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—— Abstract

We introduce the balanced crown decomposition that captures the structure imposed on graphs by
their connected induced subgraphs of a given size. Such subgraphs are a popular modeling tool in
various application areas, where the non-local nature of the connectivity condition usually results
in very challenging algorithmic tasks. The balanced crown decomposition is a combination of a
crown decomposition and a balanced partition which makes it applicable to graph editing as well as
graph packing and partitioning problems. We illustrate this by deriving improved approximation
algorithms and kernelization for a variety of such problems.

In particular, through this structure, we obtain the first constant-factor approximation for the
BALANCED CONNECTED PARTITION (BCP) problem, where the task is to partition a vertex-weighted
graph into k connected components of approximately equal weight. We derive a 3-approximation
for the two most commonly used objectives of maximizing the weight of the lightest component or
minimizing the weight of the heaviest component.
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1 Introduction

Connected subgraphs are one of the most natural structures to encode aspects of a practical
task, modeled as a graph problem. On the one side, such subgraphs represent structures
we seek to discover, such as territories for postal delivery and similar districting problems
(see e.g. the survey [24]). From another perspective, the structures of interest could be
operations that scatter a graph into small connected components; a structure e.g. used to
model vulnerability in network security (see e.g. the survey [2]). Partitioning a graph into
connected components of a given size is also used as a model for task allocation to robots [45].
From an algorithmic perspective, connectivity is a non-local requirement which makes it
particularly challenging. We introduce a graph structure that can be used to design efficient
algorithms for a broad class of problems involving connected subgraphs of a given size.
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Balanced Crown Decomposition for Connectivity Constraints

One useful structure to derive information about connected subgraphs is a connected
partition, defined as follows. Given a graph G = (V, F), a connected partition of G is a
partition Vi,..., Vi of V such that the graph induced by the vertex set V; is connected
for each 1 < i < k, where k € N is the size of the partition. Often, we are not interested
in just any connected partition but in those that have the additional property of being
balanced. Informally speaking, a connected partition is considered balanced if the sets V;
have approximately equal cardinality. There are several measures to assess the quality of a
balanced connected partition (BCP for short), with the two most commonly used objectives
being to maximize minj<;<y |V;| or to minimize maxj<;<x |V;|, as first introduced for trees
in [32] and [27], respectively. Despite extensive studies on these problems for the past 40
years, see e.g. [7, 32 B4} 37, [39] [40} 41] the best known approximation ratio for the Min-Max
objective depends on the number of sets k [I1]. For the Max-Min objective not even such a
result is known; only for the cases with k restricted to 2 or 3, there exist approximations
with ratio § [12] and 3 [8], respectively. Deriving an approximation with a ratio independent
of k seems to require a new strategy.

Helpful structures for both of the objectives Max-Min and Min-Max, as a sort of com-
promise, are BCP’s such that A\; < |V;| < A, for some fixed bounds A;, \,.. We call this
compromise structure [A;, \,]-CVP (connected vertex partition), and it is one ingredient of
balanced crown decomposition, the main structural object that we present. In the case that
no [A;, \]-CVP exists for a graph, we can learn something about its structure. In particular,
our balanced crown decomposition theorem (Theorem [7)) shows that for any k, A > 0, the
non-existence of a [\, 3\ — 3]-CVP implies the existence of a vertex set H C V of cardinality
at most k that disconnects at least one component of size less than A from G. Such sets H
are in a sense the dual of balanced connected partitions.

Small subsets of vertices that disconnect a graph are usually called vertex separators, and
they are one of the most powerful tools for designing efficient graph algorithms. In a sense,
they are the base requirement of successful divide-and-conquer strategies for graph problems.
This generality and their wide applicability has made the study of separators a rich and
active research field, see e.g. the book by Rosenberg and Heath [33], or the line of research
initialized by the seminal paper of Lipton and Tarjan [29] on separators in planar graphs.
Numerous different types of separator structures emerged over the past couple of decades.
In the context of connectivity problems, the separator structures of particular interest are
crown decompositions; a classical tool to derive kernelizations in the field of parameterized
complexity. We refer to chapter 4 of the book on kernelization [I9] for more details on crown
decompositions and their applications.

Crown decomposition was introduced as a generalization of Hall’s Theorem in [I3]. More
precisely, a crown decomposition of a graph G = (V, E) is a partition of V into three sets H
(head), C (crown) and R (royal body), such that H separates C' from R, C is an independent
set in G, and there exists a matching of size |H| among the edges E N (H x C). Notice that
the set H is the separator set, and the property of C' being an independent set can be seen as
H splitting connected components of size 1 from the graph. The condition of the matching
from H into C models a trade-off between the size of the separator and the amount of small
sets that are separated. Different versions of crown decompositions have been introduced in
the literature, adjusting the structure to specific application scenarios.

The structure of particular interest to us is the g- Weighted Crown Decomposition in-
troduced by Xiao [42]. Here, the crown C' is no longer an independent set, but has the
restriction that each connected component in it has size at most ¢ (generalizing the notion
of independent set for ¢ = 1); and there exist an assignment of connected components of
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the crown to the head such that each vertex in the head is assigned at least ¢ vertices. This
assignment generalizes the notion of matching in the original crown decomposition. Such a
weighted crown decomposition can be derived using the Expansion Lemma as stated in [I8]
Chapter 5.3], and its generalization to the Weighted Expansion Lemma as given in slightly
different forms in [26] and [42]. The expansions derived by these lemmas can be thought
of as bipartite analogues of the crown decomposition. Formally, given a bipartite graph
G = (A, B, E), a ¢-(Weighted) Expansion is given by sets H C A and C C B such that the
neighborhood of C is contained in H and an assignment f: C' — H such that the number
(resp. weight, in the vertex-weighted case) of vertices assigned to each vertex in H is at least ¢
(resp. ¢ — W + 1 where W is the largest weight). Both Kumar and Lokshtanov [26] and
Xiao [42] use their respective Weighted Expansion Lemma to derive kernels for COMPONENT
ORDER CONNECTIVITY, a version of the editing problem that we also consider in a more
general form under the name W-WEIGHT SEPARATOR.

To create our new structure balanced crown decomposition, we combine balanced connected
partitions and crown decompositions to derive a tool that has the advantages of both of the
individual structures. Essentially, it is a weighted crown decomposition with the additional
property that the body has a balanced connected partition. Also, note that we allow a more
generalized version of weighted crown decomposition than Xiao [42], by considering weighted
vertices. Formally, we consider vertez-weighted graphs G = (V, E,w) with integer-weights
w: V — N. For simplicity we use w(V’) = >, .y w(v) for the weight of a subset V' C V.

We show that balanced crown decompositions have applications for various kinds of
problems involving connectivity constraints. Specifically we discuss for the three types editing,
packing and partitioning the following problems on input G = (V, E,w) and k,W € N:

Max-MIN (MIN-Max) BCP: Decide if there exists a connected partition Vi,..., Vi of V
such that w(V;) > W (resp. w(V;) < W) for each i € [k]; usually stated as optimization
problem to maximize/minimize W.

W-WEIGHT SEPARATOR: Decide if there exists a set S C V' with |S| < k whose removal
from G yields a graph with each connected component having weight less than W.

W-WEIGHT PACKING: Decide if there exist k pairwise disjoint sets Vp,...,V, C V with
w(V;) > W, such that the graph induced by V; is connected, for each i € [k].

We remark that the problems W-WEIGHT SEPARATOR and W-WEIGHT PACKING have
been studied mostly on the unweighted versions, also known as COMPONENT ORDER
ConNECTIVITY and T,-PACKING, respectively.

For all results of this paper, we consider the RAM model of computation with word size
O(log(|V| + max,cy w(v))). All our algorithms are polynomial w.r.t. the encoding of input.

1.1  Qur Contribution

Our major contributions can be summarized as follows:

1. Balanced Crown Decomposition (BCD): The main contribution of our paper is a
new crown decomposition tailored for problems with connectivity constraints. Our novel
addition over previous crown decompositions is that we also give a partition of the body
into connected parts of roughly similar size. More precisely, we divide the graph into
C, H, and R such that C, H, R is a weighted-crown decomposition and also a [, 3A]-CVP
is given for R. Definition [6] gives the formal definition of BCD, and Theorem [7] gives our
main result about computing BCD. We believe that apart from the applications used in
this paper, BCD will find applications for other problems with connectivity constraints.



4

Balanced Crown Decomposition for Connectivity Constraints

2. Balanced Expansion: We also give a novel variation of the expansion lemma, which is
an important constituent of our algorithm for BCD. Given a bipartite graph G = (A, B, E),
we give an expansion with H C A,C C B, with the addition that the expansion f while
being a weighted g-expansion from C to H, now also maps B\ C to neighbors in A\ H such
that only a bounded weight is assigned to each vertex in A\ H. See Deﬁnition for a more
formal definition and Theorem [2| for our result on computing balanced expansion. Apart
from its usage here to compute BCD, the balanced expansion could be of independent
interest, given the significance of the Expansion Lemma in parameterized complexity.

3. Approximation algorithms for BCP: Using BCD, we give 3-approximation algorithms
for both MAX-MIN and MIN-MAX BCP. These are the first constant approximations for
both problems in polynomial time for a general k. Recall that despite numerous efforts in
the past 40 years, only a k/2-approximation for MIN-MAX BCP [11], and constant-factor
approximations for the particular cases of k = 2,3 for MAX-MIN BCP [12, 8] were known.

4. Improved Kernels for W-weight separator and packing: BCD directly gives a
3kW -kernel for both of the problems improving over the previous best polynomial time
kernels of size 9kW [42] and O(kW?3) [0]. Especially, we get the same improvements for
the unweighted versions COMPONENT ORDER CONNECTIVITY and 7T;.-PACKING.

5. Faster algorithms for Expansion: Our algorithm for Balanced Expansion, also gives
an alternative flow-based method for computing the standard (weighted) expansion. Our
algorithm can compute a (weighted) expansion in O(|V||E|) surpassing the previous best
runtimes of O(|V|13|E|) and O(|E||V|}W?25) [19, Chapter 5.3] (here W is the largest
weight) for unweighted and weighted expansion, respectively. In particular, for weighted
expansion, our runtime does not depend on the weights and is the first algorithm that
runs in time polynomial w.r.t. the length of the input-encoding. The improvement in
runtime may turn out to be useful to speed up kernelizations for other problems.

1.2 Related work

Both variants of BCP were first introduced for trees, where MAX-MIN BCP and MIN-MAX
BCP are introduced in [32] and [27], respectively. For this restriction to trees, a linear
time algorithm was provided for both variants in [2I]. For both variants of BCP, a Ap-
approximation is given in [3] where Ar is the maximal degree of an arbitrary spanning tree
of the input graph; for MAX-MIN BCP the result holds only when the input is restricted
to weights with max,ecy w(v) < “gj). Also, although not explicitly stated, a (14 in (k))-
approximation in O (nk) time for MIN-MAX BCPy, follows from the results in [10]. With
respect to lower bounds, it is known that there exists no approximation for MaX-MiN BCP
with a ratio below 6/5, unless P # NP [7]. For the unweighted case, i.e. w = 1, the best
known result for MIN-MAX BCP is the g—approximation for every k > 3 given in [11].
Balanced connected partitions are also studied for particular cases of k, denoted BCPy.
The restriction BCPg, i.e. balanced connected bipartition, is already be NP-hard [5]. On the
positive side, a %—approximation for Max-MIN BCPs is given in [I2], and in [TT] this result is
used to derive a %—approximation for MIN-MAX BCPs,. For tripartition, approximations for
Max-MIN BCP3 and MIN-MaAX BCP3 with ratios % and 2, respectively, are given in [§].
BCP in unit-weighted k-connected graphs can be seen as a special case of the Gyéri-

Lovéasz Theorem (independently given by Gy6ri [22] and Lovész [30]). It states that for any
k-connected graph G = (V, E) and integers ny, ...,ng with ny + - -+ 4+ ng = |V, there exists
a connected partition Vi,...,V; of V with |V;| = n; for all i € [k]. Moreover, it is possible
to fix vertices vy, ...,v; and request v; € V; for all ¢ € [k]. The Gy&ri-Lovasz Theorem is
extended to weighted directed graphs in [I0] and Gydri’s original proof is generalized to
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weighted undirected graphs in [6]. Polynomial algorithms to also compute such connected
partitions are only known for the particular cases k = 2,3,4 [34, 37, 23] and all k > 5 are
still open. A restricted case of BCP where the partitions are allowed to differ only by a size
of one, has been studied from the FPT viewpoint [16].

W-WEIGHT SEPARATOR occurs in the literature under different names. The unweighted
version is studied under the names p-Size Separator [42] or ¢-Component Order Connectivity
(COCQ) [15, 26]; where p, £ = W —1 translate this to our definition of W-WEIGHT SEPARATOR
with unit weights. In [I5] a weighted version of COC denoted by Weighted Component Order
Connectivity (wCOC) is introduced. This problem differs from our W-WEIGHT SEPARATOR
by searching for a set S with w(S) < k instead of |S| < k.

Note that W-WEIGHT SEPARATOR with W = 2 and unit weights yields the classical
problem VERTEX COVER. This in particular shows that W (alone) is not a suitable
parameter from the FPT viewpoint. Further, W-WEIGHT SEPARATOR is W{1]-hard for
parameter k, even when restricted to split graphs [I5]. These lower bounds lead to studying
parameterization by W + k. Stated with £ = W — 1, a kernel of size 9k¢ is given in [42].
Also [26] derives a kernel of size 2k¢ in time O (|V[*). Both of these results are for unit
weights. An O (kl(k + €)?) weight kernel for the related problem w-COC is given in [I5].

For W = 3 and unit weights, W-WEIGHT SEPARATOR, corresponds to VERTEX COVER
P5 or 3-PATH VERTEX COVER (see e.g. [36] and [4]), first studied by Yannakakis [44] under
the name DI1SSOCIATION NUMBER. The best known kernel for this problem is of size 5k
and given in [43]. W-WEIGHT PACKING with unit weights is equivalent to T,.-PACKING with
r =W 41, where T, is a tree with at least r edges, as defined in [9]; note that any connected
component with at least W vertices has at least » — 1 edges, and any tree with » — 1 edges
has exactly W vertices. The best known kernel for this problem is of size O (kW3) by [9].

W-WEIGHT PACKING is also studied for particular values of W. The case W = 2 with
unit weights is equivalent to the MAXIMUM MATCHING problem; note that a matching of size
k can be derived from a solution Vi, ...,V for 2-WEIGHT PACKING by choosing arbitrarily
any edge in a set V; with |V;] > 2. In a similar way, the particular case of W = 3 is a problem
studied under the names P>-PACKING or PACKING 3-VERTEX PATHS (see e.g [38] and [25]).
A 5K kernel for this problem is given in [28].

2 Balanced Expansion

In this section we introduce a balanced generalization of weighted expansions that we call
balanced expansion. Full proofs of the results in this section are given in Appendix [B]

Balanced expansion extends the existing weighted expansion structures and is one of
the ingredients to derive our main BCD structure in the next section. Like the weighted
expansion, it is a structure on bipartite graphs. We write G = (AU B, E, w) for bipartite
vertex-weighted graphs, where w: AU B — N is its weight function. See Figure [I] for an
illustration of this structure.

» Definition 1 (balanced expansion). Let G = (AU B, E,w) be a bipartite vertez-weighted
graph, where wB, = max,epw (b). For q € Ny, a partition A1 U Ay of A and f: B — A,
the tuple (A1, Aa, f,q) is called a balanced expansion if:

Zq_wflax+1a aeAl
<q+wB, —1, ac A

1. w(a)+w (f’l (a)) {

2. f(b) € N (b)
3. N (f71(A) C 4
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B A

}Al
}A2

Figure 1 Left: Balanced expansion for w(b) = 1 for all b € B, ¢ = 2 and assignment f depicted
with bold edges. Right: Flow network embedding of the graph on the left.

Our main result of this section is the following theorem.

» Theorem 2 (balanced expansion). Consider a vertez-weighted bipartite graph G = (AU B, E, w)

with no isolates in B, and ¢ > maxpepw (b) = wB, . A balanced expansion (A1, As, f,q) for
G can be computed in O (|V||E|) time. Furthermore, if w (A) +w (B) > q|A|, then A; # &.

As intermediate structure we use a fractional version of the balanced expansion where we
partially assign weights from vertices of B to vertices of A encoded as edge weights.

» Definition 3 (fractional balanced expansion). Let G = (AU B, E,w) be a bipartite vertez-
weighted graph. For q € No, a partition A; U As of A and g: E — Ny, the tuple (A1, As, g,q)
is called fractional balanced expansion if:

> q acA

1. w(a)+ ) epg(ab) ; Z’ " A:

2.Vbe B: Y .49 (ab) <w(b) (capacity)

3. N(ByUBua,) C Ay (separator)
where B, := {b € B | g(ab) > 0} fora € A, Bar := U,ca Ba for A’ € A and By =
{beB| Y cr9(ab) <w(b)}

We prove a fractional version of our result first in the following lemma.

» Lemma 4 (fractional balanced expansion). Given a vertex-weighted bipartite graph G =
(AU B, E,w) with no isolated vertices in B and q € Ny, a fractional balanced expansion
(A1, Aa,9,q) can be computed in O (|[V||E|). Also, if w(A) +w (B) > q|A|, then A1 # .

Proof Sketch. The main idea is to embed G to a capacitated flow network in a standard
way (see Figure . We construct a network H = (AUBU{s,t}, 37 ¢). To obtain H from G,
add source s and sink ¢, and arcs E' with a capacity function ¢: E — N defined as follows.
For every b € B, add an arc % with capacity w (b) and for every a € A, add an arc E% with
capacity ¢ — w (a). Moreover, transform every edge ab € E to an arc ba with capacity w (b).

We compute a max flow f: E — N and define the saturated vertices A’ C Aasa € A
with f(a%) = c(a). We now gradually build the sets A; and Ay. The vertices of A’ are
potential vertices for A; while the unsaturated vertices are immediately added to As. We
define F':=} 25— 4 f(€) as the flow value, where 6~ (v) denotes the incoming, and &+ (v)
the outgoing arcs for v € V(G). The final selection of A; follows by individually increasing
the capacity by one for each at for a € A’, and checking whether the flow value increases
by computing a new max flow f, with the increased capacity of at. Let F, be the flow
value when the capacity of at is increased by one. If F, > F, then the vertex is added to
A1, otherwise it is added to As. The intuition behind this selection can be explained as



K. Casel, T. Friedrich, D. Issac A. Niklanovits and Z. Zeif

follows: first observe that each b € B that has an edge bas to some as € A, is saturated,
e Y 2estm) f(@) = w(b). Otherwise, we could route an additional unit of flow from b to
ag either in f or in f,,, giving a contradiction to the fact that as € As. Consequently, every
unsaturzﬁ;d b € B is adjacent only to A;. The second observation is that there are no b € B
with f(bai) > 0 and bas € for a1 € A1 and as € As. If such a b exist, we show that we
can route an extra unit of flow from b to ag either in f or f,,. The idea is that we could
reroute one unit of flow from ZE) to basy creating a vacuum for one unit of incoming flow in
ay. Since f,, routed one unit flow more than f, we could use a similar flow routing as in
fa, to fill this vacuum, thus contradicting the maximality of either f or f,,. As a result, all
vertices added to A; have the desired exclusive neighborhood in B encoded by f. Finally, in
order to derive g we convert the flow arc values of f to edge weights for g. Note that the
required upper bound on the assignment of A, follows from the capacities of the arcs from A
to t, and the required lower bound on the assignment of A; follows from the vertices in A
being saturated. Regarding running time, we remark that it is sufficient to find one max-flow
f at the beginning and then computing each f, with only one augmenting flow step. |

Proof Sketch of Theorem 2l Once we have the fractional balanced expansion g, our first
step is modifying the edge weights g such that the edge-weighted graph G’ := (V, {ab €
Elg(a,b) > 0}, g) becomes a forest, without changing the sum ¢ v, 9(a,b) for any a € A
and at the same time ensuring that }_ ;) 9(a,b) < w(b) for all b € B. This is possible
through a standard cycle canceling process. Now consider the trees in this forest. The trees
intersecting A; are disjoint from the trees intersecting As due to the separation property of
the balanced fractional expansion. For a tree T intersecting Ay, we allocate each b € V(T)NB

completely to its parent in T. This way, any a € V(T) N A loses at most the assignment

B
max

consider a tree T intersecting As. If a b € V(T) N B is a leaf of T its assignment has to be
non-fractional, so it can be completely assigned to its parent a and deleted from the tree.
This way, all leafs can be assumed to be from As. We then allocate each b € V(T) N B to
one of its children, and thus to every a € V(T) N A2 at most the assignment from its parent

is added, and hence the assignment increases by at most w2,

from its parent and hence its assignment decreases by at most w — 1 as required. Now

— 1 as required. <

Before moving to BCD, we formally state the aforementioned implication of the results in
this section on the runtime of computing (non-balanced) expansions.

» Lemma 5 (Weighted Expansion Lemma). Let G = (AU B, E) be a bipartite graph without
isolated vertices in B, w: B — {1,...,W}, and q € Ng. A q-weighted expansion (f, H,C) in
G can be computed in time O (|JAU B||E|). Furthermore, if w(B) > q|A| then H # ().

3 Balanced Crown Decomposition

In this section we introduce our combination of balanced connected partition and crown
decomposition that we call balanced crown decomposition, formally defined as follows (see
also Figure [2| for an illustration).

» Definition 6. A \-balanced crown decomposition (A\-BCD) of a vertex-weighted graph
G = (V,E,w) is a tuple (C, H,R, f), where {H,C, R} is a partition of V, the set R is a
partition of R, and f: CC(C) — H where CC(C) is the set of connected components of G|C],
such that:
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. there are no edges from C to R
. w(Q) < A for each @ € CC(C)

. f(Q) € N(Q) for each Q € CC(C)
- wh) +w(f~1(h)) > X for each h € H

(weighted crown dec.)

Bl L O~

5. G[R'] is connected and A < w(R') <3\ —3 for each R’ € R.

Our novel contribution is condition 5, that gives a balanced connected partition of the body.
Without this condition, the structure is same as the weighted crown decomposition [42).
Observe that if there is a connected component of weight less than A in G, then there is no
A-balanced crown decomposition for G. In the applications of BCD, such small components
in the input are usually removed through some form of preprocessing.

We point out that the ratio 3 between the upper and lower bound in condition 5 of BCD
is not arbitrary, but the best possible, since we want to ensure the existence of this structure
in case all connected components have weight at least A. A simple tight example is a triangle
with each vertex having a weight of A\ — 1; here, C = H = & is the only possibility and hence
R = {V'} is the only possible partition of R = V.

R c

Figure 2 \-balanced crown decomposition.

The main structural result of the paper is the following.

» Theorem 7 (Balanced Crown Decomposition Theorem). Let G = (V,E,w) be a vertez-
weighted graph and A € N, such that each connected component in G has weight at least A. A
A-balanced crown decomposition (C, H,R, f) of G can be computed in O (k2 V| |E|) time,
where k = |H| + || < min{w(G)/\,|V]}.

The proof of this result is very technical and we therefore here only give a very high-
level overview of the ideas. For a full proof, see Appendix [C] Observe that the condition
|H| + |R] < min {w(G)/A,|V|} holds, since {{h} U f~(h):h€ H} UR is a partition of
the vertices with each part having weight at least A\. This bound is also used to track our
progress in our BCD algorithm. We maintain a set H that can be thought of as a potential
head (not necessarily a separator), a set of connected components of weight smaller than A
(some of them assigned to vertices in H by a partial assignment f) which can be thought of
as a potential crown, and a remaining body that is packed according to condition 5.

To easily talk about condition 5 in the following, we say U is a connected packing in
V' C V., if for every U € U we have U C V', U induces a connected subgraph in G and
Nueu U = @. We say U is an [a, b]-connected packing of V' if w(U) € [a, b] for every U € U
and that U is mazimal if the remaining graph does not have a connected component of weight
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at least a. Recall that we say U is a CVP or [a,b-CVP of V' if additionally | J;;o,, U =V’
holds, and observe that condition 5 asks for a [A, 3\ — 3]-CVP of the body R.

Proof Sketch of Theorem[7l Let G = (V, E,w) be a vertex-weighted graph and A € N such
that each connected component of G has weight at least A\. We reduce G by deleting all
vertices of weight more than A\ and all connected components of size smaller than A that occur
after this deletion. Suppose we have a A-BCD for the reduced graph, then a A-BCD of GG
can be built by adding the deleted heavy vertices to the head, the deleted small components
to the crown and assigning (by the function f in the definition of A-BCD) each of these
components arbitrarily to a heavy vertex it is adjacent to. Thus, we can assume that every
vertex has weight at most A. See Figure [3| for an illustration of the structures arising below.
We start with a maximal [\, 2\]-connected packing of G which is obtained greedily (slight
deviation from the main proof to provide better intuition). Let /8 = {Ry, Ra,--- } be this
packing, C' be the vertices not in the packing, and let CC(C) = {C4, C3, - - - } be the connected
components of G[C]. Note that by the maximality of the packing, w(C;) < A for all . Think
of R as the current body and C as the current crown, and the head is empty in the beginning.
Note that at this point we do not ensure that there are no edges between crown and body.
If C is empty then we already have a A-BCD (with empty crown and head). Also, if we
can somehow assign each C; to some adjacent R; such that each R; is assigned weight at
most 3\ (including its own weight), then we have also built a A-BCD (with empty crown and
head). Assuming neither of these cases hold, there has to exist an R; such that its weight
plus the weight of the neighborhood in the crown part is at least 3A; recall that we assumed
that all connected components of G have weight at least A, so each C; is connected to at
least one component in 8. We call the subgraph induced by R; together with all C'; that are
connected to it the effective neighborhood of R;, and its weight the effective weight of R;.
In case we have not found a \-BCD yet, we pick an R; with effective weight at least 3\ and
use the following fact derived from the famous results of Tarjan [35] [I7]: for any connected
graph of total weight at least 3\ and largest vertex weight at most A\, we can efficiently
either find a partition of it into two connected subgraphs of weight at least A each, or find a
cut-vertex that cuts the graph into components each of weight less than A. If the effective
neighborhood is divided into two, we take each of the two parts into the body and remove
R;, thus increasing the body size by one. In the other case, that is, if we find a cut-vertex c,
then we add c¢ to the head and the components of R; \ {c¢} (each having weight less than \)
to the crown CC(C). We assign with a partial function f: CC(C) — H some of these
components that we just added to CC(C) to ¢ such that c is assigned a total weight of at
least 3A (including weight of ¢). The reason for assigning 3\ when we only require A by the
definition of BCD, will become clear in the following. The new components added to the
crown could have edges to the old components there and hence can merge with these. If
at any point it happens that there is a component of weight at least A in the crown, then
we immediately add it to the body. This could cause some head vertex to loose some of its
assignment, but since it had 3\ assigned to it, an assignment of at least A remains. This is
because we ensure that the part we move to the body can have weight at most 2\, as we
move it immediately as the weight is at least A, and each addition is by steps of less than .
We repeat this process of picking an effective neighborhood of an R; and dividing or
cutting it. We point out that when we calculate effective neighborhoods and weights, we
do not consider the crown parts that are already assigned by f. This process continues
until the effective weights of all sets R; are less than 3A. We claim that the reason why we
have not arrived at a A-BCD yet could only be that there are crown parts that do not have
edges to the body (we call them private components) and not assigned by f, while there are
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also crown parts that have edges to the body (non-private components) and assigned by f.
Note that if there are no unassigned private components, we can merge all unassigned crown
parts with some set in the body and create a [\, 3A]-CVP given by the R;’s and the sets
{v}U f~1(v). Note that since the effective weights were lighter than 3, the body parts after
the merging are lighter than 3A. Also, if f does not assign any non-private components, we
can assign unassigned private components to arbitrary neighbors in H, and merge unassigned
non-private components to body obtaining a A-BCD.

We modify the assignment f to switch non-private with private components in the best
way possible. For this we use the balanced expansion Theorem [2] We build the bipartite
graph where the set A are the head vertices, and the set B are the private crown components
each contracted into a single vertex. Theorem [2] with expansion parameter 2\ then gives
us sets A’ C A and B’ C B and an assignment f’ such that w({a'} U f'~!(a’)) > X for all
a' € A and w({a} U f'"!(a)) <3\ for all a € A\ A’, and the crown components in B’ are
completely assigned to A’ and do not have neighbors in A\ A’. Note that since B was the
set of private components, the components B’ do not have neighbors in the body either.
Now augment f’ by assigning to A\ A’ also enough non-private components such that they
have an assignment of at least 3\ each. This is possible since each vertex in A\ A’ has an
assignment of 3\ by f which did not use any components from B’ (as there are no edges
from B’ to A\ A’). Note that this augmentation of f’ needs to be done carefully since the
private components could be assigned by the balanced expansion differently than by f.

By f’ all private components are now assigned to the head, but there could still be
non-private ones assigned as well. But now, if the effective weight of each R; is at most 3],
we can add the unassigned crown parts to sets in R, and thus create a A-BCD: A’ with its
assignment by f’ are head and crown, and R plus the sets {a} U f'~!(a) with a € A\ A’ are
a [\, 3A]-CVP of the body. Thus, if we are not successful, there exists an R; with effective
weight more than 3\ and we continue by dividing or cutting it. Note that we can proceed
with f’ replacing f although some head vertices (from what was A’ in the balanced expansion)
might only have weight A assigned to them (and not 3)), because the crown parts assigned
to them are private and hence do not interfere with the further process.

To analyse the run time, we estimate how often we divide or cut a set R;; note that each
such step can be performed in O(|V||E|). Throughout our algorithm, the value |H| + |9|
is non-decreasing, and upper bounded by k. Every time we divide some R;, we increase
|H| + |9, hence this happens at most k times. Every time we cut some R; we increase |H|
by one. Since |H| is also upper bounded by k, and we are careful not to decrease |H| with
the balancing step in-between cut steps, we arrive at a total of at most k2 divide or cut steps.

One pitfall here is that after applying the balanced expansion one might be tempted
to just take A’ and its assignment via f’ into head and crown respectively, delete it, and
start over on the rest of the graph. The problem with this is that we are not guaranteed
to find a non-empty set A’ (since the private components might not have weight at least
A|4]). The way we augment f’, we ensure that we retain the preliminary crown, head and
body structure, and with this especially the value |H|, and can split up another R; to either
increase |H| or |H| + |9R|. Further, the reason why we cannot use the standard weighted
expansion lemma here is that we would need a lower bound of at least A|A| on the weight of
B for this. We cannot ensure that the private components of the crown alone have a weight
of at least A|A|, since we also used the non-private components for the assignment f.

One detail that we did not mention so far is that it is not possible to assign exactly 3A
to each head vertex. Since the step size we can guarantee is only A, we might have to
assign (4X — 1) in order to get a value of at least 3\. Recall that we assign a collection of
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components of weight less than A\. Without further work, this only yields an upper bound of
4) instead of 3\ for the packing of the body, worsening the quality of our structure (we for
example would only get a 4- instead of a 3-approximation for the BCP problems). For this
improvement from 4 to 3, we maintain a “last component” as a special assignment. (This is
called ¢’-assignment in the full proof). The details of how we make use of this special second
assignment is rather technical, and to some extent complicates the proof. If one is satisfied
with a bound of 4\ for the body, this complication is not necessary.

Another technical detail we skipped is that in the assignment f we maintain, the crown
parts we map may not be whole sets in CC(C) (connected components induced by crown
vertices). They are connected, but can be subgraphs of some C; € CC(C). We call such
subgraphs sub-components. Different sub-components of some C; can be assigned to different
heads. Also, for a C; some of its sub-components can be assigned while others are not. For
our structure to converge to a A-BCD, sub-components have to be classified as private or
non-private based on the set CC(C') they are a part of, so it can happen that a sub-component
is non-private but has no edge to the body. Whenever we make the move from crown to body,
we therefore have to do a merging of some sub-components such that for each C; € CC(C)
either all its sub-components are assigned to the head or none of them are. |

private components

<A

Figure 3 Illustration of a possible intermediate stage in the proof of Theorem |7} Colors represent
the partial assignment f, e.g., the two blue-colored sub-components are assigned to the blue vertex
in H. Thick lines are edges that go from the sets of the body to their effective neighborhoods.

4  Applications of Balanced Crown Decomposition

In this section we present some applications of the balanced crown decomposition. The full
proofs of the results of this section are given in Appendix [D]

For the problems W-WEIGHT SEPARATOR and W-WEIGHT PACKING we immediately
get the following theorems by reducing an instance (G, k, W) by first finding a W-BCD
(C,H,%R, f) of G, and then applying the standard crown reduction rule that removes the
head H and crown C from (. We emphasize that the balanced connected partition of the
body is crucial to obtain the kernel sizes. These are the first kernels for vertex-weighted
graphs, while also improving the state-of-the-art results for the unweighted cases.

» Theorem 8. W-WEIGHT SEPARATOR admits a kernel of weight 3k (W — 1). Furthermore,
such a kernel can be computed in time O (k*|V||E|).

11
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» Theorem 9. W-WEIGHT PACKING admits a kernel of weight 3k (W —1). Furthermore,
such a kernel can be computed in time O (k*|V||E|).

For the optimization variant of the W-wWEIGHT PACKING problem, i.e. maximizing the
size of packing, the fact that the partition R is a solution also gives a 3-approximation; to
the best of our knowledge, the first approximation result for the problem.

» Theorem 10. A S-approximation for the optimization problem of W-WEIGHT PACKING
can be computed in O (k:*2|V| |E|), where k* denotes the optimum value.

To better sketch the ideas for our results for the BCP problems, we denote by I-CVPy, for
an interval I, a CVP with k parts where each part has a weight in I. We derive the following
result for MAX-MIN BCP, which is the first constant approximation for this problem.

» Theorem 11. A 3-approzimation for the MAX-MIN BCP problem can be computed in
O (log (X*) k*|V||E|), where X* denotes the optimal value.

Proof Sketch. Let (G, k) be an instance of MAX-MIN BCP. For any value X, using BCD,
we show how to either obtain an [X/3,00)-CVPy, or report that X > X*. Once we have
this procedure in hand, a binary search can be used to obtain an [X*/3,00)-CVPy.

We first obtain a A-BCD (C, H, R, f) of G with A = [X/3]. If |H| + || > k, we output
a [X/3,00)-CVPy, given by the body and the assignment to head vertices (if this gives more
than k sets, arbitrarily merge some until there are only k). If |H| + || < k, then we report
that X > X*. To see that this is correct, assume towards contradiction that X < X* and
consider an optimal solution S* = {S7,...,S;}. Then in the A-BCD we computed, we know
that w(R) < X for every R € R and w(C’) < X for every C' € CC(C). Observe that then
no C’ € CC(C) or a subset of it can be a set in §*, since w(S;) > X* > X for every S € S.
From the separator properties of H and that the fact that each S} € § is connected, we
obtain that any set in §* containing vertices from C' also has to contain at least one vertex
from H. Thus, we can derive that the cardinality of S3; = {Sf € $*|S; N (CUH) # &}
is at most |H|. Also, |§*\ S| < w(V(R))/X* <w(V(R))/X <|R|. Thus it follows that
|S*| < |H| + |R]| < k, a contradiction. <

The last problem that we consider as application of the balanced crown decomposition is
the MIN-MAX BCP problem, where we also provide the first constant approximation result.

» Theorem 12. A S-approximation for the MIN-Max BCP problem can be computed in time
O (log (X*) [V||E| (log log X* log (|V|wmaz) + k?)), where X* denotes the optimum value
and Wpae = max,ey w(v) the mazimum weight of a verter.

Proof Sketch. Achieving this requires several technical steps after having a balanced crown
decomposition in hand, including a second use of the balanced expansion. Let (G, k) be
an instance of MIN-MaAX BCP and let §* = {S},...,5;} be an optimal solution. Let
(C,H,R, f) be a A-BCD of G. Similar to the Max-Min case we try to make a comparison
between §* and the vertex decomposition C, H and V(). The main issue is that, in contrast
to the Max-Min case, an optimal solution can (and sometimes has to) build more than |H |
sets from the vertices in H U C. With the connectivity constraints, this means that some
components in G[C] are in fact a set in the optimal partition. Hence, when computing an
approximate solution from a balanced crown decomposition, we have to also choose some
components from G[C] to be sets, while others are combined with some vertex in H. In order
to make the decision of where to place the components in G[C], we use a min-cost flow on a
network that models the options for components in G[C] to either be sets or be combined
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with some vertex in H. A partial embedding of {S; € S*|S;N(CUH) # @} to this cost-flow
network allows a comparison with the resulting partition of C' U H. The balanced weight
properties of PR then yield a comparison with the whole set S*. With the additional use of a
min cost-flow network, our balanced crown structure can be used to estimate the optimal

objective value and again enables a binary search for an approximate solution. |
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A Preliminaries

By Ny and N we denote the natural numbers with and without zero, respectively. We also
use [k] to denote the set {1,...,k}. A partial function from A to B is a function g: A’ — B
where A’ C A and denote such a partial function by g: A’ + B and A’ is the domain of g.
We often use a function g that assigns vertex-sets to vertices, i.e. g: 2V + V. If g(C) = v
for some vertex-set C' and vertex v, then we call C g-assigned to v. We also define the
g-weight of v as wf[v] :== w(v) + w(g~t(v)). We say that C € 2V is g-assigned if C is in the
domain of g and g-unassigned otherwise. We define the g-neighborhood of any vertex v as
N9 :={v} Ugt(v).

Graph theory terminology

All the graphs that we refer to in this paper are simple and finite. Consider a graph
G = (V, E). For any subgraph H of G, we use V(H) and E(H) to denote the vertices and
edges of H respectively. We denote an edge e = {u,v} € E by uv and the neighborhood of a
vertex v € V in G by Ng (v) = {u € V | wv € E}. We may omit the subscript G when the
graph is clear from context. Similarly we denote the neighborhood of a vertex set V/ C V
in G by Ng (V'), that is |J,cy Na (v) \ V'. Moreover, for a subset A C V' we denote the
neighborhood of a vertex v inside A by N4 (v), that is Ng(v) N A, and we denote by N4 (B)
the neighborhood of a vertex set B C V inside A.

We denote a vertez-weighted graph as G = (V, E,w) where w is a function assigning
integer weights to vertices w: V — N, and V and E are vertex and edge sets. We denote
by wWmin and by wmax, min,ecyw (v) and max,cyw (v) respectively. For any V' C V| we use
w(V’) to denote the sum of weights of vertices in V’. For a subgraph H of G we use w (H)
to denote w(V (H)), and refer to it as weight of the subgraph H. For a rooted tree T and a
vertex x of T', we use T'(x) to denote the rooted subtree of T rooted at x.

For V' C V we denote by G[V’] the graph induced by V', i.e. G[V'] = (V’', E’) with

E' = En(V'xV"). For vertex-weighted graphs, induced subgraph inherits the vertex-weights.

For V! C V we also use G — V' to denote G[V \ V’]. Similarly, if V’ is a singleton {v} we
write G — v. With connected component of G, we denote an inclusion maximal vertex set
V' C V such that G[V'] is connected. For any V' C V, we denote by CC(V"’), the set of
connected components of G[V']. A vertex set S C V whose removal separates G into more
than one connected component is called a separator of G. If S = {v}, then we call v a
separator vertex.
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In the course of this paper we also use directed graphs in the form of networks. We denote
a network H by (V, ﬁ, c), where V is its vertex set, ﬁ the set of arcs, and c: ﬁ — N its

capacity function. We denote an arc from vertex u to vertex v in a network by w0, and denote
by 6% (v), 8~ (v), out- and in-coming arcs of vertex v. The key characteristic of a network is
that its vertex set contains the vertices s, t, referred to as source and sink, respectively. The
source vertex is characterized by having only out-coming edges, while the sink vertex only
has in-coming arcs. A flow is denoted by Y, i.e. Y = {y? €Ny | 7 e ﬁ}, where B are the

arcs in the corresponding network.

Structural notions

Let U = {Uy,...,U,} be such that each U; C V. We call i a connected packing of V if each
G|U;] is connected, and the sets in U are pairwise disjoint. A connected packing U is called
connected vertex partition (CVP) of V, if U is also a partition of V. For any U’ C U, we
define V (U') := Uy U's and the weight w (U') := w (V (U")). Let T be an interval. If ¢
isa CVP and w (U;) € 7 for all ¢ € [r], then we say that U is a Z-connected vertex partition
(Z-CVP) of V. If U is a connected-packing and w (U;) € Z for all i € [r], then we say that
U is a T-connected packing of V. For a vertex v € V and connected packing U, let Ny (v)
denote the set of all U € U such that v € N(U). Similarly, for a vertex set S, let Ny(5)
denote the set of all U € U such that SN N(C) # @.

Parameterized terminology

We use the standard terminology for parameterized complexity, see e.g. [14] [19] for details.
A parameterized problem P is a decision problem equipped with a parameter, i.e. instances
of P are given as pairs (I, k) where k is the parameter. Such a parameterized problem is
fized-parameter tractable if it can be solved in time f(k) - |I|¢ for any instance (I, k) of P,
where f is a computable function and c is a constant.

Of particular interest here are kernelizations - a formalization of preprocessing. A
kernelization for a parameterized problem is an algorithm that maps any instance (I, k) of P
in polynomial time in |I| to an instance (I’, k') of P such that:

(I',K') is a yes-instance if and only if (I, k) is a yes-instance,
1T < g(k) and
K < g'(k),

for some computable functions g, ¢’. The instance (I’, k") is called kernel and g(k) is the
kernel size. In case such a kernelization exists we say problem P admits a kernel of size g(k).
It is known that a parameterized problem is fixed-parameter tractable if and only if it admits
a kernel for some function g.

We consider parameterization by combined parameters, which formally means that our
problems have instances of the form (I, ki,ks) and we consider them as parameterized
problem with parameter k = kq + ko.

B Balanced Expansion

In this section we introduce a balanced generalization of weighted expansions we call balanced
expansion. It is one of the ingredients to derive our main BCD structure in the next section.
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With G = (AU B, E,w), we denote bipartite vertex-weighted graphs, where A and B are

independent sets in G and w: AU B — N. Note that the weight bounds in our following

B

structure depend on the maximum weight in B, denoted by w;, . = maxpecp w (D).

» Definition 1 (balanced expansion). Let G = (AU B, E,w) be a bipartite vertez-weighted
graph, where wB, = maxycpw (b). For q € Ny, a partition A1 U Ay of A and f: B — A,

max

the tuple (A1, As, f,q) is called a balanced expansion if:

>q—wB +1, ac A
1. w(a)+w(f 1 (a max. -
(a) (/7" (a)) {Squwflaxl, oe A,
2. f(b) e N®)

3.N (1 (A) €A

An illustration of a balanced expansion is given in Figure @] One can observe that
this structure is a combination of a weighted g-expansion with a balanced partition of the
remaining graph. In the first step to compute this, we compute a fractional version of this
structure. Both the balanced expansion and its fractional version are substructures that we
will employ later to find our balanced crown decomposition. Also, Lemma [p] for efficiently
computing a weighted expansion is a direct consequence of our routine to efficiently compute
a balanced expansion, the proof can be found at the end of this section.

As fractional version of the balanced expansion, we formally consider the following
structure.

» Definition 3 (fractional balanced expansion). Let G = (AU B, E,w) be a bipartite vertex-
weighted graph. For q € Ny, a partition A; U As of A and g: E — Ny, the tuple (A1, As, g,q)
1s called fractional balanced expansion if:

> q, a€ A
1. w(a)+ ab
(a) ZbeBg( >{§ 0. ac A

2.Vbe B: ) ,ca9(ab) <w(b) (capacity)

3. N(ByUBy,) C Ay (separator)
where B, := {b € B | g(ab) > 0} fora € A, Bar := ,ca Ba for A’ C A and By =
{be BT eng(ab) <w(®)

Note that such a fractional balanced expansion (A1, As, g, ¢) is indeed a fractional version:
The function g can be interpreted as a fractional assignment from b € B to a € N (b),
and what we are ultimately aiming for in the non-fractional version is that g is indeed an
assignment, i.e. g (ab) > 0 for some a € A and b € B implies g (ab) = w (b) and g (a’b) =0
for all ' € A\ {a}.

Note that isolated vertices in B would imply that the assignment f in the definition of
a balanced expansion cannot be a total function. Further, such vertices may have a large
weight without any merit for finding an fractional balanced expansion where A; # @. We
therefore restrict our further study to graphs without isolates in B; note that for the usual
applications that exploit structures like fractional balanced expansion, isolated vertices are
removed in some form of preprocessing. For such graphs without isolates in B we take
advantage of the structure of maximal flows to derive the following result.

» Lemma 4 (fractional balanced expansion). Given a vertex-weighted bipartite graph G =
(AU B, E,w) with no isolated vertices in B and q € Ny, a fractional balanced expansion
(A1, As,g,q) can be computed in O (|V]|E|). Also, if w(A) +w (B) > ¢|A|, then A # @.
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B A

Figure 4 Left: Balanced expansion for w(b) =1 for all b € B, ¢ = 2 and assignment f depicted
with bold edges. Right: Flow network construction in Lemma

Proof. Let A be the set of vertices in A with weight at least ¢ and let B C B be the isolated
vertices in G — 4, i.e. N (E) C A. We add A to A; and for each b € B, pick an arbitrary
a € N (b) C A and set g (ab) = w (b). We obtain w (a) + > wep 9(ab) > g foralla € A and
G — (Z U E) has no isolated vertex b € B\ B. Since we end up in the same situation after
removing Aand B , we may assume that max,c4 w(a) < ¢ ~and we have n0~isolated vertex
in b € B, i.e. to simplify the notation we assume A = A\ A and B = B\ B. Note that, if
w(A\/I) +w (B\E) < q|A|, then A # @ and thus A; # @.

We construct a network H = (A UBU/{s,t}, E, c) through the following procedure.

In order to obtain H from G, add the vertices s,t, s as source and ¢ as sink, and arcs ﬁ
with a capacity function ¢: E — N defined as follows. Connect every b € B through an arc
sb with capacity w (b) and connect every a € A through an arc at with capacity ¢ —w (a).
Note, that ¢ —w (a) > 0 by max,ea w (a) < g. Moreover, transform every edge ab € E to an
arc ba with capacity w (b) (see Figure . Now, we use the max-flow algorithm for integral
capacities by Orlin [3I] running in O (|[V||E|) to send a maximum flow from s to ¢. Let
Y = {y? eNy| € e ﬁ} be the resulting maximum flow and Y* := 3" _, f (E%) be the
total flow which is sent from s to ¢.

We set g (ab) = y5> for all Eﬁ € ﬁ The capacities ¢ (%) = w (b) for all b € B and the
flow conservation ensure that ) . 4 g (ab) < w(b) for every b € B.

Recall the notation B, := {b € B | g(ab) > 0} for every a € A, By := |J,c 4 Ba for
a subset A C A and By := {be B |} ,c49(ab) <w(b)} from Definition If yo =

c(&%) for all a € A, then we set A, = A and Ay = @. In this case, it follows that

w(a) + Y epg(ab) = w(a) + c(af)) = w(a) +q¢—w(a) = q for all a € Ay, which
satisfies the lower bound constraint given for the vertices in A;. Since A; = &, we obtain
By U By, = B. Therefore, N(ByUBy,) = N(B) C A= A;. Thus, (41,42 =9,9,q)
satisfies the conditions of a fractional balanced expansion. Also, in this case we have A, # &.

If yg =c (%) = w (b) for all b € B and there exists an a € A with y= < c (a), then
we set Ao = A and A; = @. The flow conservation guarantees that every vertex b € B is sat-
urated, i.e. By = &. Since A; = &, we obtain B4, = @ and thus, N (ByUB4,) =& = 4;
satisfying the separator condition. Moreover, we satisfy the upper bound constraint for all
vertices in As. That is, w(a) + >,c59(ab) < w(a) +c (ﬂ) =w(a)+q—w(a) = q for
all a € Ay. Thus, (A; = @, Aa, g, q) satisfies the conditions of a fractional balanced expan-
sion. Furthermore, in this case it follows that w (A) +w (B) < ., (w (a)+c (E%)) =
Yogen (w(a) +q—w(a)) = ,c4q=qlA| satisfying the second part of the lemma.



K. Casel, T. Friedrich, D. Issac A. Niklanovits and Z. Zeif

It only remains to consider the case where there exists an a € A with y» <c¢ (at) and

alsoab e B withyz <c (s?) Let A" be the set of saturated vertices in 4, i.e., y= = ¢ (a_t>>

foralla € A’. Set A1 = @ and A; = A\ A’. We use the following procedure to add vertices
of A’ either to A; or to As. First, observe that from the flow conservation for all a € A’ we

obtain w (a)+)_,cp g (ab) = w (a) +c (m) =w(a)4+q—w (a1) = q. Thus, the lower/upper

bound condition on a vertex of A’ are satisfied regardless of whether we place it in A1 or As.

To decide where to place a vertex a € A’, we use properties of our computed maximum
flow on H. For more details regarding the properties of maximal flows we refer to the
well-known Ford-Fulkerson-Algorithm [20]. We construct an unweighted residual network

= (V E ) resulting from Y as follows. Denote the residual flow by r (€) := ¢(€) — y=

for all € € E. We introduce arcs in the reverse direction and set () =y= forall € E.

Now, we construct the residual graph R by introducing an arc € for every strictly positive
r (?) (Note that usually the arising residual weights are also assigned to the arcs in R
for the classical definition of a residual graph, but we do not need them for the following
steps.) By the definition of the residual network, we know that if there exists an s-t path
in R, called usually augmenting path, then the flow in Y can be altered to a flow of value
Y* + 1 without violating any capacity constraint. Thus, by the optimality of Y* we obtain

that no s-t path exists in R. Moreover, we point out that y— = ¢ (at) for all a € A" which

leads to E% ¢ ﬁr for those arcs. For each a € A’, we consider the network R, derived from
R by adding an arc E%. Now we add a to A; if an s-t path exists in R, otherwise we add a
to Ay. Constructing the residual graph and checking whether an s-t path exists in each R,
for every a € A’ can be realized in time O (|A'| |E|).

It remains to show that A; is the desired separator. Consider any a € A’. If there exists
an s-t path in R,, then this path has to use the added arc &’; recall that R did not contain
such a path. Looking at the original network H, such an s-t path in R, means that if we

increase the capacity ¢ (E%) in the network H by one, then we may increase the flow from
Y* to Y* 4+ 1. For simplicity, denote by N, the network derived from H by increasing the
capacity ¢ (3) by one, and denote by Y, this maximum flow from s to t in N, and by
and Y* its value. Moreover, we denote the flow in Y, trough an arc e by y%. Note that
yn =c (E%) + 1 and objective value Y =Y* +1ifa € A, and Y, =Y with Y} = Y™ if
a € As.

We first prove that N (A3) N By, = &. Suppose there exists an edge asb in G, where
as € As and b € By, . By definition of By, , there exists an a; € Ay with Yoa? > 0 and by the
definition of A; we have Y, = Y™ + 1 with y_> =c (a1t> + 1. We claim that there exists a

max flow Y, in N,, such that y > 0. The flow value y_> is smaller than Yo only if n
is in the augmenting s-t path P for Y in N,,. However, once we have reached a; in a path
in R,, we can extend this path with the arc a;t to obtain an augmenting path. Thus, we
can find a max flow Y,, in N,, that does not use a—l; in R,, to improve the original flow ¥
in N,, and this ensures yba1 > Yoa? > 0. Now, we distinguish the two cases: ag ¢ A’ N As or

ag € A'N As.
/ . 7 ai —
as ¢ A’ N Ay: In this case we have Yo < c|azt and y— <c ast ), because the flow
v 2

increases by one in Y, and only at the arc c??t for the arcs in {a‘) |a€d™ (t)} (recall

that ¥ was a maximum flow in H, so an augmenting path for N,, has to use the only
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. — —
new capacity on the arc a1t). So, by yZ_1> > 0 and yz_>1t <c ((lgt) we may reduce the flow
aq 2

yZ_1> by one and could send one unit flow via the path ;, baa, ast without decreasing Y .
a1

—
Note, yz_% =c (bal) + 1 and after the new just mentioned routing operation we obtain
aq

y;’_% =c (bal). This yields a flow of value Y, that satisfies the capacity constraints in
a1

the original network H, which contradicts the optimality of Y*, because Y > Y*.

as € A’ N Ay: In this case we have Yoi = (aQt). Since there is no s-t-path in R,,

increasing the capacity by one at ast does not allow for a better flow, i.e. Y, =Y* is a

maximum flow in N,. Again, we use the same argument, thﬂ> We_> may reduce the flow

yZ_1> by one and could send one unit of flow via the path E, bas, ast without decreasing
a1

Y, . As result, if the capacity ﬁ is increased by one, we may find a maximal flow Y* 41
from s to ¢t in N, which contradicts the optimality of Y.

In both cases we show that b € B4, cannot be in the neighborhood of an ay € Ay. Thus, we
obtain N (Az) N B4, = @ and therefore N (Ba,) C A;.

For the separator property of A, we also need to show that N (By) C A;. Recall that
By = {beB|>,c19(ab) <w(b)} are the unsaturated vertices in B. Thus, for every

= —
b € By we have ) ,yp < ¢ (ba) = w(b). Suppose there exists an arc with bas for

az € Ay and b € By. If Y1 < ¢ (azt), then it is easy to see that we can improve Y™,

which would be a contradiction to the maximality of Y. If Ygi = ¢ (c@), then ap € A'.

az

Consequently, Y = Y™* and yz_%t =c (c;%) by the assigning of the vertices in A’ to A; or
2
—
As. By definition, the capacity of LE% in N, is ¢ (@) + 1 and there is an arc bas, where
%
Y aca Y < c (ba). Hence we may improve Y, by sending one unit of flow via the path
—
%, bas, ﬁ without violating any capacity constraint in N, which is a contradiction to the
optimality of Y. As result, N (A2) N By = @ and therefore, N (By) C A;.
Finally, we have N (Ba,) € A; and N (By) C A;. Hence, N(ByUBya,) C Ay. As

result, (A1, As, g,q) is a fractional balanced expansion.
Regarding the second part of the Lemma for the investigated last case we point out that

no b € B is isolated. That is, if there exists a b € B with y5 < ¢ (%)7 then N (b) C A"
Otherwise, it would be a contradiction to the optimality Y™, since y— < ¢ (E%) for all

a € A\ A’. Thus, in the case of yg <c (3) for a vertex b € B there exists at least one

a € A’ such that there exist an s-t path in R, and consequently, we obtain A; # @. If
w(A) +w(B) > qlA] = 3 ,ca (w (a)+c¢ (5%)) and Y does not satisfy y— = c (E) =

q—w(a) for all a € A, then there has to exist a b € B with y5 <c (g) and therefore, we

obtain A; # &. Note, that y— = c (ﬁ) for all a € A leads to A1 = A, which we explained
above as one of the extremal cases.

Lastly, we analyze the running time. Constructing H and computing the max-flow Y in
this network can be done in O (V]| E]). Defining g requires time in O (JA| |B|) C O (|V]|E]).
As already argued above, the possible improvement of the flow Y in N, for all a € A’ together
can be checked in time O (JA’| |E|). In total, we obtain a running time in O (|V]|E]). <«

Equipped with this procedure to efficiently compute a fractional balanced expansion, we
now round the function g to a proper assignment f from B to A. The following rounding
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procedure to derive a balanced expansion from a fractional balanced expansion uses the
well-known technique of cycle canceling, as used e.g. in [26]. While the lower bound for the
weight of the vertices assigned to A; is more or less straight forward, the upper bound for
the weight of the vertices assigned to As requires a different, more careful assigning strategy.

» Theorem 2 (balanced expansion). Consider a vertex-weighted bipartite graph G = (AU B, E,
with no isolates in B, and q > maxpepw (b) = w2, . A balanced expansion (A1, As, f,q) for

G can be computed in O (|V||E|) time. Furthermore, if w (A) +w (B) > q|A|, then A; # @.

Proof. Recall the definitions B, = {b € B | g (ab) > 0} for a € A and Ba, =, 4, Ba for
i =1,2. Since (Ai, Az, g,q) is a fractional balanced expansion we obtain ) , g (ab) =0
for each b € B\ (B4, UBy,). Thus, these vertices are part of the unsaturated vertices
By = {be B|Y ,c49(ab) <w(b)} and are connected to vertices in Ay. At first, we set
f(b) = a for an arbitrary b € N (a) for each b € B\ (Ba, U Ba,). The vertices in A; have
no upper bound condition. Thus, by this procedure we do not violate any of the desired
conditions. To simplify the notation we set B = B4, U Ba,. Note, that for the original set
B the vertices B\ (Ba, U Ba,) are already assigned in a way that can not yield problems
with f being a balanced expansion.

To determine the further assignments, we first construct an edge-weighted bipartite graph
G' = (AU B, E’) resulting from g, where E’ consists of the edges ab € E with g (ab) > 0,
so G’ is a subgraph of G. We set w,, = g (ab) as edge weight for every ab € E’. From the
fractional balanced expansion (A1, As,g,q) we obtain the properties ZGGN(b) wap < w (b)
for every b € B, w(a) + X pen () Wab = ¢ for all a € Ay and w (a) + 3 pe n() War < g for all
a € As.

The next step is to modify the graph G’ and the edge weights wgy, until G’ becomes
acyclic without changing the size of the sum w (a) + ), N(a) Wab for every a € A in G’ and
maintaining ¢y ) Wab < w (b) for every b € B.

B

Al A2 Al

Figure 5 Example of one iteration of the cycle canceling procedure.

Suppose there exists a cycle C' C G'. We pick an edge ab € E (C) with minimum weight
mingpe p(c) Wap = . We remove C from G’ as follows. First, we reduce the weight of edge
ab by z. Then, traversing the cycle C from b in direction of its neighbor that is not a, we
alternate between increasing and decreasing the weight of the visited edge by x until we reach
a. In the end we obtain at least one zero weight edge, namely ab, and we remove all edges of
weight zero from G’. An example of such a cycle canceling step is given in Figure[5| Since
G’ is bipartite, the number of edges in the cycle is even. Thus, we will maintain the weight
w (a) + X pen(a) Wab for all a € A during this process. Furthermore, we transfer weight on

an edge incident to a b € B to another edge, which in turn is also incident to this vertex b.

As result, the condition x4 war < w (b) for all b € B is still satisfied. We repeat this
process until G’ becomes a forest.

The next step is to determine f: B — A via the individual trees in the resulting forest.

For this purpose we root every tree of the forest by a vertex a € A. We know that A;

w)
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separates B4, U By from By, U As in G and that vertices in A; do not have edges to By,
in G', because E (G’) consists only of edges ab € E with g (ab) > 0 (which by definition puts
b€ Bu, if a € A7). Since we only delete edges in the cycle canceling process, this fact does
not change. Therefore, the vertices of A1 and As cannot be in the same tree.

We now define f for the vertices in trees containing vertices from A; stepwise as follows.
Let T be a tree in the resulting acyclic graph that is rooted at an a, € A;. We have
w (a)+2beN(a) wap > q for every a € A in the tree. Since G’ is a bipartite graph, every child
of a € Ay is in b € B and vice versa. We assign f (b) = a for every child vertex b € B to its
father a € Ay in T. Thus, for a, we obtain w (a,)+w (f~* (a,)) > w (ar)+2 pen(a,) Wab = 4-
For all other vertices a € Ay that are in the tree, we only lose its father vertex b. Since

B . — 1 for all weights w,, of those edges;
note that ¢ > w2, and b in this case has at least two neighbors in 7. As result, we obtain
w(a) +w (f1 (@) = 0 (@) + Spen (e Was — (0a — 1) = g — (w8, — 1).

Now, we construct the assignment f for vertices in trees containing vertices from As.

all weights are integer, it follows that wy, < w

Let T be a tree in the resulting acyclic graph that is rooted at an a, € A,. Moreover, let
D C V (T') be the leaves, D' = DN B and A’ C A the corresponding father vertices of b € D’.
At first, we assign every leaf b € D’ to its corresponding father a € A’ in T', so f (b) = a, and
then remove those leaves from T'. From the properties of the fractional balanced expansion
(A1, Az, 9,q) we know that every vertex b € Ba, is saturated, i.e. },cn@) Wa = w(b).
Thus, for every leaf b € D’ we obtain wga, = w (b), where a is the father vertex of b. For
this partial definition of f we observe the following. If a € A’ is not the root of T, then
w(a)+w (f (a)) =w(a)+ 2bef-1(a) W (0) Sw(a)+ D pena) War —1 < g—1. In the case
a € A’ is the root we obtain w (a) + w (f 7! (a)) < ¢. After this first round of assignments,
every leaf is in the vertex set As. We continue assigning every father vertex b to an arbitrary
child vertex a. This way, we add at most one vertex b for every As \ {a,} in the tree T,
which has a father vertex in 7. As result, we obtain w (a) +w (f~* (a)) < ¢+ wg, — 1 for
every a € As in the tree T'.

Overall, we assign every b € B to an a € A via an existing edge in the corresponding
tree. Since we only removed edges to obtain the forest from G’ and E (G’) C E (G), the
assignment of every b € B satisfies f (b) € N (b) in G.

Finally, we analyze the running time. The cycle canceling process is applied at most | F|
times and that each step can executed in time O (|V]) in the following way. We compute a
spanning forest 7' in G’, which can be done in time O (|E|) by breadth first search. Then, for
each e € E(G')\ E(T), we add e to T and check if this yields a cycle in 7. If this produces a
cycle, we cancel it by the process described above and delete the arising zero edges from both
E(G') and E (T'). This searching for and deleting can be done in O (|[E(T)|) = O (|V (T)])
for each cycle. Since there are at most |E| edges in E (G’) \ E(T), this process can be
performed in time O (|V]|E|) in total. <

Before moving to finding a balanced crown decomposition in a general graph in the
next section, we formally state the aforementioned implications of the results in this section
on (non-balanced) expansions. A weighted q-expansion as defined in [19] (Chapter 5.3) on
G = (AUB, E,w) is a function f: C — H where H C A and C C B, such that f (b) € N (b)
for each b € C and w (ffl (a)) >q— W +1 for each a € H, where W is the largest vertex
weight in B.

» Lemma 5 (Weighted Expansion Lemma). Let G = (AU B, E) be a bipartite graph without
isolated vertices in B, w: B — {1,...,W}, and q € Ng. A q-weighted expansion (f, H,C) in
G can be computed in time O (|[AU B||E|). Furthermore, if w(B) > q|A| then H # (.
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Proof. First of all, we define a weight function w’ on AU B by w' (b) = w(b) for b € B
and by setting w’ (a) = 1 for all a € A. This way, we arrive at a vertex-weighted bipartite
graph G’ = (AU B, E,w') without isolated vertices in B as considered in Lemma [4] and
Theorem [2| Observe that with this setting on the vertices in A, the condition w (B) > ¢|A4]
yields w’ (A) + w’ (B) > (¢+ 1) |A|, hence we can compute for ¢ = ¢ + 1 by Lemma [4] a
fractional balanced expansion (A;, As,g,q’) for G’ with A; # @.

To apply Theorem we need the restriction ¢’ > maxpep w (b) = wE, ., where wZ =W
here. However, if this property is not satisfied, it follows that ¢/ < W — 1, hence g = ¢’ — 1 <
W — 2, which turns the requirement of the g-expansion to w (f_1 (a)) > —1. Hence if
¢ <W —1, by choosing H = A and C = B any arbitrary function that maps f (b) € N (b)
(note that B contains no isolates) gives the claimed g-expansion (with N (C) C H trivially
satisfied). Such an arbitrary function can be computed in O (|V]).

If ¢ > maxyep w (b) = wB, ., we can use Theorem [2| to compute in time O (|V||E|) an
assignment function f such that (Aq, As, f,¢’) is an balanced expansion for G'. In particular,
with H := A; and C := f~! (A;), this function restricted to C' gives the desired g-expansion
with N (C) C H, since:

for each a € H = A, condition 1 of a balanced expansion gives w’ (a) + v’ (f~! (a)) >
¢ — wB, 4+ 1 which translates to w (f~! (a)) > ¢ — w5, + 1 by the definition of ¢’ and
w’,

condition 2 of a balanced expansion yields f (b) € N (b),

condition 3 of a balanced expansion yields N (ffl (Al)) C Ay,ie. N(C)CH.

The claimed running time follows by Lemma [f] and Theorem [2} |

C Balanced Crown Decomposition

This section is devoted to proving Theorem [7] Before giving the detailed steps to prove this
theorem, we give a few definitions followed by a slightly informal road-map that explains the
structure of the main algorithm.

Here we give an outline of the algorithm FindBCD for finding a A-BCD (C*, H*,R*, f*)
of G. We need to first define some intermediate structures that we construct during the
algorithm. Let H C V| let € be a connected packing of V' \ H, and R be a CVP of
V\ (HUV (€)). Furthermore, let g : € + H be a partial function, i.e. not any C' € € is
assigned to some h € H, denoted as ” - 7. We say that (€, H,%R, g) is a A-component
decomposition (A-CoD) of G if (see Figure [6)):

1. w(Q) < A for all Q € CC(V(€)) (component condition)
2. g(C) € N(C) for every C € g~' (H) (g-neighbor condition)
3. Risa [A\0)-CVP of V\ (HUV (€)) (R-condition)

Let (€, H,R, g) be a \-CoD. Let Q := CC(V(€)). Note that each C € € is completely
contained in some @ € Q because € is a CVP of C. We call C € € a sub-component (of the
connected-component Q). We denote the set of sub-components of @ by €(Q). Conversely,
the unique connected component @ € Q of which C is a part is denoted by Q(C'). Note that
each sub-component C' € € has w(C) < w(Q(C)) < A due to condition (1) in the definition
of A-CoD. Let QFF*" C Q (see Figure @ denote the set of all @ € Q that do not have edges to
V (R), and let €P*1¥ denote the set of all sub-components C € € with Q(C) € QP*V. We call
QP the private components and €P**V, the private sub-components. Let ¢’ : H — €U {@}
be a function. For any h € H, we define its g-weight as w9[h] := w(g~1(h)) and its (g + ¢')-
weight as w99 [h] := w9[h] + w (¢'(h)). For an vertex v € V we denote by Ng(v) the set of
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all C' € € such that {v} N N(C) # @. Similarly, for a vertex set S C V we denote by Ne(S)
the set of all C € € such that SN N(C) # @. We say that (€, H,R, g,¢’) is a Partially
Balanced M\-CoD (PB-)X-CoD) of G if (€, H,9R,g) is a A-CoD of G and for all h € H:

1. if ¢'(h) # @, then ¢'(h) € Ne(h) \ g~ (h), (¢'-neighbor condition)

2. wIlh] € [2A —1,3X = 3] (g-weight condition)

3. if g71(h) € €YY, then w99 [h] > 3\ — 2, and ((g + ¢')-weight condition)

4. if wI(h) < 2.5(\ — 1), then w(C) > 0.5(\ — 1) for every C € g~1(h) \ €P*¥. (0.5(\ — 1)-
condition)

For an R € R, we define the unassigned neighborhood N9(R) := N¢(R) \ g~ (H), the
effective neighborhood NI|R] := RUV (N9(R)) and the effective weight w9 (R) := w(NI[R]).
For an h € H we define N9[h] := {h}UV (g~*(h)). Lastly, we say that a PB-A\-CoD (€, H, %R,
g,4’) is a Fully Balanced A-CoD (FB-A-CoD) if w9(R) < 3(A — 1) for every R € fA.

Qp'ri'u

<A

Figure 6 A demonstration of a A-CoD (€, H, %R, g). Here, Q is the set of connected components
of G[V(€)]. The further divisions of sets in @) are the sub-components, i.e the elements of €. The
assignment g is represented by the colors, e.g., the two blue-colored sub-components are assigned
to the blue vertex in H. The thick lines are edges that go from R; and Rz to their unassigned
neighborhoods A9(R1) and N'9(R2) respectively. The second and third sets are in QP**" and all the
sub-components of those two components are in ¢P**',

C.1 Outline of Algorithm FindBCD

Note that the algorithm stated here is slightly informal at times, and is intended as a
road-map to piece together the rigorous technical description that follows.

During the algorithm we always maintain (C*, H*, f*) to be a Weighted Crown Decom-
position (WCD), i.e. it satisfies conditions 1-4 of a A-BCD (Definition [6). We determine R*
at the final step of the algorithm. Each step will be described in further detail in the next
sections.

(I) Removing heavy vertices: Let H be the set of all vertices that have weight at least A.
Let O be the set of connected components in CC(V \ H) that have weight less than A and
let C = V(@) We initialize f* by f*-assigning each Q € O to an arbitrary h € N4 (Q).
Note that such an h exists because there are no connected components in G having weight
less than A. We initialize H* := ﬁ, C* := C and ®* := @. Note that the f*-weight of
each h € H is at least A as w(h) > A. Thus, we have that (C*, H*, f*) is a WCD.
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Initialization: We use G’ to denote the current working graph throughout the algorithm,
and initialize it as G’ := G — (C* U H*). Note that each connected component in G’
weighs at least \. We always maintain this invariant for G’ during the algorithm. We
maintain a PB-A-CoD L := (€, H,R,g,¢’) of G’, initialized as H := &, R := CC(V(G")),
¢:= g, and g and ¢’ as the empty function. We define | H*|+ |H|+ |9R| as the outer index
and maintain it to be non-decreasing throughout the algorithm. An outer iteration is the
period during which the outer index remains the same. Similarly, we define |H*| + |H]|
as the inner inder and maintain it to be non-decreasing within an outer iteration. We
say that we get progress whenever the outer index or the inner index increases. It is not
difficult to derive that the outer and inner indices can be at most k (see Lemma [{4), from
the properties of PB-A-CoD.

Divide or Cut-vertex: As long as the PB-A-CoD (€, H,fR, g, ¢’) is not an FB-A-CoD,
we pick an R € R such that its effective weight w9(R) > 3(A — 1), and we run what
we call the divide or cut-vertexr routine on the effective neighborhood NY[R]. In this
routine, we either find a CVP {Ry, Ro} of V(N9[R]) such that each of Ry and Ry weighs
at least A, or we find a vertex h € R C V(N9[R]) such that all connected components of
G’ [V (NY[R])] — h have weight less than .

a. In the former case, i.e. in the case we divide R, we update R to be (R\{R})U{R1, R2},
thereby increasing the outer index. We update € to be € \ N9(R). Note that
NI(R)Ng~'(H) = @ and hence the g-weight of each h € H remains the same. But it
is possible that some h € H have now lost their ¢’(h). So we do a cleanup of H as
follows: For every h € H, we add NY[h] to R, reset H = &, and g and ¢’ as empty
functions. Note that before the cleanup, we had for each h € H that w(N9[h]) > 2\ —1
and G[NI[h]] is connected. Moreover, N9[h] were disjoint for distinct h and also
disjoint from sets in R. Consequently, after the cleanup we obtain a PB-A-CoD
(€, H,R, g,g") of G’ such that the outer index is increased by one.

b. In the latter case, i.e. in the case where we find a cut-vertex h, we remove R from R

and add h to H, thus not changing the outer index and increasing the inner index.
In order to maintain that L is still a PB-A-CoD, we add CC(R \ {h}) to €. (Recall
that each of these components have weight less than A as guaranteed by the divide or
cut-vertex routine). Next, we g-assign some sub-components €’ C € to h and assign
another sub-component C' € €\ €' as ¢’(h) in such a way that the requirements for
g-weight and (g + ¢’)-weight in the definition of PB-A-CoD are satisfied.
One problem that might occur is that now components in CC(V(€)) have weight
greater or equal to A, which violates that (€, H, R, g,¢’) is a PB-A-CoD. (This can
happen because R may have an edge to some C' € € that is not in N9(R), i.e., C has
been already g-assigned to some other vertex in H). In this case, we add part of this
big component in CC(V(€)) as a new set to R (thereby increasing outer index) and
then do cleanup of H. Here we do a more careful cleanup than Step crucially
using the weight bounds regarding g, g’ for reconstructing a subgraph for each h € H
with the required weight, to be added to fR.

Thus, as long as (€, H,R, g,¢’) is not an FB-A-CoD, we get progress. So, now assume
that (€, H,R, g,¢') is an FB-A-CoD. For further details and formal description of the
step, see Section [C.4]

Balanced Expansion: Now, we construct an auxiliary bipartite graph B with H and
QP as the two vertex sets. Recall that QP** := {Q € CC(V(€)) | N(Q) C H}. We
put an edge in B from an h € H to Q € QP if and only if there is an edge in G’ from
Q@ to h. Note that no Q@ € QP can be an isolated vertex in B because if it is, then Q
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is a connected component of G’ having weight less than A, but G’ does not have such
connected components. As a result, the bipartite graph B satisfies the precondition of
a balanced expansion [1} which is our novel variation of weighted expansion. Applying
Theorem 2| on B, we find a partition of H into H; (possibly empty) and Hs (possibly
empty), and a function f : QF*V — H that maps every Q € QP** to a neighbor of it in
the bipartite graph B such that:

a. there are no edges from f~!(H;) to Hs in B.
b. for all h € Hy, the f-weight of h is at least A and
c. for all h € Ho, the f-weight of h is at most 3\ — 3.

Let Q1 := f~1(H;) and C; = V(Qy). Note that Q; = CC(Cy). We update H* = H*UH;
and C* = C* U C] and take f* := f for the sets in Q7.

From the definition of QP**V and properties of Hy, Hy and f, we have that C; does not
have edges to V(G’) \ H; in G, thus ensuring the separator property regarding C; and
H, for the desired A-BCD. By condition (b) above, we obtain that the f-weight of each
vertex h € Hj is at least A, as required by a A-BCD.

We also update G' = G' — (C1 U H1), H=H \ Hy, and € =€\ J5 o, €UQ).

We show that after the deletion of (C; U Hy), each connected component in G’ weighs at
least A, thus maintaining the invariant for G’. The sub-components now in € that were
previously g-assigned to some vertex in H;, become g-unassigned now. Note that since
Hj; does not have edges to C1, the g-neighborhood of all vertices in Hy remains the same,
and all the g’-assignments remain same. Thus, L is still a PB-A-CoD of G’ but might
not be an FB-A-CoD anymore because the effective neighborhoods of some R € R can
increase as previously g-assigned vertices now become g-unassigned. It is also easy to see
that the value of the outer index and the inner index stay unchanged during this step.
For further details and formal proofs, see Section

Private assignment: We now modify ¢, g and ¢’ using f: QP — H such that:
(a)(¢, H,R, g,¢) is still a PB-A\-CoD, and crucially, (b) all sub-components in €P**¥ are
g-assigned Roughly speaking, the function f from Step helps us to modify g and ¢’ in
a way so as to satisfy condition (b) without violating condition (a). Let us say gq, g, are
the g and ¢’ at the start of the step. The idea is to start with g as the same assignment
as f. We know f satisfies that each €1V is f-assigned and the f-weight of any h € H is
at most 3\ — 3. But some of the vertices in H may not satisfy the required lower bound
of 2\ — 1 (and the 0.5(\ — 1) condition) just from the f-weight. So, we fill up this deficit
by using the g-assignment (and ¢’) while making sure that the f-assigned components
remain g-assigned. Intuitively, we are able to fill up the g-assignment satisfying the
weight conditions because g satisfied those conditions before. Every time some h € H
does not satisfy the conditions, there is a gap in the g-assignment of h compared to its
go-assignment, so there should have been some sub-component that was assigned in this
gap in gg, so we move that sub-component into the g-assignment of h and fill the gap.
We do not cycle because, once something is moved to its original place in g, then it is
not moved anymore. We need to do this carefully so that no f-assigned components
are pushed out of the g-assignment. For further details and formal description, see
Section

Merge unassigned subcomponents: We now modify €, g and ¢’ such that: (a)(<, H, R,
g,9') is still a PB-A-CoD, (b) all sub-components in €P*1V are g-assigned, and additionally,
(c) for each @ € CC(V(€)), either all sub-components of @ are g-assigned, or @ itself is a
single sub-component in €. The condition (c) is ensured by the merging of the unassigned
sub-components, sometimes merging into the assigned components. We need to do this
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carefully so that the weight conditions of the PB-A-CoD are not violated. For further
details and formal description, see Section [C.7]

(VII) Final Step: If L is now not an FB-A-CoD, then we go to Step Recall that we
showed in Step that we get progress if L is not an FB-A-CoD. Otherwise, i.e. if L is
an FB-A-CoD, we push the whole G’ to R* as follows, and terminate the algorithm. Let
R ={Ry,Ra,...,R;}. We define R} := N9[R;]\ (R URsU...R;_;). We add each R}
to R*. Also, for each h € H, we add N9[h] to R*.

In order to see that we indeed add all of V(G’) to V(2R*) in this step, observe that after
Step we have that each g-unassigned sub-component has an edge to V(R). Note
that the vertex sets in R* are pairwise disjoint.

The sets of the created R* have weight between A and 3\ — 3 as required by A-BCD
because: each Rf C N9[R;] and w(NY[R;]) € [\, 3\ — 3] as L is an FB-A-CoD; for each
h € H, we have w(N9[h]) = w9[h] € [2)A — 1,3\ — 3] by the properties of the PB-A-CoD.

We now give the detailed formal descriptions and proofs of the steps of this road-map.

C.2 Step I: Removing Heavy Vertices

The algorithm for Step is completely given in the description in Section so we do not
repeat it here. We prove here the related lemmas that are required for correctness.

» Lemma 13. At the end of Step of Algorithm FindBCD, (C*,H*, f*) is a WCD of G.

Proof. At the end of Step we have C* = 6, H* = H and that f* is the function assigning
each C € C to some arbitrary h € N;(C). Recall that H is the set of vertices h € V with

w(h) > X and C are the vertices in components of G — H with weight less than X. Note that
anhe N i (C) exists because there are no connected components in G having weight less

than . It is clear that H separates C from the rest of the graph. By definition of H , every
h € H has weight at least A and hence wf™ (h) > \. By definition, each C' € C has less than
A weight. Thus (C*, H*, f*) is a WCD of G. <

Next, we show that the minimum weight condition on the connected components of G’

holds after step

» Lemma 14. After step of algorithm FindBCD, each connected component of G' =
G — (C* U H*) has a weight of at least \.

Proof. Observe that the components in G’ have weight of at least A by choice of C. <

C.3 Step IlI: Initialization

The algorithm for Step [(11)]is completely given in the description in Section so we do
not repeat it here. We prove here the following lemma that is required for correctness.

» Lemma 15. In the algorithm FindBCD, at the end of Step (¢,H,R,9,9") is a PB-\-
CoD of G'.

Proof. After Step [(I)|each connected component in G’ weighs at least A by Lemma The
set R corresponds to these components and hence JR-condition is satisfied. The g-neighbor
condition is satisfied as g is the empty function. The component condition is satisfied as
¢ = @. All the 4 conditions in the definition of PB-A-CoD are satisfied using that H = @. <«
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C.4 Step IlI: Divide or Cut-vertex

If the PB-A-CoD L is not an FB-A-CoD, we first plck an R € 9 such that w9(R) > 3\ —2 and
apply the DivideOrCutVertex routine on N9 [R} Depending on the output of this routine,
we then run either the Divide or the Cut procedure, both of which modify L. In both cases
we show that L is still a PB-A-CoD and either the outer index increases or the inner index
increases with outer index remaining same, thereby giving progress.

C.4.1 Divide or Cut-vertex routine

The DivideOrCutVertex routine takes as input a vertex-weighted connected graph G =
(V,E,w) and an integer A > wmax, and outputs either a [\, 00)-CVP {V;,V2} of V or a
cut-vertex x such that every connected component of G — {z} has less weight than \. We
define such a vertex x as A-cut-vertez.

Our algorithm uses the following theorem for 2-connected graphs provided by Tarjan [I7].

» Theorem 16 ([I7]). Let G = (V, E) be a 2-connected graph and st € E. There is an
ordering f : V. — [|[V]], such that f(s) =1, f(t) = |V| and for each v € V' \ {s,t} there exist
wv,vw € E, such that f(u) < f(v) < f(w) (rank property). Furthermore, such an ordering
is computable in O(|El).

From Theorem [I6] we deduce a corollary for vertex-weighted 2-connected graphs.

» Corollary 17. Let G = (V, E,w) be a vertex-weighted 2-connected graph and let X > wpax
be an integer. If w(G) > 3(A — 1), then we find a [A,00)-CVP {V1,V2} of V.. Furthermore,
this is realizable in O(|E|).

Proof. Take an arbltrary st € E and compute an ordering f : V — [|V|] for the vertices
V such in Theorem |16} Let k be the largest index, such that El 1 "w(f~1(i)) < A and
Zle w(f~1() >\ Set Vi = Ul L f71(i) and Vo = V\V;. The rank property off provides
that G[V;] and G[V5] are connected. From w(f~!(k)) < A and ZZ 1 Lw(f(i) < A we
obtain w(Vy) < 2(A —1). Thus, w(V) —w(Vy) > 3(A—=1) + 1 —2(A — 1) = X and therefore,
w(Va) > A.

Realizing the ordering in Theorem requires time in O(|E|). To find the desired
partitions, afterwards, requires time in O(|V|). As a result, we need a total running time in
O(|El). «

Finally, the following lemma gives the required DivideOrCutVertex procedure.

» Lemma 18. Let G = (V, E,w) be a connected vertex-weighted graph and let A > wpax be
an integer. If w(G) > 3(A — 1), then either we find a A-cut-vertex x € V or a [, 00)-CVP
{V1,Va} of V.. Furthermore, this is realizable in time O(|V||E|).

Proof. If G is 2-connected, then by Corollary [17] we obtain the desired vertex sets V; and V5.
Otherwise, there exists a separator vertex v € V. Let T = {T1,...,T,} be the connected
components with T; C V of G — v. Moreover, let 71 := {T; € T | w(T;) > A} and let
To:={T; € T | w(T;) < A\}. We work through the edge cases first. If | 71| > 2, then we take
two vertex sets Vi,V of 71 and add the remaining ones V' \ (V4 U V4) arbitrarily to V4 or V4
to obtain the desired [\, 00)-CVP of V. If |T1| = 0, then = v is the desired A-cut-vertex.
If |7:] = 1 and w(v) +w (V (73)) > A, then we take the only vertex set in 77 as V5 and
Vo = {v} UV (T2). Note, that v is connected to each T' € Ta. Thus, in all three edge cases
we are done.
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In the remaining case, |7T1] = 1 and w(v) + w (V (Tz2)) < A, we contract the vertex set
{v} UV (T3) to v and update w(v) to w(v) +w (V (Tz)). Since w(v) < A, the constructed
graph still satisfies wmax < A. Also, the graph remains connected and the total weight does
not change, so we can restart the procedure with the contracted graph. Note that since
the number of vertices decreases by at least one each iteration, this procedure terminates
successfully.

Finally, we analyze the running time. To simplify this, we assume that one copy of
G can be obtained in O(|E|). We use in each iteration the algorithm of Tarjan [35], that
provides either that the graph is two 2-connected, or a separator vertex v € V. This costs
O (V] + |E|). If the graph is 2-connected, then using Corollary [17] the desired [\, 00)-CVP

can be computed in O (|E|). Otherwise, we consider G — v and check firstly the edge cases.

This runs in time O (|E|), since identifying the connected components is necessary. In case
we need to contract vertices we just delete V (73) from the graph and update only the weight
of the separator vertex v. Remembering the contracted vertices can be achieved using a
container that we are able to manage in time O(|V|) in each iteration individually as we
have |V| vertices in the graph. Consequently, each iteration runs in time O (| E|) Lastly, if
we do not find the desired [\, 00)-CVP of V we reduce the vertex set of the graph by at
least one in each iteration. As a result, we obtain a final running time in O (|V||E|), since
we have at most |V| iterations. <

C.4.2 The Divide Case

If DivideOrCutVertex returns a division of N9 [R] into Ry and Ry, we do the procedure
Divide as follows:

1. Update R to be (%1 \ {R}) U {Ry, R}, and € to be €\ N, (R).
2. For every h € H, remove the sub-components in N9[h] from € and add N9[h] to R. Set
H =@, and g, ¢’ as empty functions.

» Lemma 19. L = (¢, H,R, g,¢’) is still a PB-A-CoD after the Divide procedure.
Proof. First of all we prove that (€, H,R, g) satisfies the 3 conditions for A\-CoD:

1. Since we only delete elements (sub-components) from € and do not add anything to € in
Divide, we have that every component in CC(V(€)) still has weight less than A.

2. Since g is the empty function, it holds trivially that g(C) € Ny (C) for every g-assigned
Cec

3. We have that R is still a CVP of G’ — H — V(&) because any vertex that was removed
from H or V(€) during Divide was added to V(R) in Divide and all the sets added to
V(fR) in Divide are pairwise disjoint. In order to see that R is a [, 00]-CVP, observe
that each set added to R has weight at least A\. The sets Ry and Ry have weight at least
A as given by the Divide or Cut-vertex procedure. Each N9[h] added during Step [2] of
Divide has weight at least A as the g-weight of each h € H was at least 2\ before the
Divide procedure by property of PB-A-CoD.

The 4 conditions in the definition of PB-A-CoD are trivially satisfied as H is empty. <
» Lemma 20. The outer index increases during Divide.

Proof. Let Hy and PRy be the H and R respectively before the Divide procedure. It is clear
from the Divide procedure that |R| = |Hp| + |Ro| + 1. This is because we replace R € Rg
by two sets Ry and Ry in fR, all sets in RRg \ {R} remain in R, and for each h € Hy a set is
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added to R. Also, observe that H* remains unchanged. Thus, the outer index increases by
one. <

» Lemma 21. Divide runs in O(|V]|E|) time.

Proof. It is easy to see that each step runs in O(|V||E|) time. <

C.4.3 The Cut-vertex Case

In the case where DivideOrCutVertex finds a A-cut-vertex h. of N9 [R], we apply the Cut
procedure on L = (€, H,9R, g,¢’) as follows. Note that h,. is in fact in R as otherwise there is
a connected component in G[NI[R]] — h. that completely contains R and hence has weight

at least \.

1. Let C4,...,C, be the connected components of G[NI[R]] — {h} in decreasing order of
weight. Let ¢ be the smallest number such that w(h.) + w(Cy U - U C;) > 3X—2. (Note
that such an 7 exists because w(h¢) +w(Cy U---UCy) = w(NI[R]) > 3X —2).

2. Let € := (c\/\/@(ﬁ)) U{C1,...,Cp}, Ry o= R\ {R}, and Hy == H U {h.}.

Let g : € - H; be defined as: for all g-assigned C € €, let ¢1(C) := g(C) (note that all
g-assigned C' € € are also in €; by definition of €;); let ¢1(C;) := h, for all j € [ —1].
Let ¢| : Hy, — @ be defined as: for all h € H, if ¢'(h) € (@\NE(R)) U {2} then

let g} (h) := ¢'(h); otherwise, i.e. if g’(h) € N9(R) then let g{(h) be the C; such that

g'(h) C C; (such a C; exists by the definitions of N9(R) and C1, ..., C,); let ¢ (he) == C;.
3. If there exists a connected component Q of G[V (€1)] with w(Q) > A, then perform the

CutCleanup procedure given below, otherwise update L <+ (€1, Hy,R1, 91, 97)-

The CutCleanup procedure is as follows:

1. Find a subset Q' of Q such that G[Q'] is connected, and w(Q’) € [X, 2\ — 2] as follows:
let 2(Vg, Eg) be the graph with vertex set Vg := {C € €; : C C @}, and there an edge
between sub-components C' and C’ in E g exists, if and only if there is an edge between
C and C’ in G. For any subgraph 2’ of 2, let V(2’) denote the set of all v € V such
that v is contained in some vertex of 2/, and let w(2’) := w(V(2')). Find a spanning
tree T of 2. As long as T has a leaf C such that w(T — {C}) > A, update T < T — {C}.
Let T” be the final T' when no longer such leaves can be found. Let ¢’ C Vg be the set
of vertices of 2 that are spanned by T". Let Q' := V(¢'). (We show in Lemma [28| that
indeed w(€’) = w(Q') € [\, 2A —2]).

2. Let €5 := €4 \C/, Ry (=R U {Ql}7 and H, := H;.

Let g2 : €2 + Hjy be defined as: for all gj-assigned C € €, let go(C) := ¢1(C). Let
g5+ Hy — €5 be defined as: for all h € Hy, if gj(h) € € then let g4(h) := ¢} (h) and
gh(h) := & otherwise.

3. If w92[h] > A for all h € Hy, then: let €, := g5 *(h) for each h € Hy.

Otherwise, i.e., if there is some hy € Hs (d stands for deficiency) such that w92[hg] < A
(we prove in Lemma below that there is at most one such hy), then: let €, :=
g5 (ha) U{dh(hq)} (we show in Lemmathat g5(hq) # @), and for all h € Hy \ {ha},
let @, := g5 " (R) \ {gh(ha)} . Let Ry := {h} U V(&) for each h € H,.

4. Let Qs be the set of connected components of G[V (Cg \ (UheH2 th))]. Let €3 :=
{Q€Q3:w(Q) <A}, Rz =R U{Rp:he H}U{Q € Q3 :w(Q) > A}, H3 := &, and
g3, g4 be empty functions.

Update L + (&3, H3,R3, 93, g5)
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Lemmas and [25] summarize the correctness and running time of this section. We
defer the proofs of Lemmas and [23] to later as we need to prove some auxiliary lemmas
for this.

» Lemma 22. If CutCleanup is not called then (€1, Hy,R1,91,9}) is a PB-A-CoD.
» Lemma 23. If CutCleanup is called, then (€5, Hs, N3, g3, 95) is a PB-A-CoD.

» Lemma 24. During Cut, either the outer index increases, or the outer index remains the
same and the inner index increases.

Proof. First of all, notice that H* is not modified during Cut. It is clear by construction
that |Hy| = |H| + 1 and |R;| = || — 1. So, if CutCleanup is not called then we have that
the outer index remains same and inner index increases during Cut.

So, now consider the case when CutCleanup is called. By construction, we have Hy = Hj,
|R2| = |R1|+1, and |Rs| > |Rz| + |Hz|. This implies |Rg| > |Hy| + |R1]| + 1. Thus the outer
index increases. <

» Lemma 25. Cut runs in O(|V]|E|) time.
Proof. It is not difficult to see that each step can be implemented in O(|V||E]) time. <
» Lemma 26. ¢57*7 D gpriv,

Proof. Suppose there exists a C' € €P*V that is not in €. Since C' € €¥**, C' does not
have an edge to R and hence is not in Ng(}?). This implies that C' € €;. Let ()1 be the
connected component of G[V(€;)] that contains C, and let @ be the connected component
of G[V(€)] that contains C. Since V (€;) D V (€), we have that Q; D Q. Since C ¢ €87,
we have that ()1 has an edge to some R € ;. But R; C R by construction and hence
R € R. Then we know that @ does not have an edge to R as C' € €P**". This implies Q1 2 Q
and hence Q; N N9[R] # @. But then N(Q) N N9[R] # @. This implies C' ¢ ¢**', thus a
contradiction. |

» Lemma 27. 1. (¢, H1,R1, 1) satisfies condz’tions@ and@ of A-CoD and (€1, Hy, PR,
g1,91) satisfies conditions @ @ and of PB-)\-CoD.

2. Each C € €1 weighs less than A (a weak version of component condition of A-CoD).

3. For all h € Hy, if g7 ' (h) € €V, then w991 [h] > 3\ — 2 (this is stronger than the
(g + ¢')-weight condition for (€1, Hy,R1,q1,9,) as we have € and not €™ in the
statement and €PTV C Q}l’riv by Lemma |26)).

4. Forallh € Hy, if w9 (h) < 2.5(A—1), then w(C) > 0.5(A—1) for every C' € gy *(h)\ €T
(this is stronger than the 0.5(\ — 1)-condition for (€1, Hy,R1,91,91) as we have PV
and not €V in the statement and €Y C €& by Lemma |26)).

Proof. First we prove condition [2| of A-CoD (g-neighbor condition) for (&, Hy,R1,91)-

Consider any g¢p-assigned C in €;. If g1(C) = g(C) then the condition is satisfied for C,
by applying condition [2| of \-CoD for (€, H,9R,g). So assume ¢1(C) # g(C). Then by

construction of g1, we know that C € {C1,....,C;_1} and g1(C) = h, (see step [I] of Cut).
Also h, € N(C;) for all j € [p] by construction of h. and C;. Thus the condition is satisfied.

Now, we prove condition [3| of A-CoD (SR-condition) for (€, Hy, Ry, g1). Indeed, it is clear
from the construction that R; is a [A\,00)-CVP of G — H; — V(&) by using that R is a
[A,00)-CVP of G — H —V(C).

Next, we prove the 4 conditions of PB-A-CoD for (€, Hy,%R1,91,9;). Consider h € H =

H;\ {h.}. We have that g; *(h) = g~ '(h) and ¢} (h) D ¢’(h) from the definitions of g; and gj.
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We now prove the 4 conditions of PB-A-CoD for (€1, H1,R1,01,97) for h € H = Hy \ {h.}.
We also prove statements [3] and [4 of the lemma for h € H along the way.

1. g-neighbor condition: Suppose ¢} (h) # . We know that gj(h) D ¢'(h). We have that
¢'(h) has an edge to h using the ¢g’-neighbor condition of (€, H,%R,g,¢’). Thus g;(h) has
an edge to h. We also know that g} (h) € €; by the definition of g]. So, gi(h) € N¢, (h).
Hence it only remains to prove that ¢} (h) ¢ g;*(h). Suppose ¢;(h) € g;*(h). But
gy (h) = g~ '(h) and hence g} (h) € g~'(h). This implies that ¢}(h) € € and we get
g'(h) = gy(h) by using that g{(h) D ¢’(h). Thus, ¢’(h) € g~1(h), a contradiction to the
¢’ —neighbor condition of (€, H,%R,g,q’).

2. g-weight condition: follows from gy '(h) = g~'(h) and the g-weight condition of (&, H, R,
9:9).

3. (g + ¢')-weight condition: we prove the more general statement [3[ of the lemma. Suppose
gy '(h) € €71, Since g; '(h) = g~ *(h), we have g~*(h) € €P**V. Then by the (g + ¢')-
weight condition of (¢, H,R, g, ¢), it follows that w99 [h] > 3\ — 2. Using g7 *(h) =
g Y(R), and ¢} (h) D ¢'(h), we get that w9 T9i[h] > 3\ — 2.

4. 0.5(A — 1) condition: we prove the more general statement [4] of the lemma. Suppose
w9 [h] < 2.5(\ —1). Since g;*(h) = g~'(h), we have w9[h] < 2.5(\ — 1). Consider
a C € g7 (h)\ €. Since g7 '(h) = g '(h), we have C € g~'(h) \ €*"*. Then
w(C) > 0.5(A — 1) using the 0.5(A — 1) condition of (€, H,R, g,4").

Now, we prove the 4 conditions of PB-A-CoD for (€, H,%R,g,¢’) and the statements
andfor he. We know that ¢/ (h.) = C; and gy *(he) = {C1,...,Ci_1} (see step of Cut).

1. g¢’-neighbor condition: From the definitions of C1,...,C, and he, it is clear that C; has
an edge to h. and that {C1,...,C;—1} is disjoint from C;.

2. g-weight condition: By the selection of 4 in Step [I|of Cut, we have that w9 [h.] = w(C1) +
c '+’w(CZ‘_1) S 32—3. AlSO, w9t [hc] = w(01)+' . '+’LU(OZ'_1) Z (w(C’l) + -+ ’LU(CZ)) —
w(C;) > (BAN—2) — (A —1) = 2\ — 1, where we used w(C;) < A —1 as given by the
DivideOrCutVertex procedure.

3. (g+ ¢')-weight condition and statement [3{ of lemma: w9 91 [h.] = w(Cy) + - - - +w(C;) >
3\ — 2 by the selection of .

4. 0.5(A—1) condition and statement [4of lemma: If w9 [hc] < 2.5(A—1), then by the selection
of 4, we have w(C;) > (83X —2) — 2.5(A — 1) > 0.5(A — 1). Then, w(Cy),...,w(Ci—1) >
0.5(A—1) as C4,...,C, were sorted in decreasing order of weight. Thus, w(C) > 0.5(A—1)
for each C' € g7 ' (h.).

Finally, we prove statement [2] of the lemma. If C' € € then this is clear by the component
condition of (€, H,R,g). So assume C ¢ €. This implies C = C; for some j € [p] by the
construction of €;. Then we know w(C) < A from the DivideOrCutVertex procedure. <«

Proof of Lemma By statement [I] of Lemma [27] it follows that we only need to prove
the component condition. But if the component condition is not fulfilled by (€, Hy, Ry,
g1,97) then Step [3|of Cut would call CutCleanup, thus a contradiction. <

» Lemma 28. w(¢') = w(Q’) € [\, 2X\ —2]. (See Step[] of CutCleanup for the definitions
of € and Q').

Proof. We have that w(€') = w(Q’) = w(T") from Step [1] of CutCleanup. 7" is a tree, thus
connected. So it is sufficient to prove that w(T’) € [A,2X — 2]. Tt is clear that w(T") > A
by construction. It only remains to prove that w(T’) < 2\ — 2. Suppose w(T") > 2X — 1.
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Now, consider any leaf C' of T'. We have w(C) > )\, because otherwise w(T' — {C}) > A, a
contradiction to the construction of 77. We know that C € €; as C is a vertex of 2. But
then w(C) < A by Lemma Thus we have a contradiction. |

» Lemma 29. For hg as in Step@ of CutCleanup, we have gy *(hg) ¢ €PF1V.

Proof. Suppose g; ! (hq) C €P7¥. This means that any connected component of G[V/(€)] that
intersects V(g7 ' (ha)), does not intersect N9(R). This implies that V(g7 (hg)) is disjoint
from the component @ in Step [1| of CutCleanup, and hence is also disjoint from @’. This
implies that g '(hg) is disjoint from ¢’. However by the definition of h4, we have that
w (g7 " (ha) N €') > X as w (g7 ' (ha)) > 2 — 1, thus a contradiction. <

» Lemma 30. There exists at most one hq € Hy such that w92 (hg) < A. Also, for such an
ha, we have gh(hq) # @, and for all h € Hy\ {hq}, we have that w (gl_l(h) Ne’) <0.5A—1).

Proof. Consider any hy € Hy such that w92(hy) < A. Since Hy = Hy, hq € H;. By
Lemma we get that w9 (hg) > 2A — 1. Thus, w9 (hg) — w92(hg) > A. This implies
that w (g; * (ha) N ¢’) > A, by the definition of go. Now, consider a leaf C of the tree 1"

of Cut. We have that C' € gy '(hg) because otherwise T/ — {C'} contains all of
g7 (hg) N @ and hence has a weight of at least A, a contradiction to the construction of
T’. Thus ¢g1(C) = hg. Since g1(C) is unique, hq is also unique, proving the first part of the
lemma.

As we showed above, every leaf of T" is in g~ !(hgq). Since T” has at least 2 leaves
and w(gy*(ha) N €') > A, it follows that T has at least one leaf C' in g; ' (hq) such that
w ((g7 " (ha) N €)\ {C}) > 0.5\. Now, if there is an h € Hy \ {hq} such that g7 ' (h) N €&’ >
0.5(A — 1), then we get that w(1” — {C'}) > 0.5\ +0.5(A — 1) = A — 0.5. This implies
w(T" — {C}) > X by integrality. But this is a contradiction to the construction of 7".

It only remains to prove that g4(hg) # @ in order to conclude the proof of the lemma.
Suppose g5(hq) = @. This implies ¢} (hq) ¢ €2 = €1 \ €’ by the definition of g5. Then either
91(ha) = @ or gi(ha) € T'.

Case 1. gj(hg) = @: this implies that ¢'(hq) = @, by definition of ¢;. But then
g~ (hg) C €P*V using the g-weight condition and the (g + ¢’)-weight condition of the
PB-)-CoD (€, H,fR, g,¢'). This is a contradiction to Lemma

Case 2. g}(hq) € €': then we have w(¢') > w ({g}(ha)} U (97 " (ha) N €’)). We know that
g1 (hq) is disjoint from g; ' (hg) by the g’-neighbor condition of (¢, Hy, M1, g1,9}) given by
Lemma Thus we have w(€’) > w (g} (ha)) + w(g; *(ha) N €) = w (¢} (ha)) + w9 [hy] —
w92 [hg] = w91 [hg] — w92[hy). Since w92[hy] < A —1 and w(€’) < 2\ — 2 (by Lemma ,
we have that w9 91 [hy] < 3\ —3. This implies that w99 [hy] < 3X\—3 by the definition of g;
and g;. But then g ' (hg) C €P*Y from the statement of Lemma This is a contradiction
to Lemma <

in Step

» Lemma 31. For all h € Hy, w(gh(h)) < .

Proof. By definition of g5, either g5(h) = @ or gh(h) = gi(h). In the former case, clearly
w(gh(h)) =0 < A. In the latter case we have w(gj(h)) = w(gi(h)) < A by Lemma 27 <

Proof of Lemmal23: First, we prove that (€3, Hz, N3, g3) satisfies the 3 conditions in the
definition of A-CoD:

1. component condition: From the construction of €3, it is clear that all connected compon-
ents in G[V(€3)] have weight less than A.
2. g-neighbor condition: follows since g3 is the empty function.
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3. R-condition: We need to prove that w(R) > X for all R € Rs. Recall that Rs =
mQU{Rh:hEHQ}U{QEQ:g:w(Q)Z)\}.
Case 1. R € Ray: Recall that Ry = Ry U {Q'}.
Case 1.1. R € R;: By R-condition of »-CoD (€1, H1,MR1,91) given by Lemma we
know that w(R) > A.
Case 1.2. R=Q": by Lemma 28, w(Q’) > A.
Case 2. R = Ry, for some h € Hs:
Case 2.1. If w92[h] > X for all h € Hy: then R, = N92[h] by construction. Thus,
w(Ry) = w92[h] > A, by assumption of Case 2.1.
Case 2.2. If there is some hy € Hy such that w92[hg] < A :
Case 2.2.1. h = hg: we know that Ry, = {hg}Ugy *(ha)U{gh(ha)} by the construction of
Ry,,. By the construction of gy we get that, g5 ' (ha)U{gh(ha)} = ggfl(hd) U{gi(ha)})\ €.
This implies that w(Ry,) > w91 [hy] — w(€’). We have w991 [hy] > 3\ — 2 using the
(g + ¢')-weight condition of (€, Hy,R1, g1, g7) from Lemma [27] and w(€') < 2\ — 2 from
Lemma [28] Thus, w(Rp,) > A
Case 2.2.2. h # hg: Recall that in this case R, = {h} U gy (h) \ {gh(ha)}. Thus,
w(Rn) > (] — w(gh(ha)) = w9 [h] — w (97" (h) N €) — w(gh(ha). Suppose for the
sake of contradiction that w(Ry) < A — 1. From Lemma [31] we have w(gj(hg)) < (A —1).
Thus, we have w9 [h] —w (g7 ' (h) N €’) < 2(A —1). From Lemma we have that
w (g7 (h)NE’) < 0.5(A —1). Thus, we get w9 [h] < 2.5(A — 1). Then, by statement
of Lemma for each C € g;7*(h) \ €17 we have w(C) > 0.5(\ — 1). Since
w (g7 (h) N€’) < 0.5(\ — 1), this implies that if C' € g; '(h) N €', then C € g; '(h)Ne'N
¢Priv. But ¢ N €PTY = & by the constructions of €P**¥ and ¢’. Thus g; ' (h) N ¢’ = @.
Plugging this in w9 [h] —w (g7 (k) N €') < 2(X — 1), we get that w9 [h] < 2(A — 1), a
contradiction to g-weight condition of (€1, Hy,R1, g1, 9}) given by Lemma
Case 3. Re€ {Q € Qs : w(Q) > A}: in this case it is clear that w(R) > A.

The 4 conditions in the definition of PB-A-CoD are trivially satisfied by (€3, Hs, Rs, g3, g5)
as Hy = @. |

C.5 Step IV: Balanced Expansion

The algorithm for Step [(IV)|is completely given in the description in Section so we do
not repeat it here. We prove here the related lemmas that are required for correctness.

» Lemma 32. After the execution of the step during algorithm FindBCD, (C*, H*, f*)
remains a weighted crown decomposition of G.

Proof. Consider the r-th execution of step We do induction on r. The induction base
case is true because of Lemma in Step Let Cj, Hy and f§ be the C*, H* and f*
before the execution of the step. By induction hypothesis we can assume that (Cg, Hf, f§) is
a weighted crown decomposition (Note that step is the only place we modify C*, H* and
f* apart from once at the start in step . We know that C* = C5UCy and H* = Hj U H;
(see Step of FindBCD). Also, f* on Cf is same as fj, and f* on C; is same as f on
C1, where f is the assignment returned by the balanced expansion in Step By the
properties of balanced expansion, f satisfies:

a) there are no edges from f~!(H;) = C; to Hy in B.
b) f(C) € N(C) for all C € CC(Ch)
c¢) for all h € Hy, the f-weight of h is at least A and
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We know that there are no edges from Cj to C; as H* separates C* from G — H* — C*.
Thus all connected components in C* = C§ U C; are either connected components of Cy
or that of Cj. We now prove the conditions 1-4 in Definition [6] for (C*, H*, f*), thereby
showing that it is a WCD.

1. We know there are no edges from C§ to V(G') as (Cg, HE, f3) is a WCD. By a) above
and using that C7 contains only vertices in private components, we have that C; has no
edges to G’ — Hy. Hence, C* = C§ U C; has no edges to G' — H; = G — H*.

2. We deduce that each connected component of C; has weight less than A using that
(¢,H,MR,g,¢') is a PB-A-CoD. Also, each connected component of C§ has weight less
than A because (C§, H, f§) is a WCD. Thus, all connected components in C* = C§ U Cy
have weight less than A.

3. By b) above we have that f*(C) € N(C) for all C € CC(C). Also, we have that
f(C) = f5(C) e N(C) for all C € CC(Cy) as (C§, Hi, 1) is a WCD.

4. By c) above we get that the f*-weight of h is at least A for all h € H;. Also, we have
that f*-weight of h is at least A for all h € H*, using that (C§, Hy, f;) isa WCD. <

For the correctness of step it remains to show that after the deletion of C7 and H;
we still have a PB-A-CoD of the resulting graph in hand. Moreover, we need to ensure that
the remaining graph has no connected component of weight less than A, thus ensuring the
necessary condition on the working graph G’.

» Lemma 33. In the algorithm FindBCD in step[(IV)} (€\ € (Q1), H \ H1,R,g,9') is still
a PB-\-CoD of G' — (H, UC4), where C; = V (Q1). Furthermore, each component of
G'— (Hy U Cy) weighs at least X assuming that G' does not contain any connected components
of weight smaller than .

Proof. Since Ng:(C1) C Hy, we have that the g and ¢’-assignments of h € H\ H; remains the
same, after the deletion. Also R remains the same and € only looses some whole connected
components. From this, using that (€, H,9R,g,¢’) is a PB-A-CoD of G/, it is easy to see that
(€\€(Q1),H\ Hi,R,g,¢') is a PB-A-CoD of G' — Hy — C}.

Now, we prove the second part of the lemma. Suppose there was a connected component
of weight less than X\ in G’ — H; — Cy. Let this component be S. Since G’ did not have any
connected component of weight less than A\, we have that S has edge to either H; or Cy. It
cannot have edge to C1, as then it would be part of C;. It cannot have edge to H;, because
then also it will be part of Cf. <

Next, we analyze the running time of step |(IV)]
» Lemma 34. In the algorithm FindBCD, step runs in time O(|V||E|).

Proof. Finding a balanced expansion in G’ costs O(|V||E|) by Lemma [4| and Theorem
All remaining steps within step take no more time than O(|V||E]). <

Finally, we show that the outer and inner index stays unchanged after this step.

» Lemma 35. In the algorithm FindBCD, after step |(IV) the outer and inner index stays
unchanged.

Proof. Recall that the outer index corresponds to |H*| + |H| + || and the inner index to
|H*| + |H|. Since we remove H; from H and add to H*, and R is unmodified, the lemma
holds. |

35



36

Balanced Crown Decomposition for Connectivity Constraints

C.6 Step V: Private Assignment

Let (€0, H,R, g0, gy) be the PB-A-CoD L at the start of the step. In this step, we give an
algorithm that given (€o, H, R, go, gj) and a function f : Q5" — H such that the f-weight
of each h € H is at most 3\ — 3 (such an f is given by Step as input, outputs a
PB-)\-CoD (€, H,%R, g,¢’) such that:

1. (¢,H,%R,9,¢') is a PB-A-CoD, and
2. all sub-components in €5 are g-assigned , and

We give this step in the form of 3 subroutines AssignPriv, MergeSubComp, and FillDeficit
that will be executed in that order. In AssignPriv we g-assign all the private compon-
ents, but may violate the property that a sub-component is g-assigned to its neighbor. In
MergeSubComp we rectify this by merging some sub-components. In FillDeficit, we fill
up the g-assignments with the non-private sub-components so that the weight conditions
required for PB-A-CoD are satisfied.

Let Q' and €& be the set of private components and private sub-components
respectively in €. The algorithm AssignPriv will create an assignment g from €y to H
such that all the private sub-components in (‘lgriv are g-assigned, and the following conditions
are satisfied for each h (we call them the h-conditions):

1. N9[h] is connected,
2. wIh] is at most 3\ — 3, and A
3. either w9[h] > 2\ — 1, or g5 *(h) N &E™" C g~ (h).

First of all, we will create for each h € H an initial assignment of g according to f. That
is, for every h € H we g-assign to h all the sub-components of each @ € f~!(h). At
this point, all sub-components in Cgriv are g-assigned, and we will maintain this invariant
during the remaining algorithm. We also satisfy h-conditions 1 and 2 throughout. The
algorithm terminates when h-condition 3 is satisfied. The correctness and run-time analysis
are performed below each step.

C.6.0.1 Algorithm AssignPriv:

1. For each Q € QF*", and for each sub-component C' of Q, we set g(C) = £(Q).

Note that N9[h] is connected for every h € H by definition of f. Also, w9[h] = w/[h] <
3\ — 3 for every h € H. Thus h-conditions 1 and 2 are satisfied for all h € H. Also,
all the private sub-components are now g-assigned. Note that it is possible now that
g(C) ¢ N(C) for some C € g~!(h). This will only be rectified in MergeSubComp.
Running time: O(|V]).

2. Construct an auxiliary graph G = (V = H U Q:Sriv,ﬁ) where E contains the pair
C1,Cy € €y as an edge if there is an edge between C; and C3 in G, and the pair
C € €y, h € H as an edge if C has an edge to h in G.

Consequently, if G[H'U@}] is connected for some €, C €y and H' C H, then G[H'UV (€})]
is also connected.
Running time: O(|E|).

3. For each h € H, construct a spanning tree T}, rooted at h of the graph G[{h} U g~1(h)].
Note that €™ = |,y V(T — h) and that T}, and T}, are disjoint for distinct & and h'.
Also observe that the subtree of T}, rooted at x € ‘A/(Th — h) has weight at most A\ because
it is completely contained in a connected component of G[€y] due to its connectedness.
Running time: O(|E|).



K. Casel, T. Friedrich, D. Issac A. Niklanovits and Z. Zeif

4. As long as there is an h € H whose h-condition 3 is violated: since h-condition 3
is violated, we know that gy (h) N €F™ ¢ g~'(h) and hence there exist some C €

(go_l(h) N Q:griv) \ g~1(h). We know C € g~L(I) for some b’ # h because all sub-
components in €57 are g-assigned by Step of AssignPriv. This implies that C is a

vertex of Ty,. Consider the subtree rooted at C, i.e. T/ (C). We update g(C) = h for all

C € V(T (C)). We then remove T}/ (C) from T}, and attach it to T}, with C as a direct
child of k. Note that C indeed has an edge to h for such an attaching, because go(C~') = h.
To see that h-condition 1 is not violated, observe that we maintain for all h € H that T},
contains exactly those vertices of G in N9[h], and that T}, still remains a tree. To see
that h-condition 2 is not violated, observe that we only g-assign something to h only if
w9h] < 2X — 1. Also, the weight of the new additional assignment is at most A, because
we only move a proper subtree of T} from &' to h, and any proper subtree of T}, has
weight at most A\. We do not g-unassign something that was g-assigned, so it is clear
that all private sub-components remain g-assigned. Since step 4 is repeated as long as
h-condition 3 is violated by some h, when the step terminates we have that h-condition 3
is satisfied. We show below that this step indeed terminates, and in fact is only repeated
at most O(|V]) times.

Running time: O(|V||E|). It is easy to see that each iteration of the step runs in O(|E|)
time. We will bound the number of iterations by O(|V|). For this, observe that each C
will be picked only once as the root of the tree to be moved. This is because once it is

picked then ¢g(C) = go(C), and it is afterwards not moved when some other vertex is

picked, because C now is a direct child of h and does not occur in the subtree of any
other vertex in T, — h.

From the discussions at the end of each step of AssignPriv, we have the following lemma.

» Lemma 36. 4ssignPriv runs in O(|V||E|) time and when it terminates, the h-conditions
are satisfied and all the sets in € are g-assigned.

C.6.0.2 Algorithm MergeSubComp:

For each h € H, and for each child C of H: merge all the sub-components that are in the
sub-tree of T}, rooted at C' and add it as a single sub-component to €; then g-assign this
component to h. Finally add all the sub-components in €y \ €& to ¢;.

The merged sub-components have weight less than A as each proper sub-tree of T} has
weight less than . Also every vertex in V(€y) now appear in a sub-component in € as
each sub-component in QSriV appears in some Tj,. Crucially, now for each g-assigned C € €,
we have g(C') € N(C). Also, notice that each private sub-component of € is formed by
merging of private sub-components in €y, and the non-private sub-components of € are the
non-private sub-components of €.

Running time: O(|E|).

C.6.0.3 Algorithm FillDeficit:
For each h € H , if w9[h] > 2\ — 1 then assign ¢'(h) = &, otherwise do the following:

(a) let Cy,Cy,...,C, be the sub-components in €, \ €67 that were gg-assigned to h, in
decreasing order of weight.
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(b) Starting with ¢ = 1, as long as w9[h] + w(C;) < 3X — 3 and ¢ < p, we g-assign C; to h,
and increase ¢ by 1.

(c) If i < p then assign ¢'(h) = C;, otherwise assign ¢'(h) the sub-component in € that
contains ¢{(h) as a subset (such a sub-component should exist because we only merged
the components in €y to get the components in €).

Running time: O(|E|+ |V|log|V|). Here |V|log|V| is for the sorting in decreasing weight.

» Lemma 37. For some h € H, if Step@ of FillDeficit g-assigns all of Cv,Cs,...,C)
to h, then each C € gy (h) is a subset of some C' € g~ (h).

Proof. Since FillDeficit enters Step|[(a)|for &, it should be the case that w9 [h] was less than
2)\ — 1 before FillDeficit. Then, since the h-condition 3 was satisfied after AssignPriv,

we have that all subcomponents in C' € gy (k) N (Qfo N (Cgriv) were g-assigned to h after

AssignPriv. Also, we g-assign to h all C' € g5 '(h) N (Qfo \ Qigriv) in FillDeficit, by
assumption of the lemma. Hence, the lemma follows. |

» Lemma 38. After FillDeficit, we have w9[h] <3\ —3 for allh € H.

Proof. We maintained the upper bound 3A — 3 during AssignPriv by h-condition 2. The
g-weight does not change in MergeSubComp. In FillDeficit, we g-assign the C; one by
one, only as long as the g-weight remains at most 3\ — 3. Thus we have the required upper
bound. |

» Lemma 39. After FillDeficit, (€, H,R, g,9) is a PB-A-CoD and all private sub-
components in € are g-assigned.

Proof. We first prove the 3 conditions for (€, H,%R, g) to be a A-CoD.

1. component condition: this is satisfied as V (€) = V(&y).

2. g-neighbor condition: due to MergeSubComp, we have that g(C') € N(C) for all g—assigned
CinC.

3. R-condition: follows because we have not modified R in this step of FindBCD.

Next, we prove the 4 conditions required by PB-A-CoD.

1. ¢’-neighbor condition: By FillDeficit, we have that if ¢’(h) # @ then ¢'(h) is either
a superset of gj(h) or in gy '(h), and hence is in Ng(h). So it only remains to prove
that ¢’(h) is not in g=!(h). If FillDeficit allocates one of the C; : i € [p] as ¢/(h) then
this is indeed the case clearly as FillDeficit g-assigns only Cq,...,C;_1. So assume
the other case, i.e., when ¢’(h) is the superset of g{(h). Suppose ¢'(h) € g~*(h) for
the sake of contradiction. This means that all of C;,Cy,...,C, was assigned to h by
FillDeficit. Then we claim that w9[h] > w9+9%[h]. By Lemma we have that
V(gy*(h)) is contained in V(g~'(h)). Since V(g4(h)) € V(g'(h)) is also contained in
g~ 1(Rh) by assumption, we have that indeed w9[h] > w9 +9% k] > 3\ — 2, a contradiction
to Lemma [38

2. g-weight condition: the upper bound 3\ — 3 on the g-weight of any h € H is given by
Lemma Now, we prove the lower bound 2A — 1 on the g-weight of any h € H. Suppose
there is an h violating this lower bound i.e., w9[h] < 2X — 1 after FillDeficit. This
means that w9[h] < 2X — 1 before FillDeficit and hence Step @of FillDeficit was
entered for h. If FillDeficit g-assigned all of C,Cs,...,C, to h in Step @ then by
Lemma we have that w9[h] > w9[h] > 2\ — 1, a contradiction. Thus there exists
some i € [p] such that only Cy,Cy,...,C;_; was g-assigned to h in Step But then
wIh] + w(C;) > 3\ — 2, implying w(C;) > A, a contradiction.
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3. (g+ g')-weight condition: If h has already a g-weight of at least 2\ — 1 after AssignPriv,
then observe that we don’t g-assign anything to h afterwards. So in that case all
the g-assigned sub-components to h are private sub-components. Then the (g + ¢')-
weight condition is trivially satisfied. So assume that h has g-weight less than 2X\ — 1
after AssignPriv. This means that in FillDeficit, Step @ is entered for h. If
FillDeficit allocates one of the C; : i € [p] as ¢’(h) then it is clear by construction that
w99 [h] > 3X\ — 2. So assume that it g-assigns all of C1,Cy, ... C, to h and ¢'(h) 2 gf(h).
Then by using Lemma [37] and the properties of PB-A-CoD (&€, H, R, go, ho), we have
that w99’ [h] > w99 [h] > 3\ — 2.

4. 0.5(A—1) condition: If h has already a g-weight of at least 2\ — 1 after AssignPriv, then
observe that we don’t g-assign anything to h afterwards. So in that case all the g-assigned
sub-components to h are private sub-components. Then the 0.5(A — 1) condition is
trivially satisfied. So assume that h has g-weight less than 2A — 1 after AssignPriv. Also,
assume that the 0.5(\ — 1) condition condition is violated for the sake of contradiction.
Then we have that w9[h] < 2.5(A — 1) and there is a non-private sub-component in ¢;
that has weight less than 0.5(\ — 1). Let this sub-component be C. Now, note that we
g-assign non-private sub-components only during FillDeficit. Thus, C' was g-assigned
in FillDeficit and hence C' = C; for some i € [p]. But this means that C' was also
go-assigned to h. Then, by the 0.5(A—1) condition of (€q, H, R, go, ho) we have that the go-
weight of h is at least 2.5(A —1). This means that we did not g-assign all of C1,Cy,...C),
to h because otherwise by Lemma we have that w9h] > w9[h] > 2.5(A — 1), a
contradiction. This means that ¢'(h) = C; for some j > i € [p]. Also w(C;) > 0.5(A —1)
because otherwise we would have g-assigned C; also. This means that C1,Cy,...,Cj_1
have weight at least 0.5(\ — 1) as we arranged them in decreasing order of weight. In
particular, w(C;) > 0.5(\ — 1), a contradiction.

Now, it only remains to prove that the private sub-components of € are g-assigned. This
holds because all private sub-components of &, were g-assigned after AssignPriv and the
private sub-components of € are formed by the merging of private sub-components of € in
MergeSubComp, where each such merged sub-components was g-assigned. |

Lastly, we point out that the outer-index or inner-index does not change during this step of
FindBCD, since H*, H and R are the same as before.

C.7 Step VI: Merge unassigned sub-components

In this step, we do the following algorithm:

C.7.0.1 Algorithm MergUnassgndSComp:

As long as there is a sub-component C € € that is unassigned and not a whole connected
component then:

1. Clearly there exists a C’ € € such that there is an edge between C and C’. Merge C
and C’ into a single sub-component of € (and remove C and C’ from €). Let C be the
new merged component. If C’ was g-assigned to some h, then g-assign C to h. If now
g-weight of h is at least 3A — 2, then:

(a) Let C1,Cy,...,Cp be the non-private sub-components g-assigned to h in increasing
order of weight. (Note that p > 1 as C is one such sub-component). Remove them one
by one from g=1(h) in order, until w9[h] < 3\ — 3. Assign ¢’(h) as the last removed
C;.
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To see that in Step I@ we do get back to a g-weight of at most 3A — 3 by the deletions,
note that C is a non-private sub-component and removing C would make the g- Welght at
most 3\ — 3, as the g-weight went above 3\ — 3 only after the addition of C’ C C to the
g-neighborhood of h.

» Lemma 40. After MerqUnassgndSComp, the following holds:

(a) (€, H,R,9,q9") is a PB-A\-CoD,

(b) all sub-components in €PYV are g-assigned, and

(c) for each Q € CC(V(€)), either all sub-components of Q are g-assigned, or Q itself is a
single sub-component in €.

Proof. (a) Since V(€) and 2R have not been modified, the component condition and the
R-condition of A\-CoD are satisfied. The g-neighbor condition also remains satisfied
because C is the only newly assigned sub-component and it is g-assigned to a neighbor of
it by construction. The g-weight of h remains at most 3\ — 3 because of Step @ It
does not go below 2\ — 1 either, as we delete sub-components only as long as the g-weight
is at least 3\ — 2 and the weight of the deleted sub-component is less than A. Thus the
g-weight condition is satisfied.

Now let us prove the g’-neighbor condition. Suppose this is violated. Therefore for some
h € H, we have ¢'(h) # @ and ¢'(h) ¢ Ne(h) \ g~ (h). If ¢'(h) was assigned during
Step [1][(a)] then it is clear by construction that ¢'(h) € Ne(h) \ g~ *(h). Thus Step [1][(a)]
was not executed and ¢’(h) was assigned before MergUnassgndSComp. Since g’-neighbor
condition was satisfied before, we know that ¢’(h) € Ng(h). Thus, we have ¢'(h) € g=1(h).
Since ¢’(h) was not in g~!(h) before, this means that g’(h) = C’. But then by (g + ¢')-
weight condition we know that adding C to the g-neighborhood would have increased the
g-weight to at least 3A — 2. Thus Step @ was executed, a contradiction.

Now, we prove (g + ¢')-weight condition. First note that we do not assign ¢'(h) as
@ in MergUnassgndSComp. The only point where we delete from g-neighborhood is in
Step @ Thus, w99’ [h] can decrease only if Step @ is executed. But in this case
by construction we have that w9t9' [h] > 3\ — 2.

Now, we prove 0.5(A — 1) condition. The only possibility where it can be violated is
in Step @ Suppose we removed C1,Co, ..., C; in this step. If w9[h] is still at least
2.5(A—1), then we are fine. So suppose it is lesser. Then w(C;) > 0.5(A—1) as before the
deletion of C;, the g-weight of h was at least 3\ —2. Then we have that w(C;) > 0.5(A—1)
for all j > i as Cy,Cs,...,C, are arranged in increasing order of weight. Thus all the
non-private components that remain in g=*(h) have weight at least 0.5(\ — 1), thus
satisfying the 0.5(\ — 1) condition.

(b) We know this condition was batibﬁed before MergUnassgndSComp from the output of
Step [(V)] of FindBCD. Here in Step [[VI), we do not g-unassign any private components.
Note that C,C", C and the sub- components we delete in Step |1 @ are all private
sub-components. So this condition remains true.

(¢) By construction, the algorithm MergUnassgndSComp terminates only when this condition
is satisfied. It indeed terminates in at most |V iterations because at each iteration we
merge two sub-components and therefore there can be only at most |V| merges. |

» Lemma 41. MergUnassgndSComp (and hence Step of FindBCD) can be implemented
in O(|VI|E|) time.

Proof. The number of iterations of the algorithm is at most |V| because each iteration
merges 2 sub-components. We can sort the sub-components by weight at the start of the
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algorithm. This only takes O(|V|log|V|) per iteration. We only need to update the sorted
list during each merge. This only takes O(|V|) per iteration. The remaining procedures in
an iteration can be done in O(|E|) by standard methods. <

Lastly, we point out that the outer-index or inner-index does not change during this step
of FindBCD, since H*, H and R are the same as before.

C.8 Step VII: Final Step

The algorithm for Step |(VII)|is completely given in the description in Section so we do
not repeat it here. We prove here the related lemmas that are required for correctness.

» Lemma 42. In the algorithm FindBCD in Step |(VII), if (€, H,R,g,q") is a FB-A\-CoD of
G’', then the deduced (C*, H*,R*, f*) is a A-BCD of G.

Proof. Every time if we extend C*, H* and f* in Step and Step we ensured that
C*, H* and f* are a WCD of G by Lemma [13| and Lemma respectively. That is, the
first four conditions are satisfied in the definition of A-BCD [6l

The remaining condition concerning R* is ensured by property of FB-A-CoD, which we

have already explained in Step in Section <

Since Step |(VII)|is the only possibility for the algorithm to terminate, we have the following
corollary.

» Corollary 43. If the algorithm terminates, then it terminates by giving a A-BCD.

C.9 Proof Conclusion of Balanced Crown Decomposition Theorem

In this section, we conclude the proof of correctness and runtime of algorithm FindBCD as
desired in Theorem [7} We show in the Sections that each step in FindBCD works
correctly and that each step needs no more time than O(|V||E|). The runtime is easy to see
for Steps [(DH(II)| and and hence we did not state this explicitly. In particular, we have
shown that (€, H,R, g, ¢’) is a PB-A-CoD at the end of any step throughout the algorithm,
by Lemmata and [40] For the correctness of the algorithm FindBCD, it
only remains to show that it terminates, because if it terminates then it gives a A-BCD by
Corollary We will show now that in fact the algorithm can perform at most k2 iterations.
Recall that k = |H*| + |9%*| according to Theorem [7| This will then also prove the required
running time.

» Lemma 44. There are at most k? iterations of Algorithm FindBCD. Moreover, the outer
index never decreases.

Proof. We proved that the outer index never decreases during any step, and as long as outer
index remains same, the inner index does not decrease, by Lemmata 20} 24] [35] Note that in
Steps and and we do not modify H*, 2R and V(€) and hence it is clear that
outer and inner indices remain same.

Moreover, in each iteration, when Step is executed we make progress, i.e. either the
outer index |H*| + |H| 4 |R] increases (Lemma [20)) or the outer index remains the same and
the inner index |H*| + |H| increases (Lemma [24)).

Observe that k = |H*| + |R*| = |H*| 4+ |H| + | R| at the time of termination in Step
and hence outer-index and inner index are at most k always. Thus there are at most k2
iterations of Algorithm FindBCD. <
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This concludes the proof of Theorem 7] We conclude the section with three tool-lemmas that
will be used in the applications in later sections to build connected-vertex partitions.

» Lemma 45. In the algorithm FindBCD, there exists a [\, 00)-CVP of V of size equal to
the outer index |H*| + |H| + |R| after any step in any iteration. Moreover, such a CVP
can be found in linear time given the PB-A\-CoD (€, H,R, g,4") and the WCD (C*, H*, f*),
maintained by the algorithm.

Proof. First we show how to construct a [\, oo)-connected packing of V' of size |H| + |R|
from (€, H,R,g,g"). We have shown that (&€, H,R, g, g’) is a PB-A-CoD at the end of any
step throughout the algorithm, by Lemmata and [0} Let Vj, :=
{r}UV (g7*(h)) for every h € H. Recall that by property of PB-A-CoD we have w(V}) > A
for every h € H and G[V;] is connected, since g(C’) € N(C’) for every C' € g~ '(H).
Moreover, g is a function, i.e. (),.y Vi = @. As a result, we obtain by Vg := {V), | h € H}
a [\, 00)-connected packing of H U V(&) of size |H|. By property of PB-A-CoD, R is a
[\, 00)-connected packing of size |R| of V' \ H U V(€). Thus, Vg UR is a [A, co)-connected
packing of V' of size |H| + |R].

Next, we show how to construct a [A, co)-connected packing of C* U H* of size |H*|
using f*. We will use that (C*, H*, f*) is always a weighted crown decomposition of G
(see Lemma (13| and Lemma . Let Vi :={h} UV (f*_l(h)) for every h € H*. Recall
by the weighted crown decomposition we have w(V,*) > X for every h € H and G[V)] is
connected, since f(Q) € N(Q) for every @ € CC(C*). Moreover, f*: CC(C*) — H is a
function, i.e. (N, oy Vi = 9. Asaresult, Vi; :={V;* | h € H*} is a [\, 00)-connected packing
of C* U H* of size |[H*|.

Thus 7 := Vg UR UV}, is a [, 00)-connected packing of V' of size equal to the outer
index |H*|+|H|+|R|. Observe that V(7T includes all vertices V(R)UHUH*UV (f~(H)).
That is, only vertices in V(&) are not included in V(7). Just add those vertices to some
vertex sets in T such that 7 becomes a [\, 00)-CVP of V of size |H*| + |H| + |9R|. Note that
such a CVP is guaranteed, since each component in the working graph G’ in the algorithm
weighs at least A and each component CC(V(€)) weighs less than . <

» Lemma 46. Let G = (V, E,w) be a vertex-weighted graph. Let A € N and let (C, H, f,*R)
be a A\-BCD of G. There exists a [\, 00)-CVP of C UH of size |H|.

Proof. Let Vj, := {h} UV (f~1(h)) for every h € H. Recall by property of A-BCD we
have w(Vy) > A for every h € H and G[V3] is connected, since f(Q) € N(Q) for every
Q € CC(C). Moreover, f: CC(C) — H is a function, i.e. (,cy Vi = @. As a result, we
obtain a [\, 00)-CVP of CUH by {V}, | h € H} of size |H|. <

» Lemma 47. Let G = (V, E,w) be a vertez-weighted graph. Let A € N and let (C, H, f,R)
be a A\-BCD in G. There exists a [X,00)-CVP of V of size |H| + |R|.

Proof. We make use of Lemma [46] and obtain a [, 00)-CVP Vg of C'U H of size |H|. By
property of A-BCD, R is a [, 3(A — 1)]-CVP of size |R| of V' \ (CUH). Thus, Vg UR is a
[X,00)-CVP of V of size |H| + |R]. <

D Applications of Balanced Crown Decomposition

In the following subsections we give the detailed versions of the applications of the balanced
crown decomposition.
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D.1 Kernel for IW-weight Separator

The prototype application for crown decompositions is kernelizations for vertex deletion
problems. As our first application of the balanced crown decomposition we therefore consider
the W-WEIGHT SEPARATOR problem. For W € N, a set S C V is called a W -weight vertex
separator for a vertex-weighted graph G = (V, E,w) if each connected component of G — S
has weight less than W. By KWSEP we denote the parameterized problem to decide for
instances (G, W, k) if there exists a W-weight vertex separator for G of size at most k. We
say S is a solution for (G, W, k) if |S| < k and S is a W-weight vertex separator for G.

We investigate the parameterized complexity of KWSEP and consider the parameter k+W.
Recall that KWSEP is not fixed parameter tractable by considering & or W individually as
parameter, as it is para-NP-hard for parameter W and is W[1]-hard for parameter k by [I5].

Let (G,W, k) be an instance of KWSEP. To simplify the algorithm, we assume that
W > wmax, since such vertices have to be included in any solution. Moreover, we remove
all connected components that have a weight less than W in G. Note that this is a valid
reduction rule, since those components require no further separation. Thus, we can assume
that each component in G has a weight of at least W. That is, we satisfy the input of the
algorithm FindBCD to obtain a W-BCD (C, H,fR, f) of G (see Definition @ which yields the
following formal kernelization algorithm.

D.1.0.1 Algorithm WSepKernel:

We first call the algorithm FindBCD with W to obtain a W-BCD (C, H, R, f) of G. If during
the algorithm FindBCD the outer index becomes greater than k, then just cut-off FindBCD
and output a trivial no-instance. Otherwise, output (G — (CU H) , W,k — |H|).

We start by observing that |H| + || > k implies that (G, W, k) is a no-instance. Since
the outer index only increases (Lemma and finally becomes |H| + || (Theorem [7), such
a lemma ensures the correctness of this step.

» Lemma 48. If |H| + |R| > k, then (G, W, k) is a no-instance.

Proof. We make use of Lemma [47] and obtain a [W, 00)-CVP of V of size |H| + [R]. Since
the vertex sets in this partition are disjoint, we need at least one vertex in each part for a
feasible solution. This fact concludes the lemma. |

For the correctness of WSepKernel it remains to show that (G — (CUH), W,k — |H|) is a

valid reduction rule for (G, W, k), and that we obtain the desired kernel in case |H| + 9| < k.

We point out, that the following proof uses the standard techniques to derive a kernel from a
crown decomposition (see e.g. [19] 26] [42]). Nevertheless, the full proof is provided, for the
sake of completeness.

» Lemma 49. (G,W,k) is a yes-instance if and only if (G—{HUC} , W,k — |H|) is a
yes-instance. Furthermore, |H| + |R| < k implies w (G — (HU(C)) < 3k (W —1).

Proof. Let S be a solution of size k for the instance (G, W, k). Consider the partition of S
into S. =SN(CUH) and S, =S\ S.. By Lemmathere isa [W,00)-CVP Vg of CUH
of size |H|. Since S is a feasible solution, we obtain SNV’ # & for each V' € Vy. Moreover,
the |H| vertex sets in Vy are pairwise disjoint, hence |H| < |S.|. Consequently, we obtain
|Sy| < |S|—|H| =k —|H|. Let G’ = G — (HUC). We claim that S, is a solution of the
instance (G', W, k — |H|), i.e. S, is a W-weight vertex separator in G'. Assuming that S, is
not a W-weight vertex separator in G’, there exists at least one connected vertex set D in
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G’', with w (D) > W and DN S, = &. Since S is a solution of G, we obtain that SN D # &
which contradicts DN S, =@ as S\ S, =S. CCUH and D C V(G)\ (CUH). Thus, S,
is a W-weight vertex separator in G’ of size at most k — |H]|.

Conversely, let S be a solution for the instance (G — {H UC}, W,k — |H|) of size k—|H|.
Since the components in CC(C) have weight less than W and H separates V' \ (H U C) from
C, it is easy to see that S’ U H has size k and is a solution for (G, W, k).

The second part of the lemma can be seen as follows. By |H| + |93| < k we obtain
|R| < k — |H|. Since R is a [W,3(W —1)]-CVP of V' \ (CU H), the reduced instance
(G- (CUH), W,k — |H|) satisfies w (G — (CUH)) < 3|R| (W —1) <3(k— |H|)(W —1).

<

D.1.0.2 Running time:

The algorithm FindBCD runs in O (%2|V| |E |) (see Theorem H} Since we have at most k + 1
iterations in FindBCD, (i.e. the outer index is bounded by k + 1), we obtain O (Z2|V| \E|) C
O ((k +1)* V| |E|) = O (k?|V||E]|). This completes the proof of the following theorem.

» Theorem 8. W-WEIGHT SEPARATOR admits a kernel of weight 3k (W — 1). Furthermore,
such a kernel can be computed in time O (K*|V||E|).

D.2 Kernelization and Approximation for 1V-weight Packing

In a similar fashion as in the previous section, a balanced crown decomposition can be used
to derive a kernelization for connected packing problems - in a linear programming sense, the
dual of the W-WEIGHT SEPARATOR problem. For this type of problem, the packing provided
by our balanced crown decomposition can also be used to derive an approximate solution.
Formally, we consider the following notion of packing. For W € N, we call T = {T1,..., Ty},
a W-packing of a vertex-weighted graph G = (V, E,w) if T; C V, G [T;] is connected and
w(T;) > W for alli € [¢], and T; N T; = @ for all 4,5 € [¢] with ¢ # j.

We denote the optimization problem to find a W-packing of maximum size by WPACK.
By KWPACK we denote the parameterized problem to decide for instances (G, W, k) if there
exists a W-packing of size at least k in G. We say T is a solution for (G, W, k), if |T| > k
and T is a W-packing for G. We show that a balanced crown decomposition directly gives a
3k (W — 1)-kernel for KWPACK, as well as a 3-approximation for WPACK.

We start with the kernel result, so let (G, W, k) be an instance of KWPACK. As reduction
rule, we first remove all connected components in G, of weight less than W. Note that this
is valid, since such components cannot be part of any solution. Thus, we assume that the
components in G have weight at least W. With this, we satisfy the input of the algorithm
FindBCD to obtain a W-BCD (C, H,%R, f) of G (see Definition [6]), which formally yields the
following kernelization algorithm.

D.2.0.1 Algorithm WPackKernel:

We first call the algorithm FindBCD with W to obtain a W-BCD (C, H,*R, f) of G. If during
the algorithm FindBCD the outer-index becomes k, then just cut-off FindBCD and output a
trivial yes-instance. Otherwise, output (G — (CUH), W,k — |H]|).

Since the outer-index only increases (Lemma [44]) and finally becomes |H |+ |R| (Theorem
[7), the following lemma shows the correctness in case |H| + |R| > k.
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» Lemma 50. If |H| + |R| > k, then (G, W, k) is a yes-instance.

Proof. We make use of Lemma [47| and obtain a [WW, 00)-CVP of V of size |H| + || which is
a solution for the KWPACK instance (G, W, k). <

Next, we show a more general relation between a W-BCD (C, H, R, f) and a W-packing
T for G, that will be useful for both the kernelization and the later approximation result.
Denote for a W-packing T of a vertex-weighted graph G = (V, E,w) and a subset H C V by
TH the subset of T of sets intersecting H, i.e. TH :={T € T|TN(CUH) # 3}. Then the
structure of the W-BCD yields the following connection.

» Lemma 51. Let G be a vertex-weighted graph and W € N. For any W-BCD (C, H, %R, f)
and W -packing T for G, it follows that ‘TH’ < |H]|.

Proof. Let (C, H,fR, f) be a W-BCD of G and T be a W-packing for G. By the separator
property of a W-BCD, the set H separates C from V'\ (C U H), and the connected components
of G[C] have weight less than W. Thus, every T € T contains at least one vertex of H;
recall that each set T in 7 has to be connected and weigh at least W. Since the sets in T are
disjoint and TH C T, every h € H is included in at most one set in 7. As, by definition,
at least one vertex from H is in each set in 77 it follows that |7 | <|H]|. <

For the correctness of the algorithm WPackKernel it remains to show that the reduction
in case |H| + |R| < k is valid, and gives a kernel of the desired weight.

» Lemma 52. (G,W,k) is a yes-instance if and only if (G— (CUH),W,k—|H|) is a
yes-instance. Furthermore, if |H| + |R| < k, then w (G — (CUH)) <3k (W —1).

Proof. Assume (G,W,k) is a yes-instance and let 7 = {T1,...,T}} be a corresponding
solution for (G, W, k). Denote by TH :={T € T|T N (CUH) = @},ieTH, T isa partition
of T. Observe that by definition 7 is a W-packing for G — (C' U H). By Lemma it
follows that |77 | < |H| which yields ‘TH’ =|T|—|T#| > k- |H|. As a result, T" is a
feasible solution of size at least k — |H| in G — (C' U H), hence (G — (CUH) , W,k — |H|) is
a yes-instance.

Conversely, assume (G — (CU H) ,W, k — |H|) is a yes-instance and let 7/ = {Tl’, . 7T,g_‘H‘}

be a solution for (G — (CUH),W,k — |H|). By Lemma 46| we obtain a [W,00)-CVP Vg
of C' U H of size |H|. Thus, 7' U Vg is W-packing of G of size k, hence (G,W,k) is a
yes-instance.

The bound on the kernel size can be seen as follows. By |H| + || < k we obtain
IR| < k — |H|. Since R is a [W,3(W —1)]-CVP of V \ (CUH), the reduced instance
(G- (CUH), W,k — |H|) satisfies w (G — (CUH)) < 3[R[(W —1) <3 (k— |H|) (W —1).

<

D.2.0.2 Running time:

The algorithm FindBCD runs in O (%2|V| |E |> (see Theorem . Since we have at most k

iterations in FindBCD, (i.e. the outer-index is bounded by k), we obtain O <E2|V| |E|) -
O (K*|V||E]). This completes the proof of the following theorem.

» Theorem 9. W-WEIGHT PACKING admits a kernel of weight 3k (W — 1). Furthermore,
such a kernel can be computed in time O (K*|V||E|).

Lastly, we show that a W-BCD can also be used to derive a 3-approximation for WPACK.
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» Lemma 53. Let G = (V,E,w) be a vertez-weighted graph and W € N. If there exists a
W -packing of size k for G, then a W-packing of size at least [k/3] can be derived from any
W-BCD for G in linear time.

Proof. Let T = {Ti,...,T;} be a W-packing for G and (C, H,9R, f) be a W-BCD for G.
By Lemma [51| we have that |[T7| < |H]|. Denote again 7% = 7\ T#. Since TH UTH is a
partition of 7, we obtain ‘Tﬁ‘ =k — |TH"| <k — |H| and therefore, k < ‘Tﬁ’ + |H|.

Since R is a [W,3(W — 1)]-CVP of V' \ (CUH) it follows that w (V' \ (CUH)) =
w(V (R)) < 3|R|W. Any packing that includes only vertices of V' \ (C'U H) consequently
has size at most 3|9R| — 1. Since we have T C V \ (C U H) for every T € T we obtain
’T ﬁ‘ < 3|R|.

To construct a W-packing of cardinality at least [k/3] from the W-BCD, note that R
is a W-packing of V' \ (C U H). We make use of Lemma [46] and obtain a [W, 00)-CVP Vy
of C U H of size |H|. As a result, RU Vy is a W-packing of V' of size |R| + |Vg| of G as
VR)NV (V) = @. Finally, k < ‘Tﬁ’ + |H| < 3|R| + |Vy| yields the claimed size of at
least [k/3] for the derived W-packing U Vy. <

Computing a W-BCD (C, H, %R, f) for a vertex-weighted graph G can be done in
(@) (%2|V| \E|) by Theorem |7| where k = |H| + |%R]|. Since any W-BCD (C, H, R, f) yields a
W-packing of size |H| + ||, k cannot be larger than the size of a maximum W-packing for
G. Hence, Lemma [53]in particular shows the following.

» Theorem 10. A 3-approximation for the optimization problem of W-WEIGHT PACKING
can be computed in O (k:*2|V| |E|), where k* denotes the optimum value.

D.3 Approximations for BCP

Our third example of problems that benefit from the structure of a balanced crown decom-
position, are connected partition problems. We consider the problems Max-MIN BCP and
MinN-MAX BCP, and first recall their definition.

For a vertex-weighted graph G = (V, E,w) and V' C V, we call a partition 7 of V' a
CVPy of V'if T isa CVP of V' with |T| = k. In Max-MiN BCP we search, on input
(G, k) with k € N, for a CVPy, T = {T1,..., Ty} of V such that min;e) w(7;) is maximized.
Conversely, as the name might suggest, in MIN-MAX BCP the value max;e () w(7;) should
be minimized.

D.3.1 Approximation for Max-Min BCP

Let (G, k) be an instance of MAX-MIN BCP. We can assume that G has at most &k connected
components and at least k vertices. Otherwise, the instance does not have a feasible solution.
Furthermore, we denote the smallest weight of the connected components in G by Wiy,
Let X* be the optimal value for the instance (G, k). Note that X* < min (w(G)/k, Wiin)-
For any given X < min (w(G)/k, Wiin), we now use our balanced partition (as formally
stated in the algorithm MaxMinApx below) to either give a [X/3,00)-CV Py, or report that
X > X*. Once we have this procedure in hand, a binary search for the largest X in
the interval (0, min ([w(G)/k], Wiin)] for which we find a [X/3,00)-CV P}, can be used to

obtain an [X*/3,00)-CVPy, costing only an additional running time of factor O (log %)
as X* < min (w(G)/k, Wiin). Note that using algorithm FindBCD in the following procedure
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is valid, since all connected components of the input graph have a weight at least Wi, and
we only consider values X, with X < min (w(G)/k, Winin)-

D.3.1.1 Algorithm MaxMinApx:

We first call FindBCD with A = [X/3] to obtain a A-BCD (C, H,%R, f) of G. If during the
algorithm FindBCD the outer index becomes k, then just cut-off FindBCD and output an
[X/3,00)-CVPy, of V(G) by using Lemma[45] Otherwise, report that X > X*.

Note that the outer-index in FindBCD only increases (Lemma . Moreover, we point
out that in case the outer-index is k' < k after the termination of FindBCD, the algorithm
has computed a A-BCD (C, H, R, f) for A = X with ¥’ = |H| + || < k. The correctness of
MaxMinApx is proven through the following lemma.

» Lemma 54. If Algorithm MazMinApz terminates with outer index k' < k, then X > X*.

Proof. Let (C,H,%R, f) be the computed A-BCD for A = [X/3], and note that k' =
|H| + |R| < k. Suppose k' < k and X < X*. Let 7* = {TY,..., T} be an optimal solution
of (G, k), i.e., T* is a connected partition of V(G) with w(T;) > X* for all ¢ € [k], and
min;ep w(T;) = X

Consider the partition of 7* into TOYH := {T¥ € T*|T7 N (CUH) # @} and TOVH .=
{T; € T*|T; N (CUH) =@}. We show that [T | < |H| and ‘TCUH‘ < ||, implying
that |[7*| < |H| + |R| = k' < k, contradicting |T*| = k.

First we show ”TCUH‘ < |H]|. For this, it is sufficient to prove that T;* N H # & for each
Ty € TOYH since T* is a partition of V. We prove this by contradiction to the properties of
the A-BCD (C, H, R, f). Suppose there is a T € TCYH such that T N H = @. This implies
that T;* C C, as H separates C from V\(CUH). Moreover, T is completely contained in some
connected component of G[C] as T is connected. Hence, w(T}*) < X because the connected
components of G[C] have weight less than A = X. Thus, w(T;) < A = [X/3] < [X*/3],
which is a contradiction to min;epy w(7T;) = X*.

Next, we show ‘TCUH‘ < |R]. From the properties of the A-BCD (C, H,R, f), we know

that w(R) < 3A—3 for each R € R. Thus, w(R) <3A—-3=3[X/3]-3 <3[X*/3]-3< X~

Hence, w(V \ (C U H)) < |R|X*. Since each T} € T* weighs at least X*, we obtain
’TCUH’ < |m‘ <

D.3.1.2 Running time:

The algorithm FindBCD runs in O <E2|V| |E |> (see Theorem . Since we have at most k

iterations in FindBCD, (i.e. the outer-index is bounded by k), we obtain O <E2|V| |E|) C
@) (kz\V| |E|) We modify slightly the binary search to optimize the running time. Let
g(f) =2, N> /¢ >1. We increase stepwise £ in g(¢) until we find an £* with g(¢*) <
X* <min (g (¢*+1),w(G)/k) =0 X <2X*. Afterwards, we perform a binary search in the
interval X € [g(ﬂ*), )?] As a result, the algorithm runs in O ((log X* + logX*) (k*|V||E|))
and thus, we obtain a running time in O (log (X*) (k*|V||E|)). This completes the proof of
the following theorem.

» Theorem 11. A 3-approximation for the MAX-MIN BCP problem can be computed in
O (log (X*) k?|V||E|), where X* denotes the optimal value.
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Finally, we point out that Theorem [L1] provides also an approximation algorithm for the
problem of finding a connected k-subgraph Max-Min edge partition in an edge-weighted
graph G. Formally the problem MAXMIN BALANCED CONNECTED EDGE PARTITION
(MAXMINBCEP) searches on an edge-weighted graph G = (V, E,wg) with w: E — N and
k € N as input, for a partition {E1, ..., Ex} of E such that G[E;] is connected for each i € [k]
and that min;cpp we (E;) is minimal. The best known approximation for this problem is 2
by [3], however this result only holds for instances G = (V, E, wg) where wg(e) < wg(E)/2k
for each e € E. Our following result only gives an approximation ratio of 3, but it holds
without restrictions on the weights.

We can simply use our approach above, since we can consider the line graph as vertex-
weighted graph; note that connected vertices in the line graph can be represented as connected
edges in the original graph. This directly yields.

» Theorem 55. A 3-approximation for MAXMIN BCEP problem can be computed in
O (log (X*) k2|V||E|), where X* denotes the optimum value.

D.3.2 Approximation for Min-Max BCP

For the Min-Max objective it is not so trivial to derive an approximation from a A-BCD.
The main problem is that, in contrast to the Max-Min case, an optimal solution can (and
sometimes has to) build more than |H| sets from the vertices in HUC. With the connectivity
constraints, this means that some components in G[C] are in fact a set in the optimal partition.
Hence, when computing an approximate solution from a balanced crown decomposition,
we have to also choose some components from G[C] to be sets, while others are combined
with some vertex in H. In order to make the decision of where to place the components
in G[C], we use a min-cost flow on a network that models the options for components in
G|[C] to either be sets or be combined with some vertex in H. With this additional use of a
cost-flow network, our balanced crown structure can be used to derive a 3-approximation for
MiIN-Max BCP.

We use our crown decomposition by fixing a target value X and deriving from a A-BCD
with A = X either a (0,3X)-CVPy, or deducing that X < X*. As already indicated, we need
more sophisticated further computations with the cost-flow network to find an approximate
solution or decide X < X* for the Min-Max objective. The overall structure however remains
as for the Max-Min case, that with such a procedure (as formally stated in MinMaxApx below),
a binary search for X in the interval [max ([w(G)/k] , Wmax) , w(G)] can be used to obtain
a (0,3X*)-CVPy, and hence a 3-approximation, costing only an additional running time
factor in O (log (w(G) - @)) as X* > max (w(GQ)/k, Wmax)-

To apply our balanced crown decomposition, first observe the following characteristics
for any instance (G, k) of MIN-MAX BCP. We can assume that G has at most & connected
components and has at least k vertices, as otherwise the instance does not have a feasible solu-
tion. Also, the optimum value X* for instance (G, k) satisfies X* > max ([w(G)/k] , Wmax ),
where wnax = max,eq(vyw(v). When searching for a solution of a fixed value X, we can
also assume that G has only connected components of weight at least X, since we may put
connected components of G with lower weight than X to the desired CVP and accordingly
update k by subtracting the number of those components. This yields a valid input for
our algorithm FindBCD to compute a A-BCD of G with A = X. Furthermore, if we have
a (0,3X)-CVPy, with k' < k, one can easily construct an (0,3))-CVPy, by splitting some
partitions in (0,3)\)-CVPy. (This is possible because we can also take a single vertex as one
vertex set of the partition).
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One step of the binary search for X looks as follows on a high level. (The precise
construction of the network H) and how it is used to build a connected partition follows in
Definition 57 and Lemma [611

D.3.2.1 Algorithm MinMaxApx:
Call FindBCD with A = X to obtain a A-BCD (C, H,fR, f) for G. If during the algorithm

FindBCD the outer index becomes greater than k, cut-off FindBCD and report X < X*.

Otherwise use the constructed A-BCD (C, H,R, f) to build the cost-flow network H, and
compute a min-cost flow Y* for it. If p(Y™*) + |R| > k, report X < X*. Otherwise, compute
from Y* a (0,3X)-CVPy of V(G) where k' < k.

We point out that we use the first report of X < X* in case the outer index becomes
greater than k to optimize the running time. The correctness of this decision can be easily
seen as follows.

» Lemma 56. If there is a \-BCD (C,H,R, f) for G with A\ =X and k' = |H| + |R| > k,
then X < X* for the optimum value X* of (G, k).

Proof. Note that X* being the optimum value of the MIN-MAX BCP instance (G, k) in
particular, implies that w(G) < kX*. Conversely, any A-BCD (C, H,%R, f) for G with A = X
and k' = |H| + |R] yields a [X,00)-CVP}, of V(G) by Lemma [7] Any [X,00)-CVP}
of V(G) in turn implies w(G) > k’'X, which yields ¥’X < kX*, hence k¥’ > k implies
X < X*. <

To create the network N, recall that we denote a flow in a network with edges ﬁ by Y,
where Y = {y» e Ny | € € ﬁ(H 2)}. We will use capacitated min-cost flow, which means
that the input network has both a capacity and a cost function on its edges. For the capacity,
we use a function c: — N. For the cost, we use a linear function po: Q — Q for each
s E Corresponding networks are hence given by tuples of the form H = (V, E, ¢, p). For
a flow Y on such a network, we denote by p(Y) := > _pp2(y=) the cost of Y and by
v(Y) = Z?Eé*(t) y— the value of Y. For a fixed required flow value F € N, we call Y a
feasible flow if Y satisfies the capacity constraints, the flow conservation for every vertex in
V(N)\ {s,t}, and if v(Y) = F.

We now define the cost-flow network H), that we use to decide an assignment for
components in G[C] either to a vertex in H or to themselves (indicating that they are sets
in the balanced partition). In the network, each component ¢ € CC(C) corresponds to a
node ¢ that can route a flow of capacity equal to the weight of its component w(Q) from the
source. From ¢, the flow can either be routed through a copy of ¢ to the target (indicating
Q is a set in the solution) or through a node representing a vertex in H that is connected
to @ (indicating that @ lands in a set connected via a vertex in H). Capacities for the arc
leading from a node h € H to t model assignments from @ € CC(C) to build around h a
component of weight A. We choose the costs on the arcs leading to t such that an assignment
of the whole weight w(Q) going to ¢’, and the whole weight A yields 1 (modeling that we
pay one unit from &k by making @ a set in the solution). Similarly, we choose the cost for
the vertices in H. The network could be defined without the copies ¢’ and also with easier
weights (especially without the added constants), however this more complicated formulation
allows an easier comparison with the optimum value for MIN-MaX BCP on (G, k) in the
proofs that follow. The formal definition of the network is given below and we recommend
comparing it with Figure [7]
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» Definition 57 (H,). For a \-BCD (C, H,%R, f) of G, the network H) is given by the tuple
(H UQuQ U{s,t}, E,c,p) defined as follows.

Q and Q' both represent CC(C), i.e. for each component Q in G[C] there are corresponding
vertices g € Q and ¢ € Q'.

s and t are sink, and source verter, and H is a copy of the set H in the A-BCD

For each q € Q there is an arc 5§ with capacity C(Q) =w(Q) (where we always use Q to
denote the component in CC(C') corresponding to q) and cost function pg; = 0.

For each q € Q there is an arc (E for each h € N(Q) with capacity set to c(cﬁ) =w(Q)
and cost function Py = 0.

— —
FEuvery q € Q is connected to its copy ¢ € Q' through an arc qq’ with capacity c(qq’) = w(Q)
and cost function P = 0.

_>

For cach h € H there is an arc ht with capacity c(ht) = A—w(h) and p3 (y) = T (w(h)+y)

as cost function.
For each ¢’ € Q' there is an arc ¢'t with capacity c(q't) = w(Q) and pq—,;(y) =y/w(Q) =

y/w(Q') as cost function.
Further, we set the required flow value for Hy to F := ZQECC(C) w(@Q).

Observe the following properties that H) directly inherits from the A-BCD (C, H, R, f).
By the bound on the weights of the components in G[C], it follows that w(Q) < A for every
Q € CC(C). Since every @ € Q is connected to at least one vertex in H, each ¢ € Q is
connected to at least one h € H. Note also that we can assume that A — w(h) > 0 by
A > max (w(G)/k, Wmax), which gives a valid capacity to these arcs in the above definition.
Moreover, we point out that the additional costs w(h)/X for arcs in {ﬁ cE | h e H} are
constants in Hy, and we introduce them only to simplify some later proofs.

Note that all arcs except @ € 6~ (t) have cost zero. Moreover, note that once we reach
vertices from H or Q' by a flow, then the flow conservation implies that this flow is passed
on to t, which in turn means that we have to pay for it. Lastly, we point out that for every
q € Q there is only one arc that leads from ¢ to a vertex in @ which is the arc that leads
to the vertex ¢’ that corresponds to the same component in CC(C). Hence if we refer for a
q € Q about the arc ¢¢’ or its copy ¢’, then this is unique and needs no further explanation.
First, observe that there exists a feasible flow in Y, and that it gives us a full assignment of
the weight of each component Q).

» Lemma 58. There exists a feasible flow Y for Hy w.r.t. the required flow F. Furthermore,
a feasible flow Y satisfies yg; = c (34) = w(Q) for every q € Q.

Proof. Obviously, we obtain yg; = ¢(5¢) = w(Q) for every q € Q, since dgeow(@)=Fis
the required flow. Finally, we may easily build a feasible solution with the required flow by
sending w(Q) flow via paths 50, ¢ ,q't forall g € Q. <

In order to build a best possible assignment, we want the components to favor vertices in
H which translates to a min-cost flow saturating the capacities from each h € H to t. The
properties of the balanced crown decomposition used to build H) can be used to show this.

%
» Lemma 59. Any min-cost flow Y* of Hy satisfies y;_; =c (ht) = X —w(h) for every
heH.



K. Casel, T. Friedrich, D. Issac A. Niklanovits and Z. Zeif

)\ — U}(hj),
’w(h‘,-)/)\—&—yh?‘///\

Figure 7 Min-cost flow network Ny resulting from a \-BCD (C, H, R, f) of G through H and
CC(C) = Q with corresponding capacities and costs. Note that @; is the component in G[C]
corresponding to vertex ¢; and that y. denotes the flow through edge e

Proof. Let Y* be a min-cost flow of H), and suppose there exists an hg € H with y}*m <
A—w(hg). Let R be the residual digraph resulting from Y*, where we denote the arc weights
by r: E(R) — Ny. That is, for every € € E we have r (€)=c(¥)— Y% and r (€)= (T
for the reverse direction. We remove all arcs @ € B(R) with 7 (€) = 0 from R. Note that
54 ¢ B(R) for every ¢ € Q by Lemma

Consider a g)-t-path in the residual network R of the form P = ¢, q¢, he—1,q0-1,. ..,

h1,q1, ho,t where £ € N and ¢; denotes some vertex in Q and ¢} its copy in @', for each i € [¢].

Observe that if such a path exists in R, then we can reduce the flow costs of Y* adjusting
with respect to the residual graph, since 1/A < 1/ max,eco w(Q). (Note that A > w(Q) for
every ¢ € Q by the definition of a A-BCD.) Thus, such a path would contradict the optimality
Y*.

We show that y;‘oi < A — w(hg) yields the existence of such a path P. To this end,
consider the graph R’ obtained by deleting ¢t and s from R. If we now find a path of the
form P" = q),q¢, he—1,qe—1, .., h1,q1, ho in this graph, then the assumption y;_oi < A—w(ho)

_>
yields the existence of hot in R to build the path P. In order to find such a path P’ pointing

to hg, we reverse the direction of all edges in R’ and start a breadth first search from hg.

The structure of the balanced crown decomposition yields a contradiction to this search not
reaching any ¢’ € Q'.

Denote by R the graph obtained from R’ by reversing all edges. Let T}, be the arborescence
Ty, rooted at ho that we find by a breadth first search from hg. Observe that a path in
Ty, alternates between vertices h € H and ¢ € Q, so once we reach some vertex ¢’ € Q'
in T, we have shown the existence of a path P’. We claim that Q' NT,, = @ leads to a
contradiction to the properties of the A-BCD (C, H,R, f) underlying H) .

Notice that, for a component @ € Q@ = CC(C) and an h € H, the assignment f(Q) = h
implies h € 511 (Q) by the construction of Hy. We define for every h € H the mismatches

comparing Y* with f, i.e. Q&. := f_l(h)ﬂ{q € Q| q? € ﬁ(HA) | Yy, <c (q?)} Cog(h) =
51"3:(11), and for every ¢ € Q the distributed outgoing flow from Y™ through ¢ to vertices in
HUQ  ie Vi = {U ceHUQ |qbe ﬁ(HA) | Yt > 0} Coglg) = 6£(q). Notice also that,
for ¢ € Q and v € H U Q' we consider the same arc qb € E(H ) from different directions,
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which leads to this relation in the residual graph R and its reverse version R. Further, note
that if ¢ € Q. for some h € H and q € f~1(h), then the arc Y, is in R, and similarly, Y,
in R implies that h € V32, .

Let Or, = QNV(Th,) and Hr,  := Ty, \Qr,, . Since Ty, is exhausted and Q'NV(T},) =
@, we obtain Hr, C H. Furthermore, the definition of V{!. implies U o, Vi. = Hr, .

ho
Vice versa, the exhaustive search and the definition of QQ‘,* implies Uhe Hy Qé‘,* - QThO'
ho

By Lemma [58 we have yg; = ¢ (5¢) = w(Q) for all ¢ € Q which implies Zveégk(q) Yo =

w(Q) by the flow conservation. Moreover, we have for every ¢ € U,cp, f~'(h) which is
ho
not in Qr, that y*i =c (Cﬁ) for some h € Hr, by definition of Q% .. Thus, we obtain for
q

every q € UheﬁrTh0 f=1(h) that Zheéj;/\ (@)NHT, | y:z = w(Q).
From the definition of a A-BCD we have w(h) + w (f~*(h)) > X and (,cx{h} U
f~1(h) = @. Thus, we obtain ZheHTh (w(h) +w (f~1(R))) > ’HTh0 | A. Since we assumed
0
Yoy + w(ho) < c(i;;f) = X and Yy + w(h) <w(h)+c (ﬁ) = Afor all h € Hr, \ {ho}, we
0

) —
obtain ZheHT (y_> + w( ) < ZheHThO (c(ht) + w(h)) = |HThO|)\.
-1 * .
For every ¢ 6 UheHThO f7t(h) we have shown that Zh@%(q)”ffﬁo v = w(Q) which

leads by the flow conservation to ZhGHThO (y%% + w(h)) = ZhEHThO (wh) +w (f~1(h))) >
‘HTh,O |)‘

This concludes the contradiction to @ N Ty, = @ and therefore shows the existence
of ahg-gy-path in R. Recall that such a path allows to reduce the cost of Y*, which is a
contradiction to Y* being a min-cost flow. As a result, we obtain y_> = c(ht) A —w(h) for
every h € H. |

Now we show how the cost of the min-cost flow Y* is linked to the optimum value X of
MiN-Max BCP(G, k), which justifies our second decision to report X < X* in the algorithm
MinMaxApx.

» Lemma 60. If p(Y™*) + |R| > k, then X < X*.

Proof. We show this by contraposition, i.e. if X > X*, then p(Y™*) + |R| < k. Let T* =
{T¥,...,T;} be an optimal solution of an instance MIN-Max BCP(G, k). Let T¢ :={T €
T TN(V\C)=0}andlet T, :={T € T* | TN H # @}. Denote by Ty the set of
components obtained from 7T} by deleting V' \ (C' U H) from each T € T},.
Since H separates C' from the rest of the graph, it immediately follows that T contains
exactly the T' € T* with T C C. Further, removing V' \ (C' U H) does not separate sets in
#; which shows that 7¢ U Ty is a connected partition of C' U H.

w(UT;TH T) N

Our intermediate goal is to prove |To |+ > p(Y™*). To show this, we construct

w T
a feasible flow Y in H) through 7¢ and Tx with cost at most |T¢o| + (UT;TH> as follows.
Recall that the required flow is F' = ZQGQw(Q), and that the vertices from Q in H)
correspond to the connected components of G[C].

We represent 7o U Ty as flow in Hy by routing for every ¢ € Q a flow of w(Q) according to
the partition 7C¢YH := ToUTy of CUH in the following way: At first, set Yz =w(Q) =c¢ (ﬁ)
for every ¢ € Q. For each T € T¢, we route a flow of w(T) trough Yo for the component
@ that contains T'; recall that the sets in T are subsets of some component in G[C] which
means that for each T' € T¢ there is a unique component Q(T') containing 7. We also extend
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the routing towards t and hence set for every ¢ € Q that contains some T € T¢ the values
Y =Yg, = > rer. w(T' N Q). Observe that this is valid since Y . w(T'N Q) < w(Q) =

— - . . . w(T)
c (qq ) =c (q t). The total cost of this assignment is ZTeTC Q)

For each T € Ty, we assign flow as follows. Denote by Hr := H N'T the nodes from H
inaT e Ty,and by € :={T'NQ | Q € CC(C)} the partition of the vertices from C in T
with respect to the components in CC(C). We denote by Q(C’) the unique @ € Q of which
C' € Cp is a part, and by OQ(T) the set {Q € Q| V(€r)NQ # @}. Note that for every
C' € €7 we have Q(C") € Q(T).

Since H separates C from V' \ (C'U H), H separates T* N C from V' \ (C' U H) for every
T* € Tf;. For the restriction T' € Ty of T* to C'U H, we hence find that for every Q € Q(T)
there exists at least one arc q? in Hy to some h € Hr. Hence we can, for every T' € Ty, send
for every C' € €p a flow of w(C") through qﬁ, E%, where ¢, is the vertex in Q corresponding
to the component Q(C’) and h € 67 (Q(C")) N Hr chosen arbitrarily. Since the sets in Ty
are disjoint, it follows for each @Q € CC(C) that {TNQ | T € Ty} is a packing of @, hence
Yorer, w(@NT) < w(Q) and we consequently do not violate any capacity constraint in
q? € E(H,) with h € H and ¢ € Q by our settings.

Moreover, each vertex in h occurs at most in one T' € Ty, and further the sets T are
subsets of sets in the optimum solution 7*, which implies that w(T) < X*. We only
route flow for sets ¢/ = QN T to some h € T N H, hence we route at most a total of
>gecceyw(T'NQ) to a vertex h € T'N H. With the assumption X > X*, we see that
c (ﬁ) =X —w(h) > X* —w(h) = Y geceey w(I'NQ) for every T € Ty and every h € H,

_)
which means that we do not violate any capacity constraints on any edge ht. Finally, the

w T

: : c’ h T (UTeT

cost for this flow is TeTy (§ C’EQT%+§ heHa %):E Ty wg() — XH ,
since the flow cost for every h € Hr is defined as py (y5) = % + %

Finally, To UTy is a partition of C'U H, which ensures that Q = UTGTH ut. T'NQ for each
Q € CC(C). Since we route a flow of w(T'NQ) for each T € ToUTy and Q € CC(C), we send
a flow of w(Q) through yg for every ¢ € Q, satisfying the flow conservation. As a result, we

o(User, 7)
)= ——— "~

w T
With this, we show our intermediate goal |7¢| + <UT;TH> > p(Y™*) as follows. Since
Y is feasible, we obtain p(Y) > p(Y*). Therefore, it is enough to show that |[T¢| >
> reTs %, which immediately follows from % < 1 since by definition T' C Q(T),
for each T € T¢.
The intermediate goal gives us a relationship of the flow to the sets in the optimum

solution involving vertices from H and C. To combine this into a result on the whole

w(T)

obtain a feasible flow Y with costs p(Y) = >z c5- ) P(y2

graph, recall that R is a [X,3X — 3]-CVP of V' \ (CU H). Hence, X|R| < w(V — (CU H)).

Finally, we may show the desired contraposition of the lemma, i.e. X > X* leads to
p(Y*) + |R| < k. We only need to combine all inequalities as follows. Let Wy = w (V(Tgy))
and Wo = w(V (7¢)). We obtain: Y* 4 %] < [To| + % + %] = |To| + YLXBU <
|Tc| + w = |Tc| + w(V)T_WC <|Tc|+ (k= |Tc|) = k. Note that for the last
inequality we use that 7o C 7%, which in particular means that 7*\ T¢ is a [1, X*]-CVP of
a graph with total weight w(G) — W¢ and obviously containing k — |T¢| sets. This gives
the trivial bound of w(G) — We < X*(k — |T¢|) and the assumption X > X* hence gives
w(G) = We < X(k —[Ic|).

+ZT€7—C w(Q(T)) "
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<

It remains to show how to construct the approximate solution from H) in the case that
p(Y™*) + |R| < k.

» Lemma 61. If |R| + w (Y™*) < k, then a (0,3X)-CVPy of V(G) with k' < k. can be
computed in O (|V||E|+ [H||[V]?).

Proof. We prove this lemma by showing that we find a (0,3X)-CVP, of C' U H with
k:=k—|R < w(Y*), since R is already a (0, 3X)-CVP )y of V\ (CUH).

We find this (0,3X)-CVP of C'U H with the flow Y. By Lemma it follows that
y;‘_& = w(Q) for every ¢ € Q, which means that the full weight of each component is routed in
flow Y, and by this assigned to the h € H or to itself (via ¢’). Essentially, we will round the
assignment of components in G[C] to h € H given by the flow. For this, we first show that
an optimum flow does not assume too much integrality in the sense of splitting assignment
for some ¢ € @ among some h € H and the copy ¢'. For this, we define for every h € H

the set of such undecided components Q;, = {q € Q| y*? >0Ays > 0}. We claim that if
q aq

|Qr| > 2 for some h € H, then the weights w(Q) are equal for all ¢ € Q.

First recall that X > max,co w(Q) and note that this means that cost pq—/;(y) is
y/w(Q') =y/w(Q) > ¥ for every ¢/ € @', h € H and y > 0.

Suppose there exist ¢1,¢q2 € Qp w.lo.g. with w(Q1) > w(Q2). Thus, by 1/w(Q2) >
1/w(Q1) we would improve the flow costs p(Y™*) by altering the edge-assignments y;‘g> -1,
yj—l—l Y=, —1and y=— +1. Note that this yields an improvement of 1/w(Q2)— 1/w(Q13 > 0.

q19,
Clearly, we do not violate any capacity constraint by this change, as by the definition of Qp,

we know that y_f > 0 and y—> > 0 for ¢ € {1,2} which also means that the capacity on

both of these edges is not fully ‘saturated by the flow. Thus, this contradicts that Y™ is a
min-cost flow and therefore, it follows that |Qp| > 2 yields that all ¢ € Qj have the same
weight.

With this condition in hand we can modify the solution Y*, such that we obtain |Qp| < 1
for every h € H without changing the flow costs p(Y™*) as follows. Consider any situation

where q1,q2 € Qp, with |Qp,| > 2 for an h € H. Assume y*, = z and y*, > z. By adjusting
914, 9292

ym x, ycﬁ + x, y_> —x and y_Q) + 2 the flow costs p(Y™*) do not change. Note that
we obtain yT —x= 0 and for the same reason as above, we do not violate any capacity
constraint with these adjustments. Thus, we reduce |Q),| by one without changing the flow
costs p(Y*), or violating any capacity constraint. Repeating this process, we obtain a flow
for which |Qy| < 1 for every h € H. We keep referring to this flow by Y*. This procedure
can be performed in time O(|H| |V |?) by checking every pair of Q w.r.t. the vertices in H.

Next, we construct a (X,3X)-CVPy of C' U H with Y*. For this we define a function
g: H x Q — N, initialized with g(h,¢) = 0 for all (h,q) € H x Q. Recall that Q = CC(C)
corresponds to the connected components in G[C]. Except for the vertex g € Q, (if it exists)
we set for each h € H, g(h,q) = y}*?q for every qh € B with y}’;@ > 0. Afterwards, for each
q € Q such that ¢ € Q), for some h € H we set arbitrarily g(h,q) = y}*;; + y;‘.; for one of the

h € H with g € 9y,
As a result, for every h € H we obtain w(h) + > o 9(h,q) < 2X — 1, since ¢ (ﬁ) =
X —w(h), w(Q) < X and |Qp] = 1. Determining the weights for g can be done in
O(|E|) time. Note that g(h,q) > 0 implies (ﬁ 5 Yforh e H, qe Q. Let Q =
{ge Q|3heH:g(qgh)>0}and E = {(h, q)EQXH|g(q, h) > 0}.



K. Casel, T. Friedrich, D. Issac A. Niklanovits and Z. Zeif

We construct a bipartite graph Gg = (H U 0, E) and observe that (&, H,9,2X — 1) is a
fractional balanced expansion for Gg. Hence we can use cycle canceling like in Theorem
to derive a balanced expansion f for Gg. With this, we obtain a functM’ :0 — H
with f/(¢) € Np(q) for every ¢ € Q. Note that f'(q) € Ng(q) implies f'(q)q € ﬁ(H,\)
which in turn means that the component corresponding to ¢ in G[C] is connected to the
vertex f’(¢) in H. With this, we obtain a connected vertex set Tj, := {h} UV (f'7'(h))
in G[C'U H] for every h € H. Moreover, we obtain from Theorem [2| for every h € H that
w(Th) = wh) +w (F~1(h) < 2X —1+ (maxqeéw(Q) - 1) <2X-1+X-2=3X-3,

as maxqeé\w(Q) < X — 1. Finally, Theorem [2| provides that we can compute f in O(|V||E]).

Note that vertices ¢ € Q with 3=, .5+ ()nm) y*? >0 are in Q. Let k = |H|+ 1[0\ Q|.
q
Note that for every ¢ € Q\ Q we have Zh€(5+(q)ﬂH) y;‘? = 0, we obtain a (0, 3)\)—CVPE

by TOYUH .= {Q € CC(C) | g€ Q\ QY U{Ty | h € H} of C U H, since maxgeo w(Q) < X.
Note that V(Q)UH = C U H.
It remains to show that k& < p(Y™*). Since for every ¢ € Q\ Q we have Zhe(6+(q)mH) y;? =

0, the corresponding flow satisfies y*, = w(Q). Thus, each ¢ € Q '\ 9) yields a cost of one for
aq

Y*, as pq—,;(yﬁ) = yQ_Q;/w Q) =1. Henci we obtain EqEQ\é\pﬂ(yq—ﬁ) =12\ Q.

By Lemma we obtain yo = c¢(ht) = X — w(h) for all h € H and therefore,

. w(h) 4yl = ~

Yoher PR (ym) =Y hen —x 2 = hen % = [H|. At last, we obtain k = |[H|+|Q\ Q| =
2hen PR (ym) + X0\ 6 P W) = Xees-wpe (¥2) =p (V7).

Lastly, the construction runs in time O (|H||V|*> + |E| + |V||E| + |V|) and thus, in time
O(IVIIE| + [H|V]?). <

D.3.2.2 Running time:

Similar to the Max-Min case we modify slightly the binary search to optimize the running
time. Let g(¢) := 2, N 3 £ > 1. We increase stepwise £ in g(¢) until we find an ¢* with
g(l*) < X* < g(f* +1) <2X*. Thus, we obtain a running time of O(log X*) for the binary
search and may bound X by 2X*.

For computing a min-cost flow in H) we have already indicated that the network was
designed with the rational cost functions only for the sake of easier correctness proofs (from
the 1-1-correspondence of flow cost and number of sets in the partition). In order to find a
min-cost flow Y* in Hy, we can equivalently search for a min-cost flow in the network H}
derived from H) by choosing a different cost function p’ defined by:

p’-;(y) =M+ 1-w(Q))y forall g € &,

’

q

p’ﬁ(y) =y forall h € H, and

all-zero assignment on the remaining arcs.
Note that this alteration of the cost function yields that a flow Y is optimal for H} if and
only if it is optimal for Hy. First note that the capacity function of the two networks is
the same, so especially any flow Y is valid in H} if and only if it is valid in Hy. Further,
for any such flow Y, the residual network of H and H, contains the same arcs. A valid
flow (of the desired value F') in Y is a min-cost flow, if there are no cost-reducing cycles
in the residual network. Since, by our construction, H) is bipartite, the existence of any
cost-reducing cycle yields the existence of a cost-reducing simple cycle (i.e. a cycle without
repetition of vertices). Since the only arcs in Hy, and also in H}, with non-zero cost are
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adjacent to t, any cost-reducing cycle contains at most two arcs with non-zero cost. By our
definition of p’ we see that for any pair of arcs e1,¢ € E we have P < Py if and only
if p’_(>el) < p’_(>62), which shows that any cycle in the residual network is cost-reducing in H}
if and only if it is cost-reducing in Hy.

By [1], a min-cost flow can be computed in O (|]V||E|loglog U log (|V|P)), where U € N
is the maximum capacity and P € N is the maximum flow cost. For this altered network Hj,
we can thus compute Y* in O (|V]|E|loglog X log (|V|wmax)); note that in H) the cost of
Y* is, very roughly estimated, at most |V|2wmax, Where wpax denotes the maximum weight
Wnax = MaxX,cy (V).

The algorithm FindBCD that provides a A-BCD (C, H, R, f) of G and runs in (9(1;’2|V| |E])
(see Theorem [7). Since we have at most k iterations in FindBCD, (i.e. the outer-index is
bounded by k + 1), we obtain O(k2|V||E|) C O(k2|V||E|). Moreover, for the step where we
actually construct a solution, this construction requires time O (|V'||E| + |H| |[V'|?), where we
know that |H| < k. With the adjusted binary search, that never checks a value larger than
2X*, this yields an overall running time in O (log (X*) |V'| |E| (loglog X * log (|V |wmax) + k?))
for the algorithm MinMaxApx.

This completes the proof of the following theorem.

» Theorem 12. A 3-approximation for the MIN-Max BCP problem can be computed in time
O (log (X*) [V||E| (loglog X* log (|V [wimas) + k?)), where X* denotes the optimum value
and Wyay = max,ey w(v) the mazimum weight of a vertex.
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