < {ﬂ < 0. Consequently, the cost of opening these |Py| airports is
|Pr| - f < o - f. For those subpaths of length less than k, we simply open one of its
vertices as the facility. Note that since there are |T| = o/ < o trees T; (hence there
are o’ corresponding cycles C;), we have at most ¢’ such short subpaths. The current
cost is bounded by twice the edge cost of all the trees in 7T, as well as the facility cost
of all these subpaths, which is at most f - o + [Pg| - f < 20 - f. Meanwhile, the cost
of the MST? solution is the edge cost of all the trees in 7, plus the cost of incident
edges of r in the solution, which is at most f - . Thus, it is obvious that the cost is
no more than twice the cost of the MST? solution.
From the analysis above, it should be easy to see that Theorem 1 follows.

3 QPTAS for Uniform Case in Graphs of Bounded
Treewidth

In this section, our goal is to prove Theorem 2. First, recall the definition of graphs
with bounded treewidth.

Definition 2. A tree decomposition of a graph G = (V, E) is a tree T = (V', E’) and
a mapping E : V' — 2V where each vertex 3 € V' (also known as a bag) corresponds
to a set of vertices of G, such that

e For each vertex v in G, it must be included in at least one bag of T

e For each edge uwv in G, the pair of vertices u,v € V- must be included in at least one
bag of T

e For each vertexr v in G, consider the set of all the bags in T that include v. These
bags induce a connected component in T .

The width of a tree decomposition is defined as the cardinality of its largest bag
minus one. The treewidth of a graph G is the smallest w such that G has a tree
decomposition with width w. Given a graph G = (V, E) of treewidth w, there is a tree
decomposition T' = (V', E’) of G where T is binary, with depth h € O(logn) (where
n = |V|) and treewidth not exceeding w’ = 3w + 2, according to [16]. For simplicity,
denote w’ as w instead. We assume the tree height h = §logn for some constant 6 > 0.

Our algorithm for uniform AR on bounded treewidth graph relies on the technique

developed in [8] for designing QPTAS for CVRP on such metrics. First, we ignore
the concept of facilities/airports, we simply pay an extra f for each cluster in our
solution (later we designate one vertex in each cluster as the facility to be opened).
For that, we define a new version of the problem which we call UAR (meaning AR
with undetermined airports).
Definition 3. (UAR) The goal is to find a set F of (not necessarily disjoint) clusters
(i.e. trees) using edges in the graph. The size of each cluster must not exceed the
capacity constraint k. Fach cluster v € F has a cost of f and we want to minimise
the total cost, which is defined as

|F|-f+ Z cost(7y)



where cost(y) denotes the railway cost of the cluster .

Since this is a relaxed version of the original problem (as we do not specify the
location of the facilities), its cost is a lower bound of that of the original problem. We
can think of each vertex in V' to have one unit of demand which needs to be sent to an
airport to be served. We may add dummy demands to a vertex during the algorithm,
so a vertex may end up having more than one unit of demand. The size of a cluster
is defined to be the sum of demands on all its vertices, instead of just the number of
vertices. Note that a component may not include every vertex that it passes through,
as a component may be simply using the edges of a vertex to get to somewhere else,
which can also be seen as not picking up the demand of the vertex. Be mindful that,
from the perspective of demands, the size of a component is the number of demands
it includes, instead of the number of vertices. Therefore the clusters in the solution
are not necessarily edge-disjoint or vertex-disjoint, but the total number of demands
in each cluster obeys the capacity constraint.

For clarity, we refer to the vertices in T as bags, to differentiate them from the
vertices in G. For the notation 3, we refer to it as the name of the bag g € V(T as
well as the corresponding set of vertices 5 C V(G). For each bag 3, denote the union
of vertices in all of the bags in the subtree T as Cz. Note that Cs also denotes the
set of all bags in Tj.

Each vertex of G may appear in multiple bags of T as tree decomposition generates
duplicates. In order to make sure the demand of a vertex does not get duplicated in
T, for every vertex v € V(G), we assume that the copy/instance of v in the bag ¢
that is the closest to the root bag (we know there is a unique one and we denote this
copy of v as ¥) has a demand of one, and the rest of the copies of v (which resides in
other bags) have demand zero.

Given an optimal solution denoted as OPT, we will demonstrate a process for
transforming it into a near-optimal solution for UAR and thereby show the existence of
such a near-optimal solution. This transformation occurs incrementally on T', moving
from the bottom to the top, one level at a time. The solution before modifying level
¢ is denoted as OPT,, and after the modification as OPTy_;.

Overview of the approach and relation to [8]: Our goal is to show the exis-
tence of a near-optimum solution with certain structures. Suppose OPT is an optimum
solution for UAR and OPT is its value. We aim to find a near-optimal solution, of cost
(1+0O(e))opT, where each vertex has at least one unit of demand, and the size of par-
tial clusters in any subtree T can only be one of polylogarithmically many values. Two
concepts are required to describe the following data structures, namely, the notions of
partial and complete clusters. We consider a non-root bag 5 € V(T') and the subtree
rooted at 3, Ts. A complete cluster in T is a cluster that is entirely in the graph Clp,
and a partial cluster is one that uses vertices both inside C's and outside. Similar to
[8], we first assume that the number of clusters in OPT is sufficiently large, that is,
at least Alogn for some large number A. Otherwise, if the number of clusters in OPT
is upper-bounded by ¥ = Alogn then a simple DP can solve the problem exactly (see
[17]). Given an optimal solution OPT, we will demonstrate a process for transforming
it into a near-optimal solution with certain structural properties that help us find one
using dynamic programming. This transformation occurs incrementally on 7', moving



from the bottom to the top, one level at a time. The solution before modifying level
¢ is denoted as OPTy, and after the modification as OPT,_;. Looking at how OPT,
looks like, we would like to “approximately” keep the sizes of partial clusters that
extend below 3 in Ts. A standard approach is to “bucket” the sizes of partial clus-
ters into buckets where each bucket contains all those sizes that are within (1 + €) of
each other (e.g. bucket i being values in (1 +¢)*...[(1+ &)**! — 1]. This will reduce
the complexity of the DP table to quasi-polynomial: we keep the number of partial
clusters of each bucket and try to fill in the DP table bottom-up. The problem is that
then when we are combining solutions in the DP table, since we are keeping the sizes
approximately (and sacrificing precision), we may violate the capacities unknowingly.
The idea developed in [8] was to modify OPT by reducing the sizes of the clusters (at
a small increase in the number of clusters) so that even if we scale the sizes of the new
clusters by a small number, they are still capacity-respecting. They used a technique
that was used later in [18], called adaptive rounding that we also use here to round
the sizes of partial clusters in T3 for any bag 8 € T'. At each bag 3, for clusters that
are in the same “bucket” we swap parts of them with a net effect of reducing their
sizes while having only a poly-logarithmic many possible bucket sizes at the end. We
formalize this in the following.

Definition 4. Define the threshold values {o1,...,0,} where

in such a way that the last threshold o = k. So 7 € O(logk/¢).

We adapted the definitions from [8]. Consider a bag § that is situated at level £.

We consider partial clusters that cross 3 and based on their size in C'z we bucket them.
Bucket ¢ contains those partial clusters whose size is in the range [0, 0;41). Now let’s
focus on all (partial) clusters that are in bucket i of bag 5. Each of these clusters has
some vertices in Cg and some vertices outside. For a set S C /3 consider all the partial
clusters in bucket ¢ that their intersection with 5 is S. So each of them will form a
number of connected components in Cg where each component contains some part of
S; this defines a partition of S. We consider all those partial clusters that have the
same partition of S together (defined below).
Definition 5. For a bag 8 at level £ in T, for each set S C B and partition ps of
S, consider the set b5 which contains the clusters that use exactly the set of vertices
S C B to span into Cg, where pg denotes a partition of the set S based on connectivity
of the of those clusters in Cyz. Define the i-th bucket of bS®, denoted as b;, to store
clusters in OPT, that have a size between [0;,0;41) inside Cg, where o; is the i-
th threshold value. Denote this bucket by a tuple (8,b;, S, ps). Denote the number of
clusters in bucket (8,b;, S, ps) as n“;fs

Essentially, the set S represents the interface that the clusters in the bucket
(B8,b;, S, ps) use to attach to the rest of their parts in Cg, and pg is a set that describes
the connectivity between the vertices of S in Cg. That is, each part in the partition
ps specifies a subset of vertices of S that need to be connected below. So if u,v € S



and there is some set P € pg such that P O {u, v}, then u and v need to be connected
in Cg by some cluster. For simplicity, we just write pg as p.

Definition 6. A bucket b is said to be small if it contains no more than olog? n/e
clusters and is otherwise said to be big, for some constant o > max{1,204}.
Definition 7. For a big bucket (8, b;, 5, p), define g groups where g = 251%, denoted
as Gf’ls’p,Gf”QS’p, .. .,Gf’gs’p in the following way (for simplicity assume the size of
this bucket is a multiple of g, if not add some empty clusters to achieve this). Sort the
np.f

g

clusters

clusters in the (padded) bucket in non-decreasing order, and put the first
~ 5,5, gy . 8.5,0 8.5, :
into G517, the second == into G737, ete. For each group Gi7%, denote the size

B,5,p,min B,S,p,max

of its smallest cluster as : and the size of its biggest cluster as h;

Suppose we are considering a big bucket of 8 and a partial cluster I' is in the
group j > 1 of the big bucket. We find its top (that is, the part of the cluster that
is outside of T3) and reassign it to another partial cluster (that is no bigger than T')
with the same order in the previous group (i.e., group j—1) as the order of T in group
j. The vertices that were originally covered by the partial clusters in the last group
are referred to as orphans. This is essentially the rounding between groups of a big
bucket that was done in [8] for the CVRP on bounded treewidth graphs. The idea
is that by this operation, the size of each cluster goes down enough such that if we
“approximate” the sizes by the size of the biggest cluster in each group, we are still
satisfying the capacity constraints. However, some vertices that were covered by the
partial clusters of the last group are now left “uncovered” (or orphan). We will use
some extra clusters to pick up (serve) the now orphan vertices.

We come up with a structure theorem that shows the existence of a near-optimal
solution with certain structures, and then provide a dynamic programming algorithm
for the UAR problem.

3.1 Structure Theorem for Graphs with Bounded Treewidth

The steps of modifying OPT to a near-optimal solution (denoted as OPT’) are largely
the same as the ones in [8]. Let’s assume we randomly choose clusters from OPT,
denoted as C, with a probability of . After selecting these clusters, we duplicate each
chosen one and assign both duplicates of each chosen cluster to one of the levels £ that
it visits!, with equal probability. These duplicated clusters are referred to as the extra
clusters. We will bound their total cost. The proof is very similar to the one in [8] and
we only need to show the part concerning the facility costs.

Recall f is the (uniform) facility opening cost, € is the probability each cluster
in OPT is selected as the extra cluster, k is the capacity of each cluster, and w is the
treewidth of G.

Lemma 3.1. The expected cost of the extra clusters sampled is 2¢ - OPT.

Proof. Consider an edge e in the input graph G. Let ¢(e) denote the number of clusters
using the edge e in OPT. Let ¢/(e) denote the number of sampled clusters using e.
Considering we have duplicated each sampled cluster, 2¢’(e) corresponds to the total

LIf a cluster v passes crosses bag of level £, we say -y visits or crosses level £.
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number of extra clusters using e in OPT’. Let 7 and 7’ denote the number of clusters
in OPT and sampled clusters respectively. We have

OPT' = [ (IT|+2IT')) + 3 ele) - (d(e) +20/(e))

ecE

where the cost of extra clusters is f - 2|T"| + Z cle) - 2¢'(e).
ecE
Using the proof in [8], we know E[¢/(e)] = ¢ - ¢(e).?
Additionally, we know
BT =¢-|T|

Thus we see that the expected total cost of these extra clusters is

E|f-2T [+ cle ]—2f E[ T[]+ ) cle) - 2E[¢/(e)]

eckE eck

(- 1T+ D ele) - 2(c - 6(e))

eckE

=2 (f AT+ ele) - ¢<e>>

ecFE
= 2¢ - OPT.

O

We make use of the following modified definitions and lemmata from [8]. They
apply to our problem as the proofs of the lemmata are almost identical.

Denote the bags in level £ of T' as By. Define the set X, to comprise the extra
clusters assigned to bags at level ¢. For every bag 5 € B, and its bucket (8, b;, S, p),
let ng represent the extra clusters (using vertices in S to span into Cg, with @
depicting connectivity downwards) in X, whose partial clusters inside Cs has a size
that falls within the range defined by bucket b;. For an extra cluster v € Xg’ it covers
some partial cluster ¢ € Gﬁ gs ¥ (which is without its top). That is, the extra cluster
~ only picks up demands at the levels > ¢ and acts as the top of {, in particular, this
combined cluster picks up only those demands of (’s vertices (which are all orphans).
Lemma 3.2. At any level ¢, each bag B € By and its big buckets (8, b;, S, p) satisfy,
w.h.p.

52 S
= dlogn Bt

Proof. The part before the union bound is very similar to the proof in [8]. That is, we
know )
S,

2For the notations, ¢(e) corresponds to f+(e) + £~ (e) in [8], and ¢’(e) corresponds to m™*(e) + m™ (e).

i

S,
X

&
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where

EHXS’:“

2e SgJ
Bii } =

~ Slogn i

Note that in a bag S (as a set it satisfies |5] < w + 1), the number of set of vertices
through which the clusters span into Cj (i.e., all possible S) is O(2* 1), for S C 3 (that
is, 26 5 §) has 2%l € O(2¢t!) possibilities. In addition, given a set S with s = |S]|,
the set p has B, possibilities, where B,, denotes the n-th Bell number. Note that the
Bell numbers B; are used to calculate the number of all the possible partitions of a set
of size 7, defined in [19, 20]. For a specific bag 3, set S and partition p, the number of
buckets (3, b;, S, ) is by definition the same as the number of threshold values, which
is 7 € O(logk/e). Since 7 € O(logn/e) and there are in total O(wn) bags in T, we
know the total number of buckets (8, b;, S, ) in T is O(wnlogn/e - 241 . B,). Union
bound over every bucket (5,b;,.5, p), we have
|| <o(3)
n
O

S PrUXg:f
all (8, bi, S, p)
Lemma 3.3. For all bags B at level £ in T, their big buckets (8,b;, 5, p) and partial
7@

S,
(|57

clusters in GBQS ® C b;, we can make adjustments to the extra clusters present in X5
without incurring any additional cost, and introduce some dummy demands wzthm ﬁ
when necessary, so that:

s, , ; in X5
’6 ¥ are now incorporated into some clusters in Xﬁ f
,

8,5,
Gi,g

1. The partial clusters in G;

(That is, all the demands that were covered by some partial cluster in are

picked up by some cluster in ngo)
2. The modified partial clusters that cover the orphans (i.e., vertices in Gﬁf’p) have

precisely the size of hﬁf’“’ma’( and all clusters remain underneath the size limit of
k units of demand.
3. For each modified partial cluster in the set X5 7, its partial clusters at a bag ' € By

18 also of one of O(logklog n/e%) many sizes, where {' is any lower levels > (.

Note that when we add dummy demands for some cluster v in some bucket

(8, b, S, p), we simply add these dummy demands onto the vertices in S. Using these
lemmata and a very similar proof to the one in [8], we can obtain a Structure Theorem
for our UAR problem in the case of graphs with bounded treewidth.
Theorem 5. (Structure Theorem) Consider an instance T for the UAR problem.
Denote its optimal solution as OPT, with cost oPT. We can transform OPT to
another solution OPT’ so that, with high probability, OPT’ is a near-optimal solution
of cost at most (1 + 2¢)OPT. Additionally, at every 3 in OPT’, all the clusters in Cp
have one of O(log klog? n/e?) possible sizes. Consider a bucket (3,b;, S, p) in OPT'.
We must have

e If b; is small, the number of partial clusters in Cg whose size falls within b; is at
most alog®n/e.
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e If b; is big, it has exactly g = 25 logn/e group sizes which are denoted as
o < hiﬁ’,ls,p,max < hf,és,p,max <...< h?,igs,p,max < i1

FEach cluster in b; has a size of one of the h-values above.

Having this structure theorem one can design a (relatively complex) DP to compute
a near-optimum solution as guaranteed by this structure theorem. This DP builds upon
ideas of the DP in [8] but has more complexity as the clusters here do not necessarily
have a common point (like the dépét in the CVRP problem). This will show that we
can compute a solution such as OPT’ in Theorem 5 in time nO(w* log® n/(*log” w))

We can transform the approximate solution obtained for the UAR problem into
a solution to the AR problem, without any increase in the cost. All we need to do is
to pick a node in each cluster to open a facility at (since we are already paying f for
each cluster, this cost is accounted for in the solution to UAR). This can be easily
done since in a solution to UAR each vertex is “covered” by a unique cluster.

3.2 Dynamic Programming for Graphs of Bounded Treewidth

The subproblem here corresponds to the problem for Cg which is rooted at some bag
B, whose cost is the railway cost of all the clusters (partial clusters and complete ones),
plus f times the number of complete clusters. Again, for a complete cluster, we say it
is independent or stops growing.

We will come up with a dynamic programming algorithm that finds a solution with
the properties stated in the previous Structure Theorem.

We adapt the definitions of the ones in [8]. Recall that 7 is the total number
of threshold values. Also recall that the bucket (8,b;,S5, ) stores all those clusters
spanning ¢ demands in Cpg, using vertices in S C § to span into Cg and g depicting
downwards connectivity, where o; < { < 0,41, and in particular, for all 1 <4 < [1/€]
this interval degenerates to simply the set {i}, by definition of the threshold values.

Note that initially, we have n demands, so the total number of clusters is bounded
by n. Throughout the algorithm, although we will add dummy/extra demands, those
are added within each cluster (hence already covered) and thus will not result in any
increase in the number of clusters.

For each bag 3, set S C 3 and g, we define a vector m?*¥ € [n]™ where its i-th
component mf’s’@ stores the cardinality of the bucket (3,b;, S, p), for all 1 < ¢ < 7.
In particular, mf’s’p is the precise number of clusters of size 4, if 1 <i < [1/¢].

As each bag 3 contains at most w + 1 vertices, define dg € [n]*™! to be a vector
storing the numbers of demands in 3, where dg , represents the number of demands
to be covered at the vertex v € 3. Note that [|dg| = >_,c5ds0. In addition, let
og represent the overall demands of every vertex in the bags of Cg. That is, 0o =
> gec, 145l

Since we do not know if a bucket (8, b;, S, p) is small or big in advance, we also need
the following three vectors. In case b; is small (meaning its cardinality is bounded by
£ =alog? n/e), all the sizes of the partial clusters therein are stored precisely, with the

help of a vector t#-5¢:* € [n]¢ where its j-th element tf’s’p’i stores the size of the j-th
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partial cluster in b;. On the other hand, in case b; is big, there will be g = 20 logn/e
potential cluster sizes in b;, and we will store the information in the following two
vectors. Recall that hf ,js,p,max represents the size of the maximum partial cluster in
group j of bucket b;.

e h#9¥i ¢ [n]9 is a vector that stores all those g cluster sizes, where hf’s’@’i =
1,3+, max
; .

g
e 19907 ¢ [n]9 is a vector storing the corresponding number of partial clusters that

18-,y
J

are of one of the g sizes, with representing the number of partial clusters

picking up h? f’“max demands (which is also the cardinality of Gf, ’js’p, that is, group
j of the bucket).

For a given triplet (tﬁ’s’w,hﬁ*s*m,lﬁ’s’w), it is impossible that none of them are
zero vectors. Since b; is either small or big, it must be the case that either only t#©:?
is equal to the zero vector, or the other two vectors are.

Moreover, we use the shorthand

ey

25850 — ((t[f,S,so,l’ hoSet lﬁ,S,pJ) , (tﬁ,S,@J’hﬁ,S,pQ,l&&w?) , (tﬁ7S7W7T’ hASeT lﬁ,SvnT)).

Just like the vector z°%¢ is used for partial clusters, we define another vector %%
with the same structure as z%%#, except that z%5¢ is intended for storing information
on complete clusters that pick up demands at 3 using vertices in S to span into Cpg
with ¢ depicting downwards connectivity. We also define t7+5:¢+3 h#:5:¢:3 18:5:0:7 in g
similar way.

To make the notations more compact, we define another shorthand

P55 = (mﬂﬁm,zﬂ,&p?zﬂxsxp) .

Let pg be the vector containing all the pg s, i.€., Pg,s,, for all possible combination
of the set S C 3 and its partition p. Note that there are O(2“+! . B,,) possibilities for
such combinations of S and g.

Define yz to be a configuration/profile of clusters in Cjs that involves bag 3

ys = (0p,dg, Pg) -

Each entry A[3,yg] stores the cost of the cheapest solution to the subproblem at
B having its cluster profile in accordance with yz, which consists of the cost of all the
partial and complete clusters spanning in Cg. Eventually, we compute miny A[r,y,]
to obtain the final answer, where r is the root bag of the entire tree T" and y, is a
configuration that does not contain any partial clusters. An argument similar to the
one for the case of trees in the previous section shows that this result corresponds to
a solution of cost bounded by oPT’ < (1 + 2¢)OPT with other properties described in
the structure theorem.

Within each bag 3, if no edge is between two vertices v, w € 8 then we simply add
an edge vw between them and assign it a cost that is equal to the cost of the shortest
path between v and w in G.

14



We calculate the table from the bottom up. Base cases: consider each leaf bag 3,
roughly speaking, we will store the minimum cost of all the clusters’ edges, which lies
between the vertices within 3, together with the cost of all the independent clusters,
if any. Note that all these clusters need to pick up og demands in total, and in more
detail, pick them up in accordance with dg. The formal definition will be given later.

Note that we can ignore the case where 8 has only one child because we can make
all the non-leaf bags w in T with only one child to have two children bags, by adding
another child bag which is trivially composed of some vertices in w. Given that T
is binary, we can just focus on the case where a non-leaf bag  has two children [,
and (2. If Cg, and Cpg, have o, and og, demands respectively, then Cs has o =
ldgl|l + 0, +0s,. Given A[B1,yp,]| and A[B2,ys,], we also need to define the following
two auxiliary tables. We explain their functions here and define them formally later.

e The edge-cost table E[dg,y3,¥s,,¥s,] stores the cost of a set of chosen edges which
go between vertices from 8 and (;, also 5 and (2. Note that these chosen edges
merge some of the clusters in yg, and yg, to form certain clusters in yg.

e The Boolean consistency table H[dg,y3,¥3,,¥3,] checks if y3,ys,,ys, are consis-
tent.

Note that if the configurations yg,ys, and ygs, are consistent, it means (informally)
the clusters from yg, and yg, can be combined or augmented to form the clusters in
vs (as well as picking up the dummy demands at the vertices in 3).

Recall that yg = (0g,dg, pg) where pg g, = (mB’S’@,zﬁvsvfj,iﬁvsvp). Thus from
yg we can obtain the number of independent clusters in Cg, which we denote as p3.
We define

AlB,ygl= min {A[B1,ys |+A[B2,y5,]+ [ (0s—0p —08,)+Eds,¥5,¥5,Y5.] }-

YB1:¥YBs"
H[dg,ys,¥5; Y55 ]=TRUE

The third term in the curly brackets is to account for the change in the cost of
independent clusters.

Now we can define the entries in the table for the leaves. For a leaf bag (3, it has
no children so we set both yg,,yg, to the zero vector. We define

where E[dg,y3,0,0] is the minimum railway cost for clusters in yg, which pick up
demands in 3 in accordance with dg.
3.2.1 Consistency Check

Continue the discussion from the previous section, recall that 5 is a non-leaf bag with
children 3, f2 and we have three configurations yg,ys,,ys,.- We adapt the checking
procedure in [8] to suit our data structure. The following list is a recap of the meanings
of these three configurations.

® yg keeps track of clusters covering demands of the vertices in Cg = {8} UCp, UCs3,.
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® yg5,,Y3, keep track of clusters covering demands of the vertices in Cpg,,Cp,
respectively.

Denote a cluster from yg,y5,,¥3, as V3,78, V3, respectively. Recall we define ||
as the number of demands the cluster v picks up. Each cluster v in yg that spans
down Cpg picking up demands in Cpg,,Cpg, can take one of the following four forms.

1. v only covers demands at 3 and not the ones from Cg, U Cj,.
2. 7y covers demands at 3 as well as the ones from Clp, .

3. 7y covers demands at 3 as well as the ones from Clg,.

4. ~ covers demands at [ as well as the ones from Cg, U Clg,.

Definition 8. We say configurations yz,ys, andyg, are consistent if the following
holds:

® FEach cluster in yg, corresponds to a cluster in yg.

® FEach cluster in yg, corresponds to a cluster in yg.

® Each cluster in'yg has at most 2* %1 clusters that correspond to it, from each of yg,
and yg,. .

® FEach cluster vz in yg has qg, clusters fyél , ’ygl - ,’yﬁfl from yg, and qs, clusters
VByr Vs - - ,”ygiz from yg, that correspond to it, where 0 < qg,,qp, < 2V, with
the help of a set Y., of edges between vertices in 3, B1 and B2 to patch them up to

81 482
get v. Besides, v covers |yg| — Z |’ygl\ - Z 173, dummy demands within j3.
i=1 j=1

e Clusters of yg cover all demands at 3 in accordance with dg.

Recall pg is the vector containing all the pg, s,,, i.e., Pg,s,, for all possible combi-
nations of S C 5 and its partition g, where pg s, = (mﬁ’s’@, z559 ZB’S’@). Recall ||
denotes the total number of demands picked up by cluster v. We now use pg as argu-
ments for both of the auxiliary tables, instead of yg. The notation pg \ s represents
a new configuration obtained by removing a cluster of size || from pg. This can be
achieved by manipulating vectors t’s and I’s. Now we define the Boolean consistency
table H for each bag 3.3

TRUE if yg,y38,,¥3, are consistent
H[ds,ps, Ps,: Ps.) = and ys covers dg demands
FALSE otherwise

Base case: trivially, H|[0,0,0,0] = TRUE, since we can cover zero units of demands
with no clusters. Next, it examines all potential ways of merging yz, with ygs, into yg,
including extending some of the clusters in order to cover those dg dummy demands.
Recall dg € [n]“t! is a vector storing the numbers of demands in 3, where dg,
represents the number of demands to be covered at v € 3. Define dg” € [n]**! to be

a vector storing the numbers of demands in 3 covered by 7z, where dg‘i} represents

3Recall we have only defined consistency on y. The notion of consistency works on p as well since the
omitted information og does not affect anything.
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the number of demands covered at the vertex v € B by 5. By definition, its L'-norm
||dg“ I=>0es dg’;} is the total number of demands in 3 covered by 7.

According to Definition 8, we know it is necessary to check the existence of sub-

1.2 ap; 1.2 apy

clusters v, 73, - Vg, from yg, and Yasr Va2V, from yg,, as well as a set
of edges T, for merging them. Besides, for every 4, we need to check each part of
S (which corresponds to some element in p) that needs to be connected is actually
made into one part thanks to these subclusters. Consider the downwards interface set

S’Yj and the connectivity set (o] of the subclusters vé‘, for i = 1,7 € [1,qs,] and
o, f

Bi

i=2,7€[1,qp,]- We need to check whether the partition

o =1 Uey vl Uey ()

matches g, that is, to check whether the downward connectivity between the vertices
of S,, can be achieved by these subclusters. To be more precise, if p,, > ¥ and
¥ D {u,v} (meaning the pair of vertices u,v € 8 needs to be connected downwards),
then there needs to be a set X such that X O {u,v} and X € ¢'.

Define the recurrence relation of H as follows, where 0 < gg,, g3, < 2! and the

q q
clusters fyél,fyg)l,..., ﬁfl,fyéz,fygz,...,fyﬁ? are a part of vg.
H[dg, ps, Ps,, Pa.] = \/ Y
1.2 a1 .2 a8y 178 .
’Yﬂ?r}/BN’Yﬁlw"77ﬁ11775277,827"'775227dﬂ .
a8, sy

Vsl =Y I+ D Ivh, I+ 1dF |, and (4)
i=1 j=1
where the expression (2 should be

q q
H[dﬁ—dgﬁ, Ps\ v Pa \ 5 \ 75\ \ s pﬁz\’Y}ﬁ\'ﬁb\"'\’Yﬁ?}-

Recall 0 < gg,,qp, < 2°T!. This is a shorthand way of expressing it, as it in fact
corresponds to the union of 2 entries of H and considers both the situations where 3
is independent and where it is partial. That is, pg \ 75 means two possibilities where
g is deleted from some z, or z from pg. This expression above essentially examines
whether the remaining clusters in the (modified) profile yg (which is defined by the
new pg) cover dg —d )’ demands in Cj.

Recall the second auxiliary table E[dg, pg, Pg,, Pg,| is used to compute the cheap-
est cost of edges between vertices from 3 and 1, also 8 and 2 to merge the clusters at
Cp, and Cg, in order to get clusters in pg. Initially, we set every entry of E to be 4o00.
An entry E[dg, pg, Ps,, Ps,] will be computed only if the three corresponding config-
urations yg,ygs,,ys, are consistent, that is, only if H[dg, pg, ps,, Pg,] = TRUE. The
base case is to trivially set E[0,0,0,0] = 0, for it does not cost anything to conjoin
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zero cluster. For the recurrence, given a cluster v from yg, recall from Definition 8§,
. q a

we need to consider the clusters 'yél , 721, e ,’yﬁfl from ys, and %132 , 'y%Q, . ,'yﬁ‘f from

Y-

Besides, note that some of the partial clusters 7[131 , 7%1 Yo ,ngl from ys, may have
been connected in Cp, (the same may happen in Cp, for 75,73, . ,fyg‘f from yg,).
Recall S is the set of vertices in bag 3 used by - to extend into lower levels of T'. Again,
we need to consider partitions of S into the form of {Si,Ss,...} where the partial
clusters extending below using S; are all connected for each 7. We also consider a set
of edges T¢ between the vertices of bag § and vertices from (1 as well as vertices

o
from 3 and vertices from Sy. Set T¢ , 1s used to patch up the subclusters into a single

one. We define cost (Tﬁjﬁ) = ZeeT% cost(e).
We define, only for entries satisfying H[dg, ps, ps,; Ps,] = TRUE,

E[ds, ps, Psi Pa.) = min Q)
1 2 45, 1 2 D) d'YB T .
767761”}%1""77[31 a76257ﬁ25-~-77[52 ) y Lyg -
481 ) 482 ‘
sl = D e+ D g |+ a2,
i=1 j=1
s consists of 71131 s 71231 N 'ygfl s 71132 s ’lei‘z e ,7252 and edges in T'YB

where O should be the expression
1 2 1 2
{cost(Tg’ﬁ)—kE |:dﬂ a2, ps\ v Pa \ B\ A\ \ Ve Pay \ B \ A, \ - '\Vqsz] }

3.2.2 Algorithm Efficiency

We first discuss the runtime for table A and then we talk about E and H. The runtime
analysis is very similar to that in [8], so from the analysis there, we see for a triplet of
the form (7598 h#:99: 18:5.0:4) there exists nO(log? n/e) possibilities. Since z%5#
contains 7 € O(log k/¢) such triplets, it has n©(" log?n/e) — pO(logklog® n/e?) possibili-
ties. By definition of p#*¢, we see it also has nOlog klog” n/e?) possibilities. Given pg
contains O(2¢%! . B,,) many p?%¢, we know ps has nO@“*" Bo logklog”n/<?) possibili-
ties. By definition of y 3, it therefore also has nO2“"B. logklog” n/e?) possibilities. The
number of possibilities is the same for yg, and yg,, so it takes nO2“" B, logklog” n/e?)
to calculate the entries of table A[8,] for a single bag § (according to A’s recur-
rence), assuming the other tables E and H are already computed. The time it takes
to calculate the entries across all the bags in T is the same.

For a single entry of the table E[dg,pgs,Ps,,Ps,], we need to consider every

possible combinations of (75, ’yél , 'yg,l, .. ,vg‘fl , ’yéz, ’y%z, .. ,72‘232 , dgﬁ, T“m)’ which is

no(2w+1), because the possibilities for all the clusters are nO(QWH), and dg has

nP@) possibilities, also we know T,, has 0(2‘”2> possibilities by definition. Since
there are n0(2w+1~6w-logklog2 n/e?)
ot

possibilities for (dg, pg, Ps,, Ps, ), we know it takes
By log klog® n/<?) compute the table E. From a similar analysis, we conclude
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the same&untime for2 the2 consistency tablg H.2 Therefore, our algorithm has a runtime
of n@@*" Bulogklogmn/e%) — pO(2%Bu-log”n/e%) "gince the facility capacity k satisfies
k < n. Since B, < O((n/Inn)") the runtime is thus in n© " log”n/(e7log” w)),

4 Constant Approximation for Nonuniform-AR

4.1 AR’ in Trees

For ease of exposition, we first present the proof for the case of trees (the extension
to graphs with bounded treewidth appears in the full version). In the next section,
we will prove Theorem 3. Recall that in the relaxation AR’, we are given a graph
G = (V, E) where each vertex v € V has a non-negative opening cost a,, and each edge
e € F has a non-negative weight c.. Every edge and vertex has capacity k£ € N. Find
a subset of vertices ® C V as facilities (also known as airports), and a multiset = of
edges from E to get a transportation network that ensures one unit of flow from each
vertex in V' can be sent to facilities in ®, without violating the capacity constraint on
any edge or facility. The goal is to find such a network while minimising the total cost

Z ay + Z ce. First, we prove some properties in an optimum solution to AR/

()
()

Fig. 3: A simplest example of crossing flows in AR’. The red vertices are open facilities.

Lemma 4.1. In an optimum solution, we can assume there are not any flows of
opposite directions on the same edge, as we can uncross them by redirecting each flow
and attain a lower cost.

Note that it is allowed for multiple clients to use the same edge to send their
demands in the same direction.

Proof. Without loss of generality, assume the vertices v’ and v caused crossing flow
at edge uw. That is, the demand of v’ travels from v’ to u, crosses the edge uw from
u to w, and from w to a facility as; and the demand of v travels from v to w, crosses
the edge uw from w to u, and from w to a facility a;. We can reroute so that the
demand of v travels from v’ to u, and then from u to the facility «;; and similarly,
the demand of v travels from v to w, and then from w to the facility as. It is easy to
see such a rerouting makes the total cost decrease, for the demands of both vertices
v’ and v now take a shorter path to be served. O]

Consider a tree T as the input graph. A subproblem here is defined on the subtree
T, for each vertex v. Since we aim to obtain a flow network in T, each vertex v, as the
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Fig. 4: The crossing flow is at the edge uw

root of the subtree T, will be considered a portal in the corresponding subproblem.
There is thus a DP cell for each vertex v in T'. Note that at each vertex v, the portal
configuration v, simplifies to the direction and value of the flow at v

'l/)v = :l:fv

where we use — (minus sign) to signify the flow is leaving T, and + (plus sign) to
signify the flow is entering 7). f, is the absolute value of the signed integer 1, and
denotes the value of the unidirectional (integral) flow passing through the vertex v
and satisfies 0 < f, < n, where n is the number of vertices in T. Note that in AR/,

if an edge needs to carry a flow f,, then we need to install [%—‘ parallel edges in the

solution. At each vertex v, we also consider both of the scenarios where v is an airport
or it is not. We use a Boolean variable 7, = TRUE (or 7, = 1) to indicate that the
portal v is opened as an airport.

We define the DP table D as follows, for each v in T, let the entry Dlv, m,, ¥,]
store the cost of the optimal solution to AR’ on T, with the amount of flow going
in/out of T, conforming to v, with portal v opened as an airport if and only if 7.

At each node, we also consider its parent edge and see it as part of the subtree
T,. For the root node ¥, we assume its parent edge has cost 0. The result will be
min,, {D[J, g,y = 0]} as there will be no flow entering or leaving T' at the root.

Base cases: At a leaf node v, denote the parent edge of v as e. Recall f, = |¢),].

Ce if ¥, = —1
Dlv, 7y, %] = @y - Ty + 1§ Ce - P;;-‘ ifo<vy,<+kand 7, =1
400 otherwise
Here v, = —1 means there is one unit of flow going out of the leaf v (actually does

not need to open a facility at v). If 0 < ¢, < +k, it means v does not emit any flow
or it is absorbing flows, then we have to make sure 7, = TRUE. Note that in this case,
[%_‘ =1 when 0 < ¢, < +k, and [%—‘ = 0 when ¢, = 0. If ¥, > +k then we know
it is not achievable, since a facility has capacity k£ and cannot absorb more flows. If
1, < —1 then it is simply impossible, as a vertex only has one unit of demand and
cannot emit more than that. For these cases, we set the entry to +oo.
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For a node v with z children wy,ws, ..., w,, similar to the case of uniform facility
cost on trees in the previous chapter, we define an inner DP table B. Assume we
have computed D[wj, Ty, , ¢w,] for all possible m,, and vy, for all 1 < j < 2. Let
Blv, 7,17, j] store the cost of the optimal solution to AR’ on T, as if the portal v
only has children wq, ws, ..., w;. Lastly, we define D{v, 7y, ¥,] = B[v, 7y, ¥y, 2].

Case 1: j = 1. Only consider the first child of v.

1
B[vﬂrllﬂwi, 1] = min {D[wl,wwl,wwl] + a, - 7r11) +Ce - P;”w

77(7T11;7 1/}1117 wun) = TRUE}

wi

where n(ml, L, 1.,,) is a Boolean indicator function that takes into account the flow
on v’s parent edge and the edge vw;, as well as the decision about whether or not
to open the portal v as an airport. It is true if and only if all these parameters are
compatible. Recall that f, is the absolute value of 1,,.

TrUE if 0 <9l —1,, <k A 7l = TRUE,
(T P, Py ) = or if 1y, — ¢} =1
FALSE otherwise
The case 1, — 1} = 1 means that v does not act like an airport as it is not absorbing

any flow, and is sending its own demand elsewhere (hence unnecessary to open an
airport there).

—(p+1) +¢
®
— +(¢+1)
=)
a) Portal v is sending its deman ortal v is sending its deman
P 1 d d d b) P 1 d d d
outside Ty into Th,

Fig. 5: Here ;1 and ¢ are non-negative integers. The label on edge vw; represents 1,
and the label above v stands for ..

The case 0 < 1} — 1, < k means the portal v is absorbing flows and v must be
opened as an airport. The other cases are impossible, either because v is absorbing
too much flow which violates its capacity limit, or because v is sending out more than
one unit of flow.
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Case 2: For 2 < j < 2. Assume all entries of the form Blv,7J~1 47~ j — 1] have
been computed. We define

B[U77Tg’wg7j]: rlnln 1, (Q)
7Tw177f7 ﬂbw],w]

7 > mi—t
n (7], ), 0l 1,¢w])=TRUE

The expression 2 should be

. . ) ) J j—1
{ D0y, 70, + Bl 0 = - (] = ) e [ B

where we define the indicator function 7 as follows:

TRUE if 0 < — (i1 + ;) <k A ) = TRUE,
(), o, bl ) = or if ¢ ~1 + ¢y, = ]

FALSE otherwise

Let e denote v’s parent edge. The case ¥J =1 + Y, = ¥J means that after taking w;
(the j-th child of v) into consideration, the flow on e whilst only considering the first
j — 1 children (which is ¢J~1), and the flow on the edge vw; adds up to the flow on
e while considering all the j children (which is 7). This means the portal v is not
absorbing any of the flow from T, and thus there is no need to open it as an airport
if it has not been opened. The case 0 < 1) — (I =1 + ¥y,;) < k means after taking w;
into consideration, the portal v is_a;bsorbing flows and needs to be opened, if it has
P *}fﬂ‘

not been opened. Note tha —‘ can be negative if fJ < fJ=! which means the

“load” on the parent edge of v has decreased and we pay less on the edge cost. This
exact algorithm on trees suggests we have an O(logn)-approximation algorithm for
the general metric (using metric approximation, also known as embeddings by tree
metrics).

4.1.1 Algorithm Efficiency

We will use a bottom-up approach, assuming that the relevant entries for subproblems
have already been pre-computed. At any step, checking the value for the indicator
function 7 takes O(1) time. To compute B[v, 74,47, j], we need to consider all possible
1w, and I ~1 which is in total O(n?) possibilities. Since there are n nodes in the tree,
the time for computing the table D is in O(n?).

4.2 AR’ in Graphs with Bounded Treewidth

In this section, we prove Theorem 3. As in the case of uniform opening cost, given an
input graph G = (V| E) of treewidth w, we can assume there is a tree decomposition
= (V', E’) of G that is binary, with depth O(log|V|) and treewidth no bigger than
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@ = 3w + 2, according to [16]. For simplicity, we write @ as w. Recall that we refer to
the vertices in T' as bags, to differentiate them from the vertices in G. For each bag
B, denote the union of bags in the subtree T3 as Cg. For the notation bag 3, we refer
to it as the name of the bag in T as well as the corresponding set of vertices in G.

Consider any two adjacent bags 1,82 in 1. The coherent set of the two bags is
defined as the intersection of the two sets, 81 N B2, a nonempty set containing the
vertices of a vertex-cutset in G. Thus, while considering any bag 8 (other than the
root bag) in T, we can first obtain the intersection of 8 and 3’s parent bag, and use
the vertices in the intersection as portals. So when a flow in 7" is “jumping” to another
bag, it would cost nothing as it is essentially at the same portal, before the flow goes
elsewhere. This way we can ensure the railway cost would only arise inside each bag.

Recall that a vertex of G can potentially show up in many bags of T, we thus
assume that for any vertex v € V(G), the copy of v in the bag (3 that is the closest to
the root bag (we know there exists such a unique one) has a demand of one, and the
rest of the copies of v (in other bags) have demand zero. We denote the vertex v in
its corresponding closest-to-the-root bag /3 as ©. Note that, in the perspective of the
flow network, if ¥ is not a facility then it is a source emitting one unit of demand. In
addition, if v is to be opened as a facility, only the copy of v in the bag 3 (that is, v)
will be opened. In this case, v is a sink of capacity k. Note that if a portal p is not p,
then it can be neither a source nor a sink.

For each bag 3, we define a vector Il where its v-th component 115 is a Boolean
variable saying whether the vertex v € 3 is opened as an airport. The portal configura-
tion ¥ of a bag 8 will include three signed integers ((bpﬁo s Do, s qbpﬁz) for each portal
p € B, indicating the amounts and the directions of the demands going in or out of it.
Note that we need three such values because the portal p may send flows to (or receive
flows from) some other copies of the vertex p in ’s parent bag By (denote this copy
of p as pg,) or in B’s two children bags 51 and B2 (denote these copies of p as pg, and
D, )- If p does not have some of these copies (pg,, pg, and pg,) then the corresponding
directed values of it are simply set to 0. For a directed value ¢,,, = +£f,, of a portal
p € B, fps, represents the value of the flow, and “+” means going into p € § from the
copy pg, € Pi whereas “—” means coming out of p to the copy pg,.

We have a DP cell D[, 11, ¥ 3] for each bag 3, its portal configuration g, and the
facilities to be opened within 8 given by IIg. We let the entry D[3,Ilg, U] store the
cost of the optimal solution to AR’ on the induced subgraph G[Cj], where the vertices
in bag 3 conform to the portal configuration Vg, and are opened as airports according
to IIg. The notation G[Cj3] denotes the subgraph of G on the vertex set Cs. Essentially,
the copy of a vertex v in bag § has signed values the same as vy = (¢U% s Pug, s Pug, ),
that is, the copy v € § sends/receives Gug, € [—n, +n] units of flow to the copy vg, € 5;
for i = 0,1,2. A vertex v € 3 is opened as an airport only if II%} = TRUE. We will
discuss the consistency check later.

The final result would be miny, v, {D[f, Iy, ¥g]} where 0 is the root bag of T,
with ¢, set to 0 for every vertex p € 6 as the parent bag 6 does not exist.

In the base case, we consider the leaf bags of T'. For a leaf bag 8, ¢, and ¢p,,
need to be 0 for every vertex p € 3, as the children bags 5; and f2 do not exist. For a
leaf bag f, its portals are simply the vertices in the coherent set of 5 and By (8’s parent
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bag). So if there is a vertex v € 3 such that ¢,, # 0 then the entry D[3,1l5, Vg]
should be set to infinity and we call the entry invalid, for v does not have a copy in
bag by and thus is not a portal.

Furthermore, let us consider the edge cost. To do this, we need to define a flow
network. If a vertex v € § is actually o, then it has a demand 1 and is a potential
facility. On the other hand, if a vertex v € 3 is not © and 13 = TRUE, then the
entry D[B,I1g, W] is invalid, as we can only open the copy ¢ as an airport. In the
perspective within bag 3, each portal p can be a source or sink depending on ¥% =
((bpﬁo s Do, s ¢pﬁ2). For instance, if vertex v € 3 receives x units of flow outside of leaf
bag B (we have Gug, = +z), then inside bag 3, it must be a source of x + 1 units of
flow, where the extra one unit is its own demand. This is called a source portal for
bag 3. A sink portal is defined similarly.

As in the case of trees, whether or not v is opened as a facility, it has one unit
of flow to be sent to an airport or a sink portal. When o is opened, it is capable of
absorbing k units of flow. On the other hand, if v is not ¥ or a sink/source portal,
then it is neither a source nor a sink inside . For each of these ¥’s in the bag [,
the Boolean variable I depicts whether it is opened or not opened. From a portal
configuration Wg, we are given the portals together with the information of the flows
going through them, we can compute the min-cost flow Fg(Ilz, U) in 8. For each Ilg
and g, we store the cost of the flow F3(Ilg, Ug), plus the cost of the opened facilities
into D[B, 11, ¥g]. If there is no valid flow given ¥g, or some copy v # ¥ is opened
by vector Ig, then we set D[8, I3, 3] to +oo. The situations leading to an invalid
flow are similar to the case of trees discussed in the previous section. Since we assume
that T is binary, we can make sure that a non-leaf bag 8 has two children £; and fSs.
The portals of S are the union of the coherent sets of 8 and (3’s parent bag [y, that
of 8 and f1, and that of 8 and S2. We calculate the min-cost flow Fz(Ilg, ¥3) in 3
according to Iz and Ug, the same way as the base case. Let A\(8,IIg, ¥3) denote the
sum of the cost of the flow network Fz(Ils, Ug), and the cost of the airports opened
by IIz. Define

DW’HB?wﬁ] = A(/BvHB’ \I/B) + D[ﬁhn,@w \I/BI] + D[ﬁ%n,@’z’ \Ilﬁz}

where Wg, g, and Vg, are compatible. We say a pair of portal configurations ¥g and
U g, are compatible if the configurations of all the portals (i.e., all the vertices in the
coherent set of 8 and $3;) therein can match up with those of their copies. For instance,
if the vertex p € § has ¢, = +f then at the copy pg, € /1 we must have ¢, = —f.

For consistency check, as mentioned above, at each bag, we check if the flow is
valid and if the portal configurations between the current bag and its child (or two
children) match.

Note that we do not need to worry about the decisions on opening airports at each
bag contradicting each other, since only one copy of each vertex v € V| namely the
copy U, can be opened as an airport, and such a copy only exists in one of the bags.
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4.2.1 Algorithm Efficiency

For each bag j3, there are O(2++1) possibilities for Iz and nP) possibilities for Ug.
Assume we calculate the table from the bottom up. For each entry of D, it needs to
do the consistency check and then find the min-cost flow, which takes O(w?). Thus,
the runtime to fill the table is in n©“)20) = (2)O),

4.3 Generalisation for AR with Steiner Vertices

In this section, we describe how the algorithm above can be generalised for AR’ with
Steiner vertices with a few modifications. More generally, this algorithm can apply to
the case where the set of facilities or the set of clients is not the same as the entire
vertex set of the input graph. If a vertex v is not part of the set of facilities, it should
not be opened as a facility (after all, no facility cost has been defined for it). So the II-
vector should not allow any copy of v to be opened. If a vertex v is not part of the set
of clients, it carries no demand, and so does any of its copies in the tree decomposition.

Note that this will be useful when we try to embed a graph into a graph with
bounded treewidth where the host graph of the input graph (via graph embedding)
may have Steiner vertices. If A is the aspect ratio of G (ratio of largest to smallest
edge cost) then by standard scaling (see for e.g. [8]) one can assume that A is bounded
by polynomial in n at a loss of (1 4 ¢€) on optimum solution.

4.4 Extensions to Other Graph Metrics

We use the following lemma by [21] about embedding graphs of doubling dimension
D

D into a graph with treewidth w < 20(P) [(Amlfgé‘) w .

Lemma 4.2. (Theorem 9 in [21]) Let (X,d) be a metric with doubling dimension D
and aspect ratio A. Given any € > 0, the metric (X,d) can be (14 ¢€) probabilistically
approzimated by a family of treewidth w-metrics for

D
- €

We adapt Theorem 8 and its proof from [8] to get the following result.
Theorem 6. For any ¢ > 0 and D > 0, given an input graph G of the AR’

problem where G has doubling dimension D, there is an algorithm that finds a
D D D
(1 + €)-approzimate solution in time nO(D” 1og” n/e?)

Proof. We use the algorithm A of AR/’ for graphs with bounded treewidth as a subrou-
tine. We see this follows from Lemma 4.2. Essentially, we embed G into a host graph

D
H with treewidth w < 20(P) [(U}lggA) —‘ and obtain a solution OPT gy by solv-
ing AR’ on H using algorithm A. Then we lift OPTx back to G. Thus, simply plug
D
w < 20P) R‘mlggA) -‘ into the runtime of the algorithm A, which is (2n)°), and
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O(D)[(4Dlog A\D
we obtain an algorithm of runtime (271)0(2 R %) D Since we have assumed

that the aspect ratio A is polynomial in n, the runtime is nO (D" log” ”/ED), which
means the algorithm is therefore a QPTAS. O

We introduce the following lemma proposed by Feldmann et al. [22] about
embedding graphs of highway dimension W into a graph with treewidth w €
(log A)O(logz(g)/,\) .

Lemma 4.3. (Theorem 1.3 in [22]) Let G be a graph with highway dimension W
of wviolation A > 0, and aspect ratio A. For any € > 0, there is a polynomial-time
computable probabilistic embedding H of G with expected distortion 1+¢ and treecwidth
w where

w € (log A)O(log2(%)/>‘).

We adapt Theorem 9 and its proof from [8] to get the following result.

Theorem 7. For any e > 0, A > 0 and W > 0, given an input graph G of the AR’
problem where G has highway dimension W and violation A, there is an algorithm that
. . L. 0] <loglog2(%)'% n)

finds a (14 €)-approzimate solution in time n .
Proof. Again, we reduce the problem to graphs with bounded treewidth (via embed-
ding) and use the algorithm A of AR’ as a subroutine. This follows from Lemma 4.3.

Essentially, we embed G into a host graph H with treewidth w € (log A)O(l°g2(%)/>‘)
and obtain a solution OPT g by solving AR’ on H using algorithm A. Then we lift
OPTy back to G. Thus, simply plug w € (log A)O(logQ(%)/)‘> into the runtime of
the algorithm A, which is (2n)?“). Since we have assumed that the aspect ratio A

R . .
is polynomial in n, the runtime is n , which means the algorithm is
therefore a QPTAS. O

We introduce the following lemma proposed by [23] about embedding minor-free

graphs (including planar graphs, which is a kind of K-minor-free graphs) into a
graph with treewidth O ((€ +1nn)®/e -In*n - (Inn +In¢ + In(1/€))®) where £ is the
logarithm of the aspect ratio of the input graph.
Lemma 4.4. (Theorem 1.1 in [23]) For every fized graph K, there exists a ran-
domised polynomial-time algorithm that, given an edge-weighted K-minor-free graph
G = (V, E) and an accuracy parameter € > 0, constructs a probabilistic metric embed-
ding of G with expected distortion (14 ¢€) into a graph of treedepth (the treedepth of a
graph is an upper bound on its treewidth)

Ok ((¢+1nn)®/e - In®n - (Inn+Inf+ In(1/g))°)

where n = |V| and £ = log A is the logarithm of the aspect ratio A of the metric
induced by G.

Theorem 8. For any ¢ > 0, given an input graph G of the AR’ problem where G is
a minor-free graph, there exists an algorithm that finds a (1+ €)-approzimate solution

. . 8, . 5
in time nOK(log n-(log n+log(1/¢e)) /e)'
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Proof. Embed the given graph G using Lemma 4.4 into host graph H with treewidth
w€ Ok ((L+1nn)®/e-n’n- (Inn+Inl+1n(1/e))?)

and obtain a solution OPTy by solving AR’ on H using the algorithm for bounded
treewidth. Then we lift OPTpy back to G. Thus, simply plug this bound on the
treewidth into the runtime of the algorithm A, which is (2n)°“), and we obtain an

algorithm of runtime n?% (1og® n-(log "Hog(l/s))s/a), as we have assumed that the aspect
ratio A is polynomial in n. The algorithm is therefore a QPTAS. O

Theorems 6, 7, and 8 imply Corollary 1.1.

5 Proof of Theorem 4

Given an instance G for AR, without loss of generality, we assume the set of cities that
need to be connected to an airport C and potential airports (facilities) F are disjoint.*

First note that any optimum solution OPT can be turned into a solution of cost at
most 2- OPT where each cluster is a cycle by simply doubling the edges of each cluster
and short-cutting the resulting Eulerian walk into a cycle. So if we define CYCLE-AR
to be the variant of AR where the goal is to find a min-cost set of cycles each having
at most k vertices, using edges in the graph, such that each cycle C' has one opened
facility, then the optimum solution of CYCLE-AR is within factor 2 of optimum of AR
on the same graph.

Given an instance of the general metric AR problem, say graph G, we can transform
it into another instance G’ for the 0/400 CYCLE-AR problem in the following way: For
any potential facility v, move one half of its opening cost f, onto each of its incident
edges, that is, we update the cost of each edge e incident to v from c, to c. + %fv and
set v’s opening cost to zero.

Lemma 5.1. The above transformation preserves the triangle inequality.

Proof. Consider any triangle in the graph G, there are three types as depicted below.
Say there are three vertices A, B and C in the triangle, and the cost of the edges are
cAB = ¢,cac = b and cpc = a. Denote their respective opening cost as fa, fp and
fc. Since G is metric, we know the following inequalities are true

a+b>c
a+c>b
b+c>a

There are three scenarios that the triangle can become in the transformed graph G’
(via the transformation mentioned above), which depends on how many vertices in
the triangle are facilities.

41f they are not, say a vertex v is a city as well as a potential airport with opening cost f, then we make
v only a city (i.e. v € C and v € F), and add another vertex v’ to the set F that overlaps/superimposes on
v, where v’ has opening cost f.
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1 1
Z b+ =
C+2fA +2fA

Fig. 6: On the left is the original triangle in G. On the right is the scenario in G’
where one of the vertex is a facility.

Say only one of the vertices is a facility. Without loss of generality, assume A is
the facility. It is easy to see the following inequalities hold.

c+3fp btsfc  c+lfa+ifs b+ 3fa+ifo

B T - C B - - C
a+5fB+s5fc a+s5f+sfc

Fig. 7: On the left is the scenario in G’ where two of the vertex is a facility. On the
right is the scenario in G’ where all of the vertex is a facility.

Say two of the vertices are facilities. Without loss of generality, assume B and C
are the facilities. It is easy to see the following inequalities hold.

(a+ L ;fc) " <b+ ;fc) >t 3 s

(a+ Sfnt ;fc) + (c+ ;fg) > bt o fe

<b+;fc) + (c—i—éf;a) Za‘f‘%fB"F%fC
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Say all of the vertices are facilities. It is easy to see the following inequalities hold.

(a+ Sint ;fc) + (b+ at ;fc> >t 5fat g fs

<a+ it ;fc> " (c+ at ;f3> > bt fat glo

(b+ %fA + ;fc*) + <c+ %fA"‘ ;fB) >a+ %fB + %fc

We have shown any arbitrary triangle in the transformed graph G’ still obeys the
triangle inequality. Thus the transformation does not break metric. O

As mentioned above, we know we can transform any solution to the general metric
AR problem on G into a solution to the 0/4+00 CYCLE-AR problem on G’ with no
more than twice the original cost. Let OPT and OPT’ denote the cost of the optimal
solution to the general metric AR problem on G and the 0/+00 CYCLE-AR problem
on G’ respectively. It follows that opT’ < 20PT.

Fig. 8: Incident edges of each potential facility before and after changes

In summary, for every input graph G to the general metric AR problem, we trans-
form the graph to G’ (in the manner mentioned above) to make it a 0/4+0c0 AR
instance, and then solve the cYCLE-AR problem on G’ to obtain a solution W. It
is easy to see that, if ¥ is a solution to CYCLE-AR on graph G’ with cost aOPT’,
then W is a solution to CYCLE-AR on graph G with the same cost, i.e. 2a - OPT, as
oPT’ < 20PT. Since a solution to CYCLE-AR on graph G can be easily transformed
into a solution to general metric AR on the same graph (simply delete an edge from
each cycle in the solution), we know ¥ can be transformed into a solution to general
metric AR on graph G with cost 2a - OPT.
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6 Concluding Remarks

The special case of 0/4+00 AR (at a factor 2 loss) is equivalent to the following variant
of CCCP: given a collection R of dépots in a metric, find a collection of cycles of
size < k each containing a unique dépot that together covers all the non-dépot nodes.
Although there are constant-factor approximations for CVRP, we do not know of a
good approximation for this version.

Acknowledgements. We want to thank Zachary Friggstad for his comments that

improved and simplified Theorem 1. We have also talked with Mohsen Rezapour for
some initial discussions.
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