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Abstract

Let G = (V,E) be a graph with unit-length edges and nonnegative costs assigned to its vertices.
Given a list of pairwise different vertices S = (s1, 82, ..., 8p), the prioritized Voronoi diagram of G with
respect to S is the partition of G in p subsets Vi, Vo, ...,V so that, for every ¢ with 1 <17 < p, a vertex
v is in V; if and only if s; is a closest vertex to v in S and there is no closest vertex to v in S within the
subset {s1,s2,...,8i—1}. For every i with 1 < ¢ < p, the load of vertex s; equals the sum of the costs
of all vertices in V;. The load of S equals the maximum load of a vertex in S. We study the problem
of adding one more vertex v at the end of S in order to minimize the load. This problem occurs in the
context of optimally locating a new service facility (e.g., a school or a hospital) while taking into account
already existing facilities, and with the goal of minimizing the maximum congestion at a site. There is
a brute-force algorithm for solving this problem in O(nm) time on n-vertex m-edge graphs. We prove
a matching time lower bound — up to sub-polynomial factors — for the special case where m = n!To®
and p = 1, assuming the so called Hitting Set Conjecture of Abboud et al. On the positive side, we
present simple linear-time algorithms for this problem on cliques, paths and cycles, and almost linear-
time algorithms for trees, proper interval graphs and (assuming p to be a constant) bounded-treewidth
graphs.

Keywords: graph Voronoi diagrams; facility location problems; HS-hardness; graph algorithms.

1 Introduction

For undefined graph terminology, see [7]. All graphs considered are finite, simple (they are loopless and
have no multiple edges), connected and with unit-length edges. Let G = (V, E) be a graph. Throughout the
paper, let n = |V] and m = |E|. The distance between two vertices u and v is the minimum number of edges
on a uv-path. We denote this distance by dg(u,v), or simply d(u,v) if G is clear from the context. Given
a vertex v and a vertex subset S = {s1,52,...,8p}, let also d(v,S) = min;<;<, d(v, s;) denote the distance
between v and S. A Voronoi diagram of G with respect to S is any partition Vi, Va,...,V, of V such that,
for every ¢ with 1 < i < p, for every vertex v with v € V;, d(v,s;) = d(v,S). This terminology originates
from Computational Geometry, where the Voronoi diagram is a well-studied data structure [3]. An example
of graph Voronoi diagram is given in Fig. We stress that in general, a Voronoi diagram is not uniquely
defined, due to the possible existence of vertices v such that d(v,s;) = d(v,s;) = d(v, S), for some i and j
with 1 < i < j < p.

To our best knowledge, Mehlorn was amongst the first to introduce the concept of graph Voronoi diagrams,
which he used in the design of an approximation algorithm for the STEINER TREE problem [24]. Erwig further
pursued the study of these objects, of which he presented some new algorithmic applications [I4]. Since then,
graph Voronoi diagrams have appeared as a building block of even more algorithms [9, [IT], 17]. In [26], Okabe
et al. introduced generalized network Voronoi diagrams, of which graph Voronoi diagrams are special cases.
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u(sz) v(ss) w(sy) x(s1) y(s1)

Figure 1: A graph Voronoi diagram with respect to three vertices s1, s2, s3. For each vertex of the graph,
the corresponding vertex of S is indicated in brackets. Since d(s1,u) = d(s2,u), this diagram is not unique.

Other variations such as furthest color Voronoi diagrams were considered in [2I]. We only consider graph
Voronoi diagrams in what follows.

Hakimi and Labbé introduced graph Voronoi diagrams, which they called Voronoi partitions, as a location-
theoretic concept [19]. We build on their previous work and terminology. Specifically, given a vertex subset
S ={s1,52,...,8p}, and a Voronoi diagram V1, Vs, ..., V,, of G with respect to S, we call sites the vertices in
S, and we call territories the subsets V;, with 1 < i < p, of this partition. For concreteness, we may regard
the sites in S as locations of service facilities such as schools or hospitals. With this interpretation in mind,
every territory is the service area of some facility. Several optimization criteria can be considered for these
territories. Given some measure p: V x 2V — Rs( and a nonnegative integer p, the u-VORONOI p-CENTER
problem is the problem of minimizing maxi<;<, p(s;, V;) amongst all possible graph Voronoi diagrams with
respect to p sites. For instance, if p(s;, V;) = maxyey; d(v, s;), then this is the classical p-CENTER problem.
Throughout the paper, let some function 7 : V' — R assign nonnegative costs to the vertices. We call
p-BALANCE the (1,-VORONOI p-CENTER problem for the measure p, such that pr(s;, Vi) = > oy, 7(v).
For concreteness, we may regard pu(s;,V;), which we call the load of site s;, as the population size in a
service area. We call our objective function maxi<;<p tir (8, Vi) the load of the Voronoi diagram. We stress
that minimizing the load is important in the context of critical facilities, such as hospitals. For instance,
during the recent COVID-19 outbreak, the relation between hospital saturation and increased risk of death
was documented [25]. The p-BALANCE problem is NP-hard if p is part of the input [20]. Interestingly, the
NP-hardness reduction in [20] outputs instances of the problem such that if there exists a graph Voronoi
diagram with load at most some value ¢, then there always exist p sites minimizing the load such that every
vertex is at minimal distance of exactly one site. This implies that the difficulty of this problem does not
come from the non-uniqueness of a Voronoi diagram.

In practice, we must account for the location of existing service facilities in order to optimally locate
a new one. This incremental approach has already been considered for the p-CENTER problem, under the
name of “center selection problem” [22]. However, it does not seem that it has also been studied for the
p-BALANCE problem. As a starter, let us consider the following problem (which is not quite yet what we
study in the paper). We are given a subset S of sites, and the goal is to compute a new site v, with v ¢ S,
and a Voronoi diagram with respect to S U {v} such that the load is minimized. This problem is NP-hard
even if S is a singleton and G is a complete graph. Indeed, in this situation we can select any vertex v ¢ S
as the new site, but the difficulty consists in computing an optimal graph Voronoi diagram. The load of any
such diagram must be at least 7(G)/2, where w(G) is the sum of the cost of all vertices. Moreover, deciding
whether there exists a solution with load 7(G)/2 is equivalent to the well-known PARTITION problem [I5].
In order to circumvent this negative result, we show that it is enough to force the Voronoi diagram to be
uniquely defined. More precisely, motivated by the practical need to minimally reorganize the diagram after
inserting a new site, we follow Erwig’s suggestion to prioritize the sites [I4]. That is, S = (s1,S2,...,Sp)
is a list, and every vertex v must be assigned to its first closest site in the list. Formally, for every ¢ with
1 <i <p, we have v € V; if and only if d(v, s;) = d(v,S) and d(v, s;) > d(v, S) for every j with 1 < j < 4.
We call it the prioritized Voronoi diagram, or simply the Voronoi diagram of G with respect to S, and we
denote it in what follows by Vor(G, S). Other conditions could be also considered. For instance, one could



add every vertex v to the territories of all its closest sites in S, which is actually what Hakimi et al. did
in [20]. However, having a vertex partition is important in some practical scenarios (e.g., a student attends
to only one school). Furthermore, we stress that most results in the paper do not really depend on which
condition we choose (a notable exception being the hardness result of Theorem [2.8]).

For every ¢ with 1 < i < p, we denote by £, (s;,S) the load of site s; in Vor(G, S). The load of Vor(G, S)
is denoted by L,(S). To our best knowledge, the following problem has not been considered before:

Problem 1 (BALANCED VERTEX).

Input: A graph G = (V,E); A cost function m : V. — Rxo; A list S = (s1,82,...,8p) of pairwise
different vertices.

Output: A vertex v € V' \ S such that L(S + v) is minimized, where S +v = (s1,82,...,5p, V).

Closest to our work is the one-round Voronoi game on graphs [4]. In the latter two-player game, Player 1
first selects a subset S of sites with some fixed cardinality. Then, Player 2 must select a k-set S of new sites,
with S’ NS =, in order to mazimize the cumulative load of all k sites in S” in the graph Voronoi diagram
with respect to S’ + S (the new sites in S’ have higher priority than the former sites in S). By contrast, in
our problem we aim at minimizing the load at any site, and we also account for the load of all former sites
in S and not just for the load of the new site. Furthermore, the new site is given the least priority.

Cliques O(n) Lemma
Cliques with k edges removed O(kn) Remark
Diameter < 2 graphs O(n+m) Lemma
Diameter > 3 graphs Q(n?=0M) Theorem
Paths O(n) Lemma
Cycles O(n) Lemma
Trees O(nlog|S]) Theorem (3.8 & Remark
Treewidth < k graphs O(k2°®) B(n, k)n|S|log n) Theorem [3.12
Proper interval graphs O(m + nlogn) Theorem [3.16

Table 1: Overview of our results.

Our contributions. We initiate the complexity study of the BALANCED VERTEX problem.

On general n-vertex m-edge graphs, the problem can be solved in O(nm) time by brute force, simply by
considering each vertex v ¢ S (Theorem. We prove a matching time lower bound — up to sub-polynomial
factors — assuming the so-called Hitting Set Conjecture (Theorem [2.8). The latter was introduced in [I] by
Abboud et al. as a way to explain our lack of progress toward computing faster either the radius or the
median of a graph. Since then, to our best knowledge, broader implications of the Hitting Set Conjecture,
for problems beyond radius and median computations, have not been investigated. Our work makes a step in
this direction. A better-studied conjecture, that is implied by the Hitting Set Conjecture and by the Strong
Exponential Time Hypothesis, is the so called Orthogonal Vectors Conjecture [28]. We leave as an open
problem whether we can prove a quadratic time lower bound for the BALANCED VERTEX problem assuming
this conjecture.

In the second and longest part of the paper, we break the quadratic barrier for BALANCED VERTEX on
several graph classes. For that, we exploit some tree-like or path-like underlying structure of these graphs.
Roughly, we adapt recent tools and frameworks for fast distance computation in these graphs, proving that
they can also be used in order to compute the load ¢,(v,S + v) of every potential new site v ¢ S. In
doing so, we can solve BALANCED VERTEX, but only if there are constantly many sites in S. We detail this



approach in Sec. where it is applied to bounded treewidth graphs (Theorem . However, solving
BALANCED VERTEX for an arbitrary (possibly nonconstant) number of sites looks more challenging. Some
simple cases are first presented in Sec. For n-node treetﬂ we combine a standard but rather intricate
dynamic programming approach with centroid decomposition, so as to derive an O(nlogn)-time algorithm
(Theorem [3.8). The running time can be improved to O(nlog|S|) (see Remark [4). Our second main
contribution in this part is for proper interval graphs, for which we get an O(m + nlogn)-time algorithm
(Theorem . This result is derived from prior works on distance labeling schemes for this class of
graphs [16].

Results in the paper are summarized in Table |1l Some graph classes considered are related (e.g., paths
are trees, and trees and cycles have bounded treewidth). We obtain faster algorithms for paths than for
general trees (for trees and cycles than for bounded-treewidth graphs, resp.).

Organization of the paper. Basic results about the BALANCED VERTEX problem, along with a polynomial-
time algorithm for solving it and a matching conditional time lower bound, are presented in Sec. [2| Faster
algorithms for special graph classes are presented in Sec.[3] We conclude the paper in Sec. [4] with some open
questions and perspectives.

Additional notations and terminology. Let G = (V,E) be a graph. The open neighbourhood of a
vertex v is denoted in what follows by Ng(v) = {u € V | uv € E}. We denote by Ng[v] = Ng(v) U {v} its
closed neighbourhood. The ball of center v and radius k is denoted by NE[v] = {u € V| dg(u,v) < k}. For
every vertices u and v, let Ig(u,v) = {w € V' | dg(u,v) = da(u, w) + dg(w,v)} denote the metric interval
between u and v. Let Wg(u,v) = {w € V | dg(u, w) < dg(v,w)} contain all vertices closer to v than to v. In
the same way, for a vertex subset S (a vertex list, resp.), let Ng(S) = (J,cg Na(s)\S and Ng[S] = Ng(S)US
denote its open and closed neighbourhoods, respectively. The subgraph induced by a subset S is denoted
by G[S]. For every vertex subset S (vertex list, resp.), let Proja(v,S) = {s € S| da(v,s) = dg(v,S)} be
the metric projection of a vertex v on .S. We sometimes omit the subscript if G is clear from the context.
A vertex list S = (s1, 82, .., p) such that s; # s; for every 4,j with 1 < i < j < p is called in what follows
a proper vertex list. We denote the territories V1, Vs, ..., V), of Vor(G, S) by T(s1,5),...,T(sp,S). Finally,
given a cost function 7 : V' — R, the cost of a vertex subset X is defined as m(X) = >y 7(x).

2 The general case

We here consider the BALANCED VERTEX problem on general graphs. In Sec. 2.1 we prove a few simple
properties of prioritized Voronoi diagrams. We derive from the latter a quadratic-time algorithm, in the
number of edges, for solving BALANCED VERTEX. This algorithm is presented in Sec. In Sec. our
quadratic running time is proved to be optimal — up to sub-polynomial factors — assuming the Hitting Set
Conjecture.

2.1 Basic properties

We start the section with some easy results on the territories in a Voronoi diagram. In particular, we prove
the following relation between territories and metric intervals.

Lemma 2.1. Let G = (V, E) be a graph and let S = (s1,52,...,5p) be a proper vertex list. For every vertex
v e T(s;,S), with 1 <i <p, we have I(v,s;) C T(s;,S).

Proof. Suppose by contradiction the existence of some vertex u € I(v,s;) \ T(s;,S). Let 7, with 1 < j < p,
be such that u € T(s;,5). In particular, d(u,S) = d(u,s;) < d(u,s;). Note that d(v,s;) < d(v,u) +
d(u,sj) < d(v,u) +d(u,s;) = d(v,s;) = d(v,S). Therefore, we must have d(u, s;) = d(u,s;) = d(u,S) and
d(v,s;) =d(v,s;) = d(v,S). However, because v € T(s;, S), j > i, thus contradicting that u € T(s;,5). O

IThroughout the paper, we only use ,,node” for trees and tree-based data structures.



We immediately deduce from Lemma the following result about territories:

Corollary 2.2. Let G = (V, E) be a graph and let S = (s1,52,...,5p) be a proper vertex list. For every i
with 1 <i < p, T(s;,S5) is a connected subset.

We often use in our proofs the following structural description of the last territory in a diagram. Similar
but more complicated descriptions of the other territories can be derived from this result.

Lemma 2.3. Let G = (V, E) be a graph and let S = (s1, 52, ..., Sp) be a proper vertex list. For every vertex
v ¢ S, we have that T(v, S +v) =U,<;<, W(v,s;) NT(s;,5))

Proof. Let j with 1 < j < p be fixed. For every vertex u € T(s;, S), we have that u € T(v, S +v) if and only
if d(u,v) < d(u,S) = d(u, sj). The vertices that satisfy this inequality are exactly those of W(v, s;). O

2.2 A quadratic-time algorithm

We present our quadratic-time algorithm for solving BALANCED VERTEX. It is based on the following
observation that for every proper vertex list, we can compute the prioritized Voronoi diagram in linear time.

Proposition 2.4. Let G = (V, E) be a graph and let S = (s1,52,...,5p) be a proper vertex list. We can
compute Vor(G,S) in O(n+ m) time.

Proof. We run a BFS on S (i.e., we consider all vertices in S as being one supervertex, on which we run a
BFS). In doing so, we order the vertices v € V'\ S by nondecreasing distance to S. Then, we compute r(v),
for every vertex v, so that:

r(v) = v,ifves
| min{r(v) | u € N(v) and d(u, S) = d(v, S) — 1} otherwise.

We prove by induction on d(v,S) that r(v) is the unique site of S such that v € T(r(v),S). This is
straightforward if v € S. Thus, from now on we assume that d(v,S) > 1. For every u € N(v), if d(u,S) <
d(v, S), then by the induction hypothesis we have r(u) € Proj(v,S). By Lemma the unique site s; € S
such that v € T(s;,.5) is contained in {r(u) | v € N(v) and d(u, S) = d(v, S) — 1}. Therefore, r(v) =s;. O

In order to solve BALANCED VERTEX, it is sufficient to compute all prioritized Voronoi diagrams with
one more site. We summarize our observations as follows.

Theorem 2.5. We can solve BALANCED VERTEX in O(nm) time.

Proof. For every vertex v € V' \ S, we compute Vor(G, S + v). By Proposition this computation takes
O(n+m) time. Furthermore, we can compute L, (S +v) in additional O(n) time if we scan each territory of
Vor(G, S+v) sequentially. The running time follows since there are at most n vertices v to be considered. [

2.3 HS-hardness

Our main technical contribution in this section is a conditional time lower bound for BALANCED VERTEX,
which matches — up to sub-polynomial factors — the quadratic running time of the simple algorithm presented
in Theorem Our hardness result is based on the following hypothesis.

Conjecture 1 (The Hitting Set Conjecture [I]). There is no € > 0 such that for all ¢ > 1, there is an
algorithm that given two lists A, B of n subsets of a universe U of size at most clogn, can decide in O(n?~¢)
time if there is a set in the first list that intersects every set in the second list, i.e., a “hitting set”.



In what follows, we call the triple (A, B,U) a HS-instance. Two HS-instances (A, B,U) and (A’, B',U’)
are called equivalent if either both contain a hitting set or none of them does.

Insofar, the Hitting Set Conjecture has been understudied. We next present reductions from arbitrary
HS-instances to equivalent ones with some more structure (Lemmas and . The running times of these
reductions are roughly linear in the cumulative cardinalities of all subsets in the input, which (since there
are 2n such subsets and the universe has size O(logn)) is in O(nlogn).

Lemma 2.6. Every HS-instance (A, B,U) can be reduced in O(nlogn) time to some equivalent HS-instance
(A", B, U") with the following additional property: every set in B’ intersects at most half of the sets in B'.

Proof. Let (Ag, Bo,Up) and (A1, B1,U;) be disjoint copies of (A, B,U). Let also g,z ¢ Uy UU;. We set:

A':{aoUUl|a0€A0}U{a1UUo|a1€A1},
B = {bo U{:L‘()} | by € Bo} U {bl U {{L‘1} | b € Bl}7
U/:UQUU1U{[L'0,CE1}.

The construction of (A’, B',U’) takes O(nlogn) time.

We can bipartition B’ in two sublists By, B{ such that, for every i € {0,1}, all sets in B contain x; and
are contained in U; U{x;}. Since Uy U{zp} and Uy U{z1} are disjoint, every set of B’ intersects exactly half
of the sets of B’. Furthermore, if a € A is a hitting set for (A, B,U), then let ag,a; be its copies in Ag, A;.
By construction, ap U Uy and a; U Uy are hitting sets for (A’, B’,U’). Conversely, let a’ € A’ be a hitting
set for (A’, B’,U’). By symmetry, we may assume to have a’ = ag U Uy, for some set ag € Ag. Since zg ¢ a’
and, for every set by € By, bp NU; = ), we must have ag is a hitting set for (Ao, Bo, Up). In particular, there
is also a hitting set for (A, B,U). O

Lemma 2.7. Let «, 8 be arbitrary integers so that o > 2. Every HS-instance (A, B,U) can be reduced in
O(nlogn) time to some equivalent HS-instance (A’, B,U’) with the following additional properties: for some
t = O(|U]), the universe U’ has cardinality o -t + 8, and every set in A’ has cardinality t.

Remark 1. We only need to apply the following reduction with o = 2, 8 = —1 for proving Theorem [2.8]
However, the general case with «, 8 arbitrary might be useful for future works on the Hitting Set Conjecture.

Proof. First, we reduce (A, B,U) to some equivalent instance (Aymp, B, Uimp) S0 that all sets in Ay, have
equal cardinality. Then, we reduce (Aymp, B, Uimp) to our final HS-instance (A’, B, U’).

In order to construct (A¢mp, B, Uymp), We start computing the extreme cardinalities A = max{|a| | a € A}
and 0 = min{|a| | a € A} of sets in A. Let Ugummy = {1, U2, ...,ua—s} be a universe of cardinality A —J
that is disjoint from U. We set Uymp = U U Ugummy. For every set a € A, we add in Aymp the set
ay {Ul,u27 R ,UA_|a|}.

Every set in Agyp has cardinality A. In order to construct (A’, B',U’), there are two different cases to
be considered.

e Case a- A+ > |Usmp|. We complete Ugmp with o - A + 5 — |Ugmp| new elements in order to create
U’. The two lists are unchanged (i.e., we set A’ = Ayyp, B’ = B).

o Case a- A+ < |Usmp|. Let us write |Ugmp| — - A — 3 = ¢ (o — 1) + r for some unique ¢ > 0 and

re€{0,1,...,a—2}. Let X,Y be disjoint universes of respective cardinalities & —1 —r and ¢+ 1, both
disjoint from Uymp. We set U’ = Upmp UX UY, A’ ={aUY | a € Aimp}, B’ = B. Doing so, every set
in A’ has cardinality equal to t = A + ¢ + 1, while the universe U’ has cardinality:
[Utmp| + [ X[+ Y[ =0 A4 B+ ([Utmp| —- A=)+ (¢ + 1)+ (a—1—7)
=a-A+f8+(q-(a=1)+r)+qg+a—r
=a-A+B+q-ata
=a - (A+g+1)+p
=a-t+0



In both cases, our construction ensures that every set in A’ has cardinality W O

We are now ready to combine both reductions in order to prove our main result in this part.

Theorem 2.8. Assuming Conjecture[l], there is no € > 0 such that for all ¢ > 1, there is an algorithm that
solves BALANCED VERTEX in O(n?~¢) time on the n-vertex graphs with at most cnlogn edges.

Proof. Let (A, B,U) be any HS-instance with the following properties:

1. every set of B intersects at most half of the sets in B;

2. every set of A has cardinality MTH

We stress that every HS-instance can be reduced to an equivalent one with these properties by applying the
reductions of Lemma and in this order. Intuitively, we identify the subsets of AU B and the elements
of U with vertices in some graph G (to be defined later). We further define a unique site s, which is close
to every vertex in A but distant to every vertex in B. Therefore, in order to minimize the load, one should
pick a new site which is closer than s to every vertex in B. At first glance, one may think about picking
some new site in U. However, the vertices in U are closer than s to far too many vertices, thus making the
load increase. The first property above ensures that no vertex of B should be picked either. Therefore, we
are left picking (if any) a vertex of A that is close to every vertex of B, a.k.a., a hitting set. Note that in
general, the exact load should also depend on the size of U and the cardinality of the hitting set. The second
property above ensures that it is not the case for our reduction.

For convenience, in what follows let t = ‘UlTH denote the cardinality of every set in A. We may further
assume that ¢ > 2 (otherwise, we can detect a hitting set in O(n) time because there are O(1) distinct sets
in A) and that n is above some large enough constant. We construct a graph G = (V, E) with 2n+|U|+3 =
2(n +t+ 1) vertices, as follows:

e V=AUBUUU/{s,z,y};

UU{x,y} is a clique;

Ne(s) = {z,y};
e for every set a € A, Ng(a) = {y} U{u €U | u € a};

e for every set b € B, Ng(b) ={u e U | u € b}.

See Fig. |2| for an illustration. Let S = (s) and let 7 : V' — R>( be the all-one function (i.e., 7(v) =1
for every vertex v). Given a vertex v # s, let S, = (s,v). By Lemma 2.3} T(v,S,) = Wg(v,s). We now
compute the load of S, for every vertex v # s:

o Case v =x. We have W(x,s) =U U {z}UB. Then, L,(S;) = lx(2,5,) =n+1+|U|=n+ 2t.
e Case v=y. We have W(y,s) =V \ {s,z}. Then, L.(Sy) ={x(y,Sy) =2n+|U|+1=2(n+1).
e Casev e U. We have UU B C W(v,s). Then, L(Sy) =l (v,S,) >n+|U|l=n+2t—1.

e Case v € B. Since every vertex of A is at distance at least two from vertex v, AN W (v,s) = 0.
Furthermore, |W(v,s) N B| < |B|/2. We also know that s,z,y ¢ W(v,s). As a result, we have
L(Sy) =10x(s,5,) > |Al+|B|/2+ 3 =3n/2 + 3.

e Case v € A. We have W (v, s) = {v} U (Ng(v) NU) U (N&[v] N B). Let us write k = |[NZ[v] N B|. In
this situation, (v, S,) =k + ¢+ 1 while £,(s,S,) = 2n — k 4+t + 1. In particular, L;(S,) is minimal
if and only if k = n, that is if and only if v is a hitting set.

Note that 2(n +¢) > n+ 2t >n+ 2t —1 > n+ ¢+ 1, where the last inequality follows from ¢ > 2. Since
t = O(logn), we also have 3n/2 +3 > n +t + 1 for large enough n. As a result, for large enough n, the
existence of some vertex v such that L. (S,) < n+t+1 is equivalent to that of a hitting set for (4, B,U). O

Remark 2. The hardness result of Theorem [2.§ holds for unit costs and |S| = 1.



Figure 2: The reduction of Theorem For clarity of the picture, we omitted the edges between vertices
of U and the edges between U and A\ {a}, with a some hitting set.

3 Almost linear-time algorithms

In this section, we break the quadratic barrier for BALANCED VERTEX on various graph classes. We obtain a
linear-time algorithm only for simple topologies, see Sec. Nevertheless, we achieve an almost linear-time
computation on trees (Sec. [3.2)), proper interval graphs (Sec. and bounded-treewidth graphs with a
constant number of sites (Se

One of the reviewers observed that for BALANCED VERTEX, we only need to consider vertices v ¢ S
that reduce all territories T(s;, S) of maximum load. This observation does help in reducing the number of
vertices to be considered in practice. However, it cannot be applied if there is only one site in S (a case
which is already hard, see Theorem [2.8)).

3.1 Simple cases

First, we present a complete dichotomy of the parameterized complexity of BALANCED VERTEX if the
parameter is the diameter of the graph. The graphs of unit diameter are exactly the complete graphs. Given
a proper vertex list S in such graph, every vertex of V' \ S must belong to the territory of the site in S
with the highest priority. We deduce from this observation a simple linear-time algorithm for BALANCED
VERTEX on complete graphs.

Lemma 3.1. We can solve BALANCED VERTEX in O(n) time if G is a clique.

Proof. Let A = n(G) — Y_%_, m(s;). It suffices to output a vertex v ¢ S such that max{m(v),A — 7(v)} is
minimized. Indeed, since G is a clique we have the following for every vertex v ¢ S: T(s1,5 +v) = V' \
{s2,83,...,8p, 0} = T(s1,5)\{v}; T(s;, S+v) = {s;} = T(s;,5) for every i with 2 < i < p; T(v,S+v) = {v}.
In particular, we have L (S +v) = max ({m(s;) | 2 <i < p} U {m(v),A —7(v)}). O

We now generalize the simple idea behind Lemma to the graphs of diameter two.



Lemma 3.2. We can solve BALANCED VERTEX in O(n + m) time if G has diameter two.

Proof. We compute Vor(G, S), which by Proposition we can do in O(n + m) time. Doing so, we can
compute in O(n) time the values £, (s;,.5), for every i with 1 < i < p. We can also compute in O(n) time,
for every ¢ with 1 <7 < p, the value p; such that:

- Jmax{lx(s2,5),lx(83,5),. .., lx(sp, S)}if i =1
Hi= max{l.(s;,5) | j €{2,3,...,p} \ {i}} otherwise.

For every vertex v ¢ S, let s; be the unique site of S such that v € T(s;, S). Note that we can compute
s; from Vor(G, S) in O(1) time. We compute the value A(v) such that:
Aoy — {8 (7 (V@) | NIS) +7(0), € (31,8) = 7 (N(0) \ NS)) = (o).} i =1
max {m (N(v) \ N[S]) + 7(v),r(51,5) — 7 (N(v) \ N[S]), lr (84, S) — m(v), u;} otherwise.
Since we precomputed all values 1, po, . . ., tbp, We can compute the values A(v), for every v ¢ S, in O(n+m)
time, simply by scanning the neighbourhoods of every vertex. Finally, we output a vertex v ¢ S such that

A(v) is minimized. Indeed, we claim that A(v) = L, (S 4 v). This is because we assume the diameter of G
to be two, and therefore T(s;,.S) C N|s;] for every j with 2 < j < p. In particular, we have:

if v € T(s,
Wal(v,s;) NT(s;,S) = {v}if v € (s5,5)
0 otherwise.
In the former case, {r(s;,S + v) = £x(sj,S) — m(v), while in the latter case ((s;, S + v) = lx(s;,5).
Furthermore, T(v, S + v) = {v} U (N(v) \ N[S]), and so, £;(v,S +v) = 7 (N(v) \ N[S]) + 7(v). Finally,

~ JH{v}U(N(v) \ N[S]) if v € T(s1,5)
Wo(v, s1) N T(s1, 5) = {N(v) \ N[S] otherwise.

Altogether combined, we obtain as claimed that A(v) = L. (S + v). O

Remark 3. If G is a clique to which we remove k edges, for some constant k, then the runtime of Lemma 3.2
can be improved to O(kn) as follows. First, in order to compute T(sz, S), T(s3,S5),...,T(sp,S), we scan the
neighbours of every vertex u € V' \ (N[s1] US) and we compute the least ¢ such that s;, u are adjacent (if it
exists). There are at most k vertices in V' \ N[s;]. Therefore, this can be done in O(kn) time. Furthermore,
in additional O(n) time we can also compute Vor(G, S). Then, given Vor(G, S), we can continue as in the
proof of Lemma and compute all values pq, g2, ..., 1y in O(n) time. In order to compute the values
lr(v,S + v) for every v ¢ S (and so, complete our algorithm), as explained in the proof of Lemma it
now suffices to compute N(v)\ N[S] for every v ¢ S. For that, let U = T(s1,.S) \ N[s1] be the set of vertices
of V'\ § with no neighbour in S. Observe that, for every v ¢ S, N(v) \ N[S] = N(v) NU. In particular, the
subset N(v) N U, for every v ¢ S, can be computed in O(|U|) = O(k) time.

We cannot extend Lemmas and [3.2 any further because the graph constructed in the proof of Theo-
rem [2.8 has diameter three. Therefore, we can solve BALANCED VERTEX in linear time if the diameter is at
most two, while we cannot solve this problem in truly subquadratic time if the diameter is at least three.

Next, we consider paths and cycles. The problem becomes local, in the following sense. Let us subdivide
a path G in maximal subpaths whose every end is either a site of S or one of the two ends of G. See Fig.
for an illustration. Doing so, we can prove that there are at most two sites of S whose territory may be
modified upon inserting a new site v, namely, those at the ends of the maximal subpath containing v. In
particular, we can compute the load L, (S +v), for every node v ¢ S, by applying to every maximal subpath
a classical partial sum trick for vector problems.

Lemma 3.3. We can solve BALANCED VERTEX in O(n) time if G is a path.
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Figure 3: Subdivision of a path G in maximal subpaths with respect to the sites in S.

Proof. We first describe our algorithm. See Fig. |3| for an illustration.
1. We compute Vor(G, S) and the loads ¢.(s;,S), for every j with 1 < j < p.

2. Let Cy,Cy,...,Cy be the connected components of G \ S. Note that we have ¢ < p+ 1. For every ¢
with 1 <1 <gq, let S; = N(C;), and let P; be the subpath induced by N[C;] = C; U S;. We stress that
|Si| = 2, except maybe if i € {1, ¢} for which we may have |S;| = 1.

3. We consider each subpath P;, with 1 < i < ¢, sequentially. In what follows, let P; = (w§, wi, ..., w},_;).

e We compute A; = max,eg\s, £x(s,5). Note that A; equals the maximum load amongst the sites
of S\ S;. We show later in the proof that the territory of any site in S\ S; cannot be altered if
we add a new node v € V(P;) at the end of S.

e We compute A(i,j) = Zi:o m(w}), for every k with 0 < k < ¢;.
Then, there are two different cases to be considered.

(a) Case |S;] = 1. Either i = 1, w} ¢ Sy or i = q, wfrl ¢ S,. We observe that both subcases
are symmetric up to reverting the path GG. Therefore, we assume without loss of generality that
i=1, wy ¢ Si. In this situation, w is the leftmost end of path G, and Sy = {w{ _,}. For every
Jwith0<j <ty —1,let jp= [%] — 1. For every v € (;, we compute:

A(v) = max{Aq, )\(I,jR),Eﬂ(wtll_17 S)—A1,jr)}

(b) Case |S;| = 2. We first compute jf;, = max{j | 0 < j < t;, w} € T(w},S)}. Note that if ¢; is
even, then we always have ji, = wii/zfl. However, if ¢; is odd, Fhen Jho € {wétﬁz&)/z’ wétiq)/z}v
and the exact value depends on the respective positions of wg, w;, ; in S. Then, we consider each
node of C; sequentially. In what follows, let 7 with 0 < j < ¢; — 1. Let j; = LéJ + 1, and let
Jr = {%1 — 1. For every v € (;, we compute:

A(U) = maX{Aia )‘(11.71?) - )‘(7’7,714 - ]-)7
Ce(w), 8) = Al i) + (i, jz — 1),
Zﬂ(wiiflv S) - )‘(ZaJR) + /\(27.7111m)}

4. Finally, we output a node v ¢ S such that A(v) is minimized.

Complexity. By Proposition[2.4] Step 1 of the algorithm can be done in O(n) time. Step 2 can be also done
in O(n) time. Then, for every ¢ with 1 <14 < ¢, in order to compute the value A;, it suffices to totally order
the vertices of S by non-increasing load, and to search for the first such vertex that is not in S;. For that,
it is sufficient to only consider the max{|S;| + 1, p} nodes of S with maximum load. Since we have |S;| < 2
for every ¢ with 1 <4 < ¢, we can compute all values A1, Ag,..., A, in O(n) time, simply by keeping track
of the max{3,p} nodes of S with maximum load. Let ¢ with 1 <14 < ¢ be fixed. By dynamic programming,
we compute in O(t;) time the values A(¢, 7), for every j with 0 < j <t; — 1. Then, we can compute in O(t;)
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time the values A(v), for every v € C;, simply by scanning once the path P; and performing O(1) operations
for each node. Since we have Y ¢, t; = O(n), the total running time for Step 3 is also in O(n).
Correctness. Let i be such that 1 < i < ¢, and let v € C; be arbitrary. We prove in what follows that
A(w) = Lp(S +v). First we claim that C; U S; C |J{T(s,S) | s € S;}. Indeed, suppose by contradiction
that some node u € C; belongs to T(s',.5), for some s’ € S\ S;. The unique us’-path intersects S;, which
by Lemma [2.1] implies that T(s’, S) NS; # 0, a contradiction. In the same way, we have T(v, S +v) C C; C
UH{T(z,S +v) | z € S; U{v}}. This implies that for every s € S; we have T(s,S +v) \ C; = T(s,5) \ C;,
while for every s’ € S\ S;, we have T(s',S) = T(s', S + v). Hence, we obtain:

L.(S+v)=max ({{r(s,S+v)|s €S\Si}U{lr(x,S+v)]|xeS;U{v}})
=max ({A;} U {l(z,5 +v) |z € S;U{v}})

Clearly, T(v,S 4+ v) = {u € C; | d(u,v) < d(u,S;)}. Let j with 0 < j <¢; —1 and v = w}. There are two
cases to be considered:

e Case |S;| = 1. By symmetry, we may further assume i = 1, wj ¢ Si. Then, C; C T(w/, _;,S), and
by Lemma we have T(v, S +v) = W(v,w, ;) = {wg,wi,...,wj, }. In particular, (v, S + v) =
2 om(wy) = A(1,jr), and so £r(wf _1,S 4+ v) = lx(wy,_1,S) — A1, jR).

e Cuse |S;| = 2. In this situation, T(v,S + v) = {w}, ,w’ ,,,...,wi }. Therefore, {r(v,S + v) =
i’;jL m(wh) = A(j, JR) — fo:f)l m(wh) = i, i) — /\(i,jL_ —1). By the definition of ji  we have
T(wg, S)NC; = {wi,... W } while T(w;, _,,S)NC; = {w; e W o}
lim lim i
Furthermore, we claim that j, —1 < gt < jr. Indeed, let us first assume that J< gt .. In particular,
Jr =1 <j < jfy- For every k with j <k < j ., we have d(v, w}) < d(wj, _y,w;,), which follows from
d(wp, wy,) < d(wg, _q,w},) and v is on the wywj-path. Therefore, ji . < jr. From now on, we assume
that ji < j. In particular, ji < jg. For every k with ji < k < j, we have d(v,w}) < d(w},w?),
which follows from d(w{, w}) > d(wj _;,w}) and v is on the w} _,wj-path. Therefore, jr < ji + 1.

As a result,
4 } Jiim ,
Ca(wh, S + ) = Le(wh, §) — D w(wp)
k=jL
= E‘ﬂ'(w(z)’ S) - ()‘(Z’]flm) - )‘(Za]L - 1))
and
be(wh 1,8 +0) = be(wf,_1,8) = Y w(wp)
k=jfim+1
= éﬂ(w;—la S) - ()‘(Z’JR) - /\(ia.jliim))
Overall, we proved that in both cases A(v) = L(S + v). Therefore, the algorithm is correct. O

Up to slight adjustments (e.g., in the special case where |S| = 1), we can directly apply to cycles our
techniques for paths. We prove it below.

Lemma 3.4. We can solve BALANCED VERTEX in O(n) time if G is a cycle.

Proof. Let us first assume that p = |S| = 1. Let (vo,v1,...,v,—1) be a cyclic ordering of the vertices, and
let us assume without loss of generality that S = (vg). We compute by dynamic programming the values
A(G) = Zi:o m(vg), for every j with 1 < j < n. It takes O(n) time. By symmetry, we only consider in what
follows the vertices v; with 0 < i <n/2. In this situation, by Lemma

T(Ui,S—I—Ui) = W(UZ‘,’U()) = {’UL%J+1,UL%J+2, S ,’U|’ani‘|71}.
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Let £; = A([%%] — 1) — A(| £]). Note that L (S + v;) = max{¢;, 7(G) — ¢;}. Therefore, it suffices to output
a vertex v; with 1 < ¢ <n/2 and such that max{¢;, 7(G) — ¢;} is minimized. The running time is in O(n).
From now on, we assume that p = |S| > 1. We compute Vor(G, S) and the loads £ (s;,S), for every j
with 1 < j < p. By Proposition this can be done in O(n) time. Let C1,Cs,...,Cy be the connected
components of G\ S. If ¢ = 1, then p = 2 and the two vertices of S form an edge of the cycle. In this special
case we remove the edge induced by S and then we apply Lemma to the resulting path. Thus from now
on we assume ¢ > 1. For every ¢ with 1 <14 < ¢, let S; = N(Cj;), and let P; be the subpath induced by
N[C;] = C; U S;. Note that the two vertices of S; are the two ends of P;. We are done applying the exact
same procedure for each subpath P; as in Lemma (Step 3 of the algorithm for paths). The running time
is in O(n). Correctness follows from the exact same arguments as in the proof of Lemma and it is even
simpler because the case |S;| = 1 cannot occur. O

3.2 Trees

We now address the case of general trees. Unlike for paths, the number of former sites in S whose territory
is modified after insertion of a new site may be arbitrarily large. See Fig. [ for an illustration. Fortunately,
we can use centroid decomposition in order to compute, for every v ¢ S, a set of O(logn) nodes that are on
the paths between v and the territories of all but O(logn) former sites in .S. More precisely, given a tree T,
we can summarize our strategy as follows:

1. We compute a centroid, i.e. a node ¢ such that every connected component of T\ {c} contains at most
n/2 nodes.

2. We process the unique site s; € S such that ¢ € T(s;, S) (see Lemma ;

3. We process all sites s; whose territories are on different connected components of 7'\ {c} than v (see

Lemmas and ;

4. Finally, we recursively apply our strategy in order to process all remaining sites whose territories are
on the same connected component of T\ {c} as v.
84

83

52

Figure 4: Beginning of the construction of a tree with p former sites in S and O(p?) nodes. There is a central
path with p nodes whose first node is v. Each former site s;, with 2 < i < p, is connected to the central path
by a path of length 3i — 2. The thick edges represent the paths between the new site v and every node in its
territory. In particular, for every ¢ with 2 <1i < p, exactly one node is removed from the territory of s;.
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Lemma 3.5. Let s be an arbitrary node in a tree T = (V,E). Let w : V. — Rxq be any cost function. We
can compute a(v) = 1 (W (v, s)), for every node v € V, in O(n) time.

Proof. We root T at s. Then, we preprocess T in O(n) time so that the following holds for every node v:
e We store dr (v, s) — the level of node v;

e We store m(T,) — the cost of all nodes in the subtree T;, rooted at v;

e For every i with 0 < i < dr(v,s), we can compute the i**-level ancestor of v in O(1) time [5].
We consider each node v € V sequentially. Let dr(v,s) = 2¢ + &, with ¢ € {0,1}. In this situation,
W (v, s) = Tj, with x the (g+1)"-level ancestor of v. In particular, we can compute z, and so, 7(T}.) = a(v),
in O(1) time. Overall, the total running time is in O(n). O

Let ¢ be an arbitrary cut-vertex in a tree T' (in our Theorem [3.8] this node ¢ will always be a centroid
of the tree). The next two lemmas allow us to process, for all potential locations v for a new site, all former
sites in S whose territory is disconnected from v in 7'\ {c}. In particular, using Lemma we can compute
the cost of all nodes in those territories that are closer to v than to S (and so, that would end up in v’s
territory). Using Lemma we can compute the maximum load of those sites in the Voronoi diagram of T’
with respect to S + v.

Lemma 3.6. Let ¢ be an internal node in a tree T = (V, E), and let S be a proper vertex list. We can
compute f(v) =Y {r(zx) |z €V, ¢ € I(v,z) and d(z,v) < d(x,S)}, for every node v € V' \ {c}, in O(n)
time.

Proof. Let us first describe our algorithm:
1. In O(n) time, we compute d(z,S) and d(z, ¢) for every node z.

2. For every i with 0 < ¢ < n, we compute a[i] = > {n(z) | z € V, d(z,c) +i < d(z,S)}. For that, we
start computing b[j] = > {n(z) | z € V, d(z,S) = d(z,¢) + j}, for every j with 0 < j < n, simply by
scanning each node x once. Since ali] = >_,; b[j], we are done in additional O(n) time by dynamic
programming.

3. We consider each connected component Cq,Cy, ..., Cy of T'\ {c} sequentially. Let k with 1 <k < ¢ be
fixed. For every ¢ with 0 <14 < |Cy|, we compute a[i] = > {n(x) | x € Ck, d(z,c)+i < d(z,S)}. This
can be done in O(|Ck|) time by using the exact same approach as for the prior step of the algorithm.
Finally, for every node v € Cy, we set:

B(v) = ald(v, c)] — ax[d(v, ¢)].
This can be computed in O(1) time per node of Cj, and therefore, in O(|Cy|) time.

The total running time of the algorithm is in O(n). In order to prove correctness of the algorithm, let
v € V \ {c} be arbitrary. We have v € C} for some k with 1 < k < g. For every node z, we have
¢ € I(z,v) if and only if x ¢ Cj. Furthermore, in this situation we have d(z,v) < d(z,S) if and only if
d(z,c)+d(c,v) < d(x,S). The sum of the costs of all nodes z such that d(x,c) + d(c,v) < d(x, S) is exactly
ald(v, ¢)]. In order to compute S(v) from a[d(v, c)], we need to remove from the latter the sum of the costs
of all such nodes z with = € Cj, that is exactly ax[d(v, c)]. O

Lemma 3.7. Let ¢ be an internal node in a tree T = (V,E), and let S be a proper vertex list. We can
compute y(v) = max{lr(s,S+v) | s €S, c¢ T(s,S), ce€ I(v,s)}, for every node v € V\{c}, in O(n) time.
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Proof. Let C1,C4,...,C, be the connected components of T\ {c}. For convenience, given any node v with
v # ¢, we denote by C(v) the unique component C; that contains v, for some ¢ with 1 < i < ¢q. We denote
by S’ the sublist obtained from S by erasing the unique site s. such that ¢ € T(s.,S). For every j with
0 < j <mn, let us define, for every node s € ',

Li(s) = Z{ﬂ' )| x € T(s,S) and d(z,s) > d(z,c) + j}.

Intuitively, ¢;(s) would be the load of s upon insertion of a new node v, with v ¢ C(s) and d(v,c) = j. In
particular, the following holds for every node v, with v # ¢ and d(v, ¢) = j: y(v) = max{/;(s) | s € S"\C(v)}.
Therefore, in order to compute (v), for every node v with v # ¢, it suffices to compute the following
information for every j with 0 < j < n:

e a node s; maximizing ¢;(s;) within S;
e anode s maximizing ¢;(s) within S"\ C(s;).

For that, we first compute Vor(7,S), and the distances d(x,S) and d(z,c) for every node x. By Propo-
sition this can be done in O(n) time. We order the nodes z, with  # ¢, by nondecreasing values
d(z,S) — d(z,c), which can also be done in O(n) time by using counting sort. For every node s € S’, let
A(s) = £x(s,S). Intuitively, at the end of each step j of our main procedure (presented next), we must have
A(s) = £;(s). We now proceed as follows for every j with 0 < j < n:

o Case j =0 (first step). Let Xo = {z € V\ {c} | d(x,S) > d(z,c)}. We consider each node z € X
sequentially. Let s € S be such that z € T(s,S). If ¢ ¢ T(s, S), then we set A(s) = A(s) —7(z). Finally,
we compute a vertex sg (s, resp.) that maximizes A(sg) (A(s(), resp.) within S’ (within S"\ C(so),
resp.).

e Case j > 0. Let X; = {z € V\ {c} | d(z,5) — d(x,c) = j}. We scan each node in X, computing
along the way a subset S; of relevant nodes in S’. Initially, we set S; = (. We consider each node
x € X, sequentially. Let s € S be such that z € T(s, S). If ¢ ¢ T(s,S), then we add s in Sj, then we
set A(s) = A(s) + m(x). Finally, we compute a vertex s; (s, resp.) that maximizes A(s;) (A(s}), resp.)
within S; U {s;_1} (within (S; U{s;j_1,5;_,}) \ C(s;), resp.).

Step 0 can be done in O(n) time. Furthermore, since we ordered all nodes z with x # ¢ by nondecreasing
values d(z, S) —d(z, ¢), all subsets X1, Xs,..., X, can be computed in O(n) time. Given X;, for some j with
1 < j < mn, Step j can be done in O(|X,| + |5;]) = O(|X;|) time, provided we can compute in O(1) time,
for every x € X, the unique s € S such that « € T(s,S). That is indeed the case because we precomputed
Vor(T, S) in O(n) time. Overall, the running time is in O(3_, |X;[) = O(|Xo|) = O(n).

In order to prove correctness of the algorithm, we prove (as claimed above) that at the end of each step
J, we have A(s) = £;(s), for every s € S’. We prove it by induction on j. If j = 0, then at the end of step 0
we have:

=le(s) = > {m(x) |z € XoNT(s,5)}

=le(s) = > {r(2) |z € T(s,5), d(z,8) > d(z,c)}
= Le(s) = Y {m(z) | x € T(s,9), d(x,s) > d(z,c)}
= lo(s)

From now on, we assume that j > 0. By the induction hypothesis, we have A(s) = £;_1(s) before we start
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step j. Therefore, at the end of step j we have:

A(s)

Gioa(s) + Y {m(2) |z € X;NT(s,5)}

Gioa(s)+ > An(x) |z € T(s,8), d(x,S) = d(,c) + j}
x)
)

le(s) =Y Am(z) |z € T(s,9), d(x,s) > d(z,c)+j— 1} + Y {n(z) |z € T(s,5), d(x,S) = d(x,c) + j}
=L(s) — Z{ﬂ'l’ | z € T(s,S), d(z,s) >d(z,c) + 5}

t;(s)

Finally, we need to prove the maximality of the selected nodes s;, s; at each step j. We also prove it by
induction on j. This is straightforward if j = 0 because we consider all nodes of S’ (of S’ \ C(sp), resp.) in
order to compute sg (sf, resp.). From now on, we assume that j > 0. Suppose by contradiction the existence

of some node s € S/, with s # s; and ¢;(s) > £;(s;). In particular, s ¢ S;, which implies ¢;(s) = £;_1(s).
But then, by induction on j,

ti(s) = 4j1(s) <lja(sj—1) < i(s5-1) < Li(s;)-
A contradiction. We can prove similarly as above that s maximizes £;(s’;) within "\ C(s;). O
We are now ready to prove the main result in this subsection:
Theorem 3.8. We can solve BALANCED VERTEX in O(nlogn) time for trees.

Proof. Let T = (V, E) be an n-node tree, let m be any nonnegative cost function and let S be a proper vertex
list. We consider a more general problem, where every node v ¢ S is further assigned nonnegative values
A(v), A(v) (initially, both values equal 0). Intuitively, we account for sites and territories in a supertree of T
but not in the tree T that we are currently considering. Let us define:

R(v) = max ({{x(v, S +v) + A(v),A(0)} U{lr(s,S+v)|s€S}).

Our algorithm in what follows compute all values R(v), for every v ¢ S. We may assume S # () (otherwise,
R(v) = max{A(v) + 7(T),A(v)} for every node v). If V '\ S is reduced to a unique node v, then we first
compute Vor(T, S + v), which by Proposition can be done in O(n) time. Doing so, we can compute in
O(n) time the values £, (v, S + v) and £,(s,S + v), for every s € S, and so, R(v). Thus, from now on we
assume that |V'\ S| > 1. Our algorithm goes as follows:

1. We compute Vor(T, S). By Proposition this can be done in O(n) time.

2. We compute a centroid, i.e. a node ¢ such that every connected component of T\ {c} contains at most
n/2 nodes. It can be done in O(n) time [I8 p. 215]. If furthermore ¢ ¢ S, then we compute R(c). It
can be done in O(n) time if we are given Vor (T, S +c). Therefore, by Proposition [2.4} we can compute
R(c) in O(n) time.

3. Let s. € S be such that ¢ € T(s.,S). We locally define a modified cost function 7.: obtained from
7 by setting the cost of every node in V' \ T(s,,S) to 0. Then, we compute a(v) = > {w(x) | = €
W (v,sc) NT(s¢, S)}, for every v ¢ S, which can be done in O(n) time if we apply Lemma [3.5] for ..
Note that we only use 7. during this step (i.e., it is not used in the remainder of the algorithm).

4. We replace m with some new cost function 7’ so that:

a) - {W(x) if 2 ¢ T(s., S)

0 otherwise.
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5. For every v with v ¢ S U {c}, we compute the cost of all vertices € T(v, S + v) such that v,z are in
separate connected components of T'\ {c}. Equivalently, we aim at computing S(v) = > {7'(x) | ¢ €
I(v,z) and d(z,v) < d(x,S)}, which can be done in O(n) time if we apply Lemma For every v
with v ¢ S U {c}, we further compute the maximum cost of a subset T(s, S + v), amongst all sites s
with s # s, and v, T(s,S) are in separate connected components of 7"\ {c}. Equivalently, we aim at
computing v(v) = max{l./(s,S +v) | ¢ ¢ T(s,S), ¢ € I(v,s)}, which can be done in O(n) time if we
apply Lemma

6. Let C,Cs,. .., Cq be the connected components of T'\{c}. We consider each component C; sequentially,
for every j with 1 < j <g¢. Let S; = (S\ {sc}) N C;. Let m; be the restriction of 7’ to C;. For every
v € U}, we define:

Aj(v) = A(v) + a(v) + (v)

)+
Aj(v) maX{A(v)agﬂ'(ch ) O[(’l])7’y(’l))}
R;(v) = max ({\;(v) + lr, (v, Sj + ), A;(0)} U {lx, (5, 8; +v) | s € S;})

We compute R;(v) for every v € C;. For that, it suffices to apply our algorithm recursively on
Cj,m;, 585, A, Aj. Finally, we set R(v) = R;(v) for every v € Cj.

The recursion depth is in O(logn) because at each stage the maximum number of nodes in a subtree
considered is halved. Since all subtrees considered at any recursion stage are node disjoint, the running time
of the stage is in O(n). Hence, the total running time is in O(nlogn).

In order to prove correctness of the algorithm, it suffices to prove that for every j with 1 < j < ¢, for
every v € Cj, R;(v) = R(v). For that, by Lemma 2.3}

T(v,S +v)={z eV |d(z,v) <d(z,S)}
= J{W(v,s)NT(s,9) | s € S}

In particular,

AW) + Lr(v, S +v) = Av +Z W(v,s)NT(s,S))

s€S
= Av) + 7 (W(v,s.) NT(sc,S)) + Z 7w (W(v,s)NT(s,S))
s€S\{sc}
)+ {r(@) |z € W(v,s0) NT(se, )+ > 7(W(v,s)NT(s,9))
s€S\{sc}

=Av)+a@+ Y w(W(,s)NT(s,5))

seS\{sc}
= Av) + a(v) + Z 7' (W (v,s) NT(s, S))

seS\{sc}
=Av) + a(v) + Z 7 (W (v,s) NT(s,S)) + Z 7' (W(v,s) NT(s,S))

seS\(S;U{sc}) s€S;

)+ Z{w )| ce€I(v,x) and d(z,v) < d(z,S)} + Z "(W(v,s)NT(s,9))
SES;
= Av) + o —I—Zﬂ'j (v,s)NT(s,S;))
sES;

=Aj(0) +Lr, (v, S5 +v)

16



For every s € S, we have that T(s, S 4+ v) = T(s,S) \ W (v, s). Therefore,

max ({A(W)} U {lr(s,S +v)|se€S}) =max ({A(),x(sc, S +0v)} U{lr(s,5+v)|s€S\{sc}})
=max ({A(v), lr(sc, S) — ()} U{lr(s,S+v) | s € S\ (S; U{sc})}
U{lr(s,S+v)|s€eS;})
=max ({A(v), lx(s¢,S) — a(v),y(v)} U {l:(s,S +v) | s € 5;})
=max ({A;(v)} U{lx,(s,5; +v) | s € 5;})

By combining both equalities, we obtain as desired R(v) = R;(v). O

Remark 4. In the recursive algorithm presented for trees, a site s, is discarded from .S at every recursion
stage. Therefore, the running time of the algorithm is in O(n|S|), that is linear if |.S| is a constant. This can
be improved to O(nlog|S|) as follows: at every recursion stage, we compute a node ¢ so that there are at
most |S|/2 sites in every connected component of 7'\ {c}. It can be done in O(n) time because it is a special
case of weighted centroid computation [I8], p. 215]. In doing so, the recursion depth goes down to O(log |S]).

3.3 Bounded-treewidth graphs

We generalize the results of the prior subsections to some increasing hierarchy of graph classes, namely,
graphs of bounded treewidth, but only for constantly many sites. Recall that a tree decomposition of a
graph G is a pair (T, X), where T is a tree and X : V(T) — 2V(%) is a mapping that satisfies the following
properties:

e For every vertex v € V(G), there exists a node t € V(T) such that v € &};
e For every edge uv € E(G), there exists a node ¢t € V(T') such that u,v € Ay;
e For every vertex v € V(G), the node subset {t € V(T) | v € &;} induces a connected subtree of T.

The subsets X, for every node t € V(T'), are called the bags of the tree decomposition. We define the width
of a tree decomposition as the largest size of its bags minus one. The treewidth of G is the minimum width
of its tree decompositions. In particular, graphs of unit treewidth are exactly the forests, and every cycle
has treewidth two.

Cabello and Knauer were the first to propose a reduction from some polynomial-time solvable distance
problems on bounded-treewidth graphs to orthogonal range queries [10]. We propose a novel application of
their framework to the BALANCED VERTEX problem with constant number of sites in S.

We only consider counting queries in what follows. In particular, a range query will always refer to a
counting orthogonal range query. Let P denote a n-set of k-dimensional points in R*. Let also f : P +— R
be fixed. A box is the Cartesian product of k intervals. Finally, a range query asks to compute

S {HT) | T ePnB}

for some box B. Bentley presented the k-range tree data structure in order to answer to range queries [6].
The performance analysis of the latter has been recently improved:

Lemma 3.9 ([8]). Let B(n,k) = (k“]?g ™). Given a n-set of k-dimensional points, and any weight function
f, a k-range tree can be constructed in O(k?B(n,k)n) time. Moreover, a range query can be answered in

O(28B(n, k)) time.

Throughout this subsection, we write all running times as some functions of B(n, k). We refer to Remark
for a more detailed analysis of B(n, k).

Roughly, our strategy consists in mimicking our previous approach for trees. Specifically, centroids in a
tree decomposition of width at most k& are balanced separators of size at most k. We generalize Lemma |3.6|
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for cut-vertices in trees, to the following Lemma [3.10]for k-separators. Our generalization makes use of range
queries. Intuitively, the function Dg in the statement of Lemma below represents the distances to the
sites of S in some supergraph of G. Some edges in G may have a positive integer weight larger than one,
that is in order to account for shortest paths in some supergraph of G. Then, the distances in G depend on
the edge weights.

Lemma 3.10. Given a graph G = (V, E,\) with positive integer edge weights, and two nonnegative cost
functions m and Dg, let A and B satisfy: AUB =V, |[AN B| < k and there is no edge between A\ B
and B\ A. We can compute 6(a,B) = {n(b) | b € B\ A and d(b,a) < Dg(b)}, for every a € A\ B, in
O(km + k28 B(n, k)n) time.

Proof. For convenience, let X = AN B. We further assume for simplicity that |X| = k. Since we assume
that there is no edge between A\ B and B\ A, every path between a vertex of A and a vertex of B must go
through X. We first compute a shortest-path tree rooted at x, for every x € X. Since all edge weights are
positive integer, this can be done in O(m) time per vertex in X, using Thorup’s single-source shortest-path

algorithm [27]. Let X = (21,22, ...,2x) be totally ordered in some arbitrary way. We proceed as follows for
every i with 1 <14 < k.

1. For every b € B\ X, we create a k-dimensional point p;( ) = (pi1(0), pi2(b),....pik(D)), where:

pii(b) = Ds(b) — d(b, z;)
pi,(b) = d(b,xj) — d(b,x;) for every j with 1 < j <k, j#1

Let f(pi(b;) = 7r(b). We add all these points and their weights in some k-range tree. By Lemma
this can be done in O(k?B(n, k)n) time.

2. For every a € A\ X, we aim at computing the cost J;(a, B) of all vertices b € B\ X with the following
properties: Dg(b) > d(b,a), ; is on a shortest ab-path; no vertex of {x1,xa,...,x;-1} is on a shortest

ab-path. We can formulate these properties as range constraints for each coordinate of pi(b;, as follows:

pi;(b) = d(b,x;) — d(b,z;) > d(a, x;) — d(a,x;), for every j with 1 < j <4
piﬂ‘(b) Ds(b) — d(b, J?l) > d(a, !L‘i)
pi,j(b) = d(b,xz;) — d(b,z;) > d(a,z;) — d(a,z;), for every j with i < j <k

As a result, for a fixed a, we can compute the cost of all corresponding vertices of B\ X with a single
range query, which by Lemma can be answered in O(2*B(n, k)) time.

Finally, we compute 0(a, B) = Zle di(a, B), for every a € A\ X. O
Given a tree decomposition (T, X) of width O(k), the following result is a combination of Lemma [3.10]
with a centroid decomposition of T.

Lemma 3.11. Let S be an arbitrary vertex subset in a graph G = (V, E), and let © be any nonnegative cost
function. If G has treewidth at most k, then we can compute §(v) = {n(u) | d(u,v) < d(u,S)}, for every
veV\S, in O(k2°®) B(n, k)nlogn) time.

Proof. We consider a more general case where we are also given a positive integral edge weight function A
(initially, we have A(e) = 1 for every e € E). We may assume that n > k 4+ 1 (otherwise, we can compute
all values 6(v) in O(k?) time, if we use a brute-force algorithm). We may further assume that all distances
Dg(v) = d(v, S), for every vertex v, are known throughout the entire procedure, which can always be ensured
by running a BFS on S before the algorithm starts. Let (T, X') be a tree decomposition of G of width O(k).
Such a tree decomposition can be computed in O(2°®)n) time [23]. We often use that m = O(kn).
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1. We compute some bag X;, with t € V(T), such that every connected component of G \ X; contains
at most n/2 vertices. Such a bag always exists and it can be computed in O(kn) time if (T, X) is
given [I3, Lemma 11.16]. For every xz € X; \ S, we can compute 6(z) in O(m) = O(kn) time if we run
a BFS on z.

2. We group the connected components of G\ X; in two subsets A and B so that: AUB =V, ANB = X,
and max{|A|, |B|} < 2n/3. We apply Lemma twice in order to compute d(a, B) for every a € A\ X;
(6(b, A), for every b € B\ X}, resp.). This can be done in O(km + k28 B(n, k)n) = O(k2¥B(n, k)n)

time.

3. Let G4 (Gp, resp.) be obtained from G[A] (G[B], resp.) by adding edges xa’ of weights d(x,2’), for
every two z,2’ € X;. The computation of all distances d(x,z’) can be done in O(km) = O(k?n) time,
if we run a BFS on every vertex of A;. We apply our algorithm recursively to G 4,Gp in order to
compute the values dg,(a) = > {m(a’) | @’ € A, d(a,a’) < Dg(a’)}, for every a € A, and the values
0, (0) =>{n(t/) |V € B, d(b,b') < Dg(V')}, for every b € B.

4. For every a € A\ X;, we set §(a) = 6(a, B) + dg,(a). In the same way, for every b € B\ X, we set
0(b) = (b, A) + d¢ (D).

The recursion depth is in O(logn). Each recursive stage can be done in O(k2¥B(n, k)n) time (the running
time is dominated by Step 2). Therefore, the running time of the algorithm is in O(k2°%) B(n, k)nlogn). O

Finally, we reduce BALANCED VERTEX with constant number of sites to Lemma [3.11

Theorem 3.12. We can solve BALANCED VERTEX in O(k2°%) B(n, k)n|S|logn) time if G has trecwidth
at most k.

Proof. For every v ¢ S, our algorithm in what follows computes (v, S + v) and all values £, (s, S + v), for
every s € S. Note that doing so, we can compute L, (S + v), for every v ¢ S, in additional O(n|S|) time.

1. We compute Vor(G, S). By Proposition [2.4] this can be done in O(m) time, that is in O(kn) if G has
treewidth k. Doing so, we can compute the loads ¢, (s, S), for every s € S, in additional O(n) time.

2. We apply Lemma in order to compute £, (v, S + v), for every v ¢ S.

3. We then consider each s € S sequentially. We replace S by the list (s) with a unique site, and the cost
function 7 by a new cost function 7, such that

{Ws(u) =0ifugT(s,S)

ms(u) = m(u) otherwise.

Note that we can compute the new cost function m, in O(n) time, that is because we are given
Vor(G, S). We apply Lemma in order to compute, for every v ¢ S, #(W(v,s) N T(s,S)). Doing
so0, we can compute £, (s, S +v) = £:(s,5) — 7(W(v,s) NT(s,5)).

Overall, since we apply Lemma |S| + 1 times, the running time is in O(k2°®*) B(n, k)n|S|logn). O

Remark 5. Bringmann et al. proved that for every £ > 0, there exists a constant ¢ such that B(n,k) =
2¢kp [8]. In particular, for every € > 0, there exists a constant ¢’ such that the running time of our
algorithm for bounded treewidth graphs is in O(2¢%|S|n!*¢). The exponential dependency on the treewidth
is necessary, even for one site, if one assumes the Hitting Set Conjecture. Indeed, the graph constructed in
the proof of Theorem has treewidth O(logn).
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3.4 Proper interval graphs

We devote our last and arguably most technical subsection to proper interval graphs. Recall that an interval
graph is the intersection graph of a family of intervals on the real line. A realization of an interval graph G is
a mapping of its vertices to closed intervals on the real line, so that two vertices are adjacent in G if and only
if their corresponding intervals are intersecting. It is a proper realization if there are no two vertices such
that the interval of one is contained in the interval of the other. A proper interval graph is one admitting a
proper realization. Note that a proper realization can be computed in O(n + m) time [12].

Our scheme only applies to proper interval graphs, not to interval graphs, and it is good to explain why it
is so. Roughly, we would like to mimic the scheme for paths (see Lemma . A natural path representation
for the interval graphs is to order the vertices by nondecreasing left boundary, within some fixed realization.
Then, what we would like to prove is the existence of some constant x (ideally, x = 1) such that if we
insert a new site v at the end of S, then only the k closest sites to v on the left and right of the path
representation could have their respective territories modified. Unfortunately, this is impossible due to the
potential existence of vertices whose interval covers an arbitrary number of other intervals. Therefore, we
restrict ourselves to proper realizations, for which the latter case cannot happen. Some important properties
of proper realizations are captured by the following distance formula:

Lemma 3.13 ([16]). Let G = (V, E) be a proper interval graph, and let xo be the vertex with the minimum left
boundary in some proper realization of G. We can compute in O(n) time a total ordering o : V — {1,...,n}
so that, for every vertices u and v with d(u,zo) < d(v,x):

d(u, v) = d(v,z0) — d(u, o) if d(u, z0) < d(v,z0) and o(v) < o(u)
7 d(v,xg) — d(u,x0) + 1 otherwise.

First, we combine Lemma with orthogonal range queries (see Sec. in order to precompute the
load of every new site in a prioritized Voronoi diagram. We could easily do so with 3-dimensional range
queries because, for every vertex u, we only need to memorize o(u) and d(u,zo), d(u, S). However, we can
shave some polylogarithmic factors by reducing further down to 1-dimensional range queries. Indeed, a
1-range tree is just a balanced binary search treeﬂ In particular, by using a self-balanced binary search tree
implementation, we can serve range queries on a dynamic collection of values. Doing so, we only need to
store o(u), for every vertex u, while other relevant distance information can be deduced contextually for the
vertices u that are currently stored in the search tree.

Lemma 3.14. Let G = (V, E) be a proper interval graph, let xo be the vertex with the minimum left boundary
in some proper realization of G, and let o be as in Lemmal[3.15 For every nonnegative cost function 7, and
every proper vertex list S, we can compute the values U, (v,S +v), for every v ¢ S, in O(m + nlogn) time.

Proof. We first describe the algorithm.

1. We compute all distances d(v,xg),d(v, S), for every vertex v. Doing so, we partition V into distance
layers Xo = {zo}, X1 = N(x0), Xo,..., Xc(z,), Where e(xg) = max,cy d(xo,v) and, for every j with
0 <j <e(x), X; ={v eV |d(x,v) =j}. This can be done in O(n + m) time. Let us further
compute Vor(G, S), which by Proposition can also be done in O(n + m) time. For convenience,
for every vertex v, we denote in what follows by s, the unique site of S such that v € T(s,,5).

2. We consider each distance layer Xo, X1, ..., X(s,) sequentially. Throughout all iterations of this phase,
we maintain a counter A~ and a balanced binary search tree T~ such that the following invariants
hold before considering any layer X;:

e A =>{n(u) | d(zo,u) < j, and d(u, sy) > j — d(zo,u) + 1}.

Initially, A= = 0. Then, for every vertex u, we can precompute the values d(zo,u) + 1 and
d(u, 8y,) + d(zg,u) — 1, which represent the layers for which we must add and remove 7(u) from

2Values are stored at the leaves, but this feature is not important in our case.

20



A~ respectively. Note that given the distance layers Xo, X1, ..., X¢(z,), and given Vor(G, S),
the values d(xo,u)+1 and d(u, s,,) +d(xg, u) — 1 for every vertex u can be computed in total O(n)
time. Furthermore, if d(x,u) = e(xg) or d(xo,u) +1 > d(u, s,) + d(zg, u) — 1, then we never add
nor remove 7(u) from A~. If d(u, s,) + d(xo,u) — 1 > e(xp), then we never remove 7(u) from A~.
Since the cost 7(u) of every vertex u needs to be added and removed from A~ at most once, we
can maintain the counter A~ throughout this whole phase in total O(n) time.

e we store in T~ all vertices u such that: d(zo,u) < j, and d(u, s,) = j — d(x0,s,) + 1. A vertex u

is identified in T~ with the value o(u). Furthermore, at each vertex u in T~ we store the sum of
the costs 7(u') of all vertices v’ in its rooted subtree.
Each vertex u is inserted and deleted from 7'~ at most once. Standard implementations such as
AVL [2] can be easily modified in order to dynamically maintain the cost of rooted subtrees after
each insertion/deletion. As a result, we can maintain T~ throughout this whole phase in total
O(nlogn) time.

For every v € X, we compute the cumulative cost of all vertices w € T~ such that o(v) < o(u). Since
every node of T~ stores the cost of its rooted subtree, this can be done in O(logn) time by using range
searching techniques, namely: we search for the vertex u of T~ such that o(u) > o(v) and o(u) is
minimized, then we process the costs of all vertices on the path to the root and of their respective right
subtrees (details left out can be found, e.g., in [6L8]). Let A~ (v) = A=4+> {n(u) |u € T~,0(v) < o(u)}.

3. Roughly, we do the reverse of the previous phase. Specifically, we consider each distance layer
Xe(zo)s Xe(wo)—15 - - - » Xo sequentially. Throughout all iterations of this phase, we maintain a counter
AT and a balanced binary search tree T such that the following invariants hold before considering
any layer X;:

o AT =S {n(u) | d(xo,u) > j, and d(u, s,) > d(zg,u) —j + 1}.

e we store in T'F all vertices u such that: d(zo,u) > j, and d(u, s,) = d(z0,84) —j + 1. A vertex u
is identified in T with the value o(u). Furthermore, at each vertex u in T we store the sum of
the costs 7(u’) of all vertices v’ in its rooted subtree.

For every v € X;, we compute the cumulative cost of all vertices u € T* such that o(v) > o(u). Let
N (0) = A+ 3 n(w) | u € T+, 0(v) > o(u)}.

The total running time is in O(m + nlogn).

Let j with 0 < j < e(x¢) be fixed. We set II(j) = > {n(u) | v € X, d(u,s,) > 1}. For every v € X; \ S,
we claim that we have

A7 (v) + AT (v) + I(5) if d(v, s,) > 1

le(v, S +v) = {/\_(U) + At (v) +1I(j) + 7 (v) else

Indeed, let w € V' \ {v} be arbitrary. There are three different cases:

o If d(u,xz9) = j, then by Lemma d(u,v) = 1. In particular, u € T(v,S 4 v) if and only if
d(u, 8y) > 1. Therefore, the contribution to £, (v, S + v) of all vertices u’ such that d(u’, zp) = j must
equal TI(j) if d(v, s,) > 1, and it must equal II(j) + w(v) if d(v, s,) = 1.

o If d(u,z9) < j, then by Lemma d(u,v) € {j — d(u,x0),j — d(u,x0) + 1}. In particular, u ¢
T(v,S + v) if d(u,sy) < j — d(u,zp). Furthermore, u € T(v,S + v) if d(u,s,) > j — d(u,zo) + 1.
Otherwise, d(u, sy) = j—d(u, z9)+1, and so we have v € T(v, S+v) if and only if d(u, v) = j—d(u, o),
which by Lemma is equivalent to o(v) < o(u). As a result, the contribution to £, (v,S + v) of all
vertices v/ such that d(u’, z9) < j must equal A~ (v).
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e Otherwise, d(u,z¢) > j. By Lemma [B.13| d(u,v) € {d(u,z0) — j,d(u,x0) — j + 1}. In particular,
u ¢ T(v, S +v) if d(u, sy) < d(u,x0) — j. Furthermore, v € T(v,S + v) if d(u, s,) > d(u,z9) — j + 1.
Otherwise, d(u, $y,) = d(u,z9)—j+1, and so we have u € T(v, S+v) if and only if d(u, v) = d(u, xo) —J,
which by Lemma is equivalent to o(u) < o(v). As a result, the contribution to £, (v, S + v) of all
vertices u’ such that d(u’, z) > j must equal A" (v).

Our claim directly follows from this case analysis. O

From another application of Lemma where we process distance layers from xg in a different way
than what we did for Lemma [3.14] we obtain the following complementary result:

Lemma 3.15. Let G = (V, E) be a proper interval graph, let xo be the vertex with the minimum left boundary
in some proper realization of G, and let o be as in Lemma[3.13. For every nonnegative cost function m, and
every proper vertex list S, we can compute the values A(v) = max{l,(s,S +v) | s € S}, for every vertex
v &S, in O(m+nlogn) time.

Proof. We need some notations for what follows. Let e(xg) = max,cy d(xg,v). For every j with 0 < j <
e(xo), let X; = {v € V | d(xo,v) = j}. Finally, for every vertex v, let s, be the unique site of S such that
v € T(sy,5).

Roughly, the algorithm consists of two phases. During its first phase, we compute the Voronoi diagram
of G with respect to S, and we create a max-heap H storing all sites in S. Then, during the second and
main phase, we process the heap in order to compute A(v), for every v € V'\ S. More precisely, we iterate
over the distance layers Xo, X1, ..., X¢(,) and, for every j with 0 < j < e(zo), we compute all values A(v),
for v € X; \ S, sequentially. Intuitively, when we consider a vertex v € X, \ S, the key of every site s in H
must be equal to £, (s, S + v).

First Phase. We compute Vor(G, S), which by Proposition 2.4 can be done in O(n+m) time. We compute,
also in O(n + m) time, the distances d(xg,v),d(v,S) for every vertex v. Doing so, we can partition V in
Xo, X1,..., Xe(zy)- Finally, we create a max-heap H and, for every site s of S, we insert s into H with key
equal to

key(s) = €x(s,S)

Given Vor(G, S), we can compute all the keys in O(n) time. Every insertion in a heap can be done in
O(logn) time. Therefore, we can initialize the heap H in O(nlogn) time.

Throughout every loop j of the second phase, we maintain the following invariant for H: for every site s
of S,

key(s) = Lr(s,S) — Z{ﬂ'(u) | w e T(s,S) and d(u, sy) > |7 — d(u, zo)| + 1}

Intuitively, this is because any such vertex u must be in the territory of v ¢ .S, provided v € X;. For that,
before we start the j** loop, we need to actualize the keys of all sites. More precisely, for every vertex u:

e We claim that we must set key(s,) = key(s,) — w(u) if the following conditions hold:
d(u, 8y) > 2
Jj =max{0,d(u,xq) — d(u, s,) + 2}

Indeed, if d(u,s,) < 1, then there is no j' such that d(u,s,) > |j' — d(u,zo)| + 1. Otherwise, for
J < d(u,xzg), we have d(u, s,) > d(u,x9) — j + 1 if and only if j > d(u, xo) — d(u, s,,) + 1.

e We claim that we must set key(s,) = key(s,) + m(u) if the following conditions hold:

d(u, sy) > 2
Jj= d(“v Su) + d(’lh!l?()) -1

Indeed, if d(u,s,) > 2 and j > d(u,zo), then we have d(u,s,) > j — d(u,zo) + 1 if and only if
J < d(u,sy,) + d(u, o) — 1.
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For every vertex u, there are at most two loops such that we modify key(s,). Furthermore, given the
distance layers Xo, X1,..., Xc(a,), and given Vor(G, S), the indices j = max {0, d(u, 2¢) — d(u, s,) + 2} and
j =d(u, sy)+d(u,x9) — 1 of these two loops can be precomputed in O(1) time. Therefore, we need to modify
any key O(n) times during the second phase. Overall, we can maintain our invariant throughout the second
phase in O(nlogn) time.

Second Phase. We are now ready to describe the main loop of the algorithm. We consider each distance
layer Xo, X1,..., Xc(a,) sequentially. Let j with 0 < j < e(zo) be fixed. We compute A(v) for every vertex
NS Xj \ S.

For that, we define the frontier F;, as follows:

Fy ={u e V\X; [ d(u,s4) = |7 = d(u, zo)| + 1}.

Intuitively, given a vertex v € X;\ S, the vertices w in the frontier may or may not be in T(v, S+v) depending
on whether o(u) is bigger or smaller than o(v). Determining, for every site s, the vertices in F; N T(s, .S)
that belong to v’s territory, is the main difficulty in our algorithm. In what follows, we find it convenient to
bipartition Fj in F~, F” such that:

- = {ue Fj | dwo,u) < j}

> ={u € F; | d(zo,u) > j}

We subdivide the loop in many intermediate steps:

1. For every site s of S, we set:
key(s) = key(s Z{w ) lue FNT(s,8)}

Since we are given Vor(G, S), for every vertex u € Fj< we can access to 8, in O(1) time; then, we can
decrease key(s,) by m(u), and reordering the heap, in O(logn) time. Hence, this whole step can be
done in O(|F;*[logn) time by scanning the vertices of F*.

2. We order the vertices of F; U X, according to o. This can be done in O(|Fj|logn + |X;|logn) time by
using any fast sorting algorithm.

3. We scan the vertices of F; U X; by increasing o values:
o Case of a vertex u € F;~. We set key(sy) = key(su) + 7(u).

o Case of a verter u € F7. We set key(sy) = key(sy) — m(u).

e Case of a vertex v € X; \ S. First, if d(s,,v) = 1, then we set key(s,) = key(s,) — m(v). We set
A(v) to be the maximum key in H. Finally, if d(s,,v) = 1, then we reset key(s,) = key(s,)+7(v).

This can be done in O(logn) time per vertex considered.

4. We reset the keys in H, namely, for every site s of S, we set:
key(s) = key(s +Z{7T ) lue FynT(s,S)}
It takes O(|F}|logn) time.

The total running time for the j** loop, excluding the cost for maintaining our invariant for H, is in
O(|Fj|logn+|X,|logn). Furthermore, every vertex u can appear in the frontier Fj/ for at most two indices
j', and both indices can be pre-computed in O(1) time per vertex. Hence, the overall running time of
the second phase is in O(nlogn) plus the total cost for maintaining the invariant for #, which is also in

O(nlogn).
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In order to prove correctness of our algorithm, let j with 0 < j < e(zg) be fixed. Let v € X; \ S be
arbitrary. In order to prove that we correctly computed A(v), it suffices to prove that at the time we consider
this vertex during the j** loop we have key(s) = £, (s, S + v) for every site s of S. For that, recall that by
Lemma [3.13] for every vertex u € Fj we have that |j — d(u,zo)| < d(u,v) < |j — d(u, z9)| 4 1. Furthermore,
d(u,v) = |j — d(u, zo)| if and only if: u € F;* and o(u) > o(v); or u € F;” and o(u) < o(v). As a result,

key(s) Z{T( ) |u e T(s,S) and d(u,s,) > |j — d(u,zo)| + 1}
—Z{w ) [ue FENT(s,S)}
+ > {m(u) |u € FFNT(s,8) and o(u) < o(v)}
—Z{Tf‘ ) lue F7 NT(s,S) and o(u) < o(v)}
—1[s = s, and d(s,v) = 1] - 7w(v)

)= {m(w) |u e T(s,8)\ {v} and d(u, s,) > [j — d(u,z0)| + 1}
= {r(u) [ue F7NT(s,S) and o(u) > o(v)}
= {r(u) [ue F NT(s,S) and o(u) < o(v)}

1[5 = 5, - 7(v)

Z{T( ) ueT(s,S)\ {v} and d(u, sy,) > |j — d(u,z0)| + 1}
—Z{Wu ) lue FnT(s,S) and d(u,v) = j — d(u,zo)}
—Z{ﬂ' ) lue F7 NT(s,S) and d(u,v) = d(u, zo) — j}
1[5 = 5] 7(v)

= la( Z{ﬂ' ) |ueT(s,S) and d(u,v) < d(u,s)}
=l (s S—|—v)

The following theorem summarizes our results in this subsection:
Theorem 3.16. We can solve BALANCED VERTEX in O(m + nlogn) time if G is a proper interval graph.

Proof. We compute a proper realizer, which can be done in O(n + m) time [12]. Then, in additional O(n)
time, we compute the vertex zy of minimum left boundary and the ordering o of Lemma [3 We are done

applying Lemmas [3:14] and [3.15} O

4 Conclusion

In this paper, we introduced a new problem on graph Voronoi diagrams, and we completely settled its
complexity for general graphs under plausible complexity assumptions. We left open whether our conditional
time lower bound could also hold under weaker complexity hypotheses.

We proposed various ways to tackle with our new problem on tree-like and path-like topologies. In
this respect, two immediate questions following our work could be whether our results can be extended to
bounded-treewidth graphs with nonconstant number of sites, and to interval graphs.
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