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Abstract. We introduce and study a directed analogue of the weighted Tree Augmentation Problem (WTAP). In the
weighted Directed Tree Augmentation Problem (WDTAP), we are given an oriented tree 7 = (V, A) and a set of directed
links L € V x V with positive costs. The goal is to select a minimum cost set of links which enters each fundamental dicut
of T' (cuts with one leaving and no entering tree arc). WDTAP captures the problem of covering a cross-free set family with
directed links. It can also be used to solve weighted multi 2-TAP, in which we must cover the edges of an undirected tree
at least twice. WDTAP can be approximated to within a factor of 2 using standard techniques. We provide an improved
(1.75 + &)-approximation algorithm for WDTAP in the case where the links have bounded costs, a setting that has received
significant attention for WTAP. To obtain this result, we discover a class of instances, called “willows”, for which the natural
set covering LP is an integral formulation. We further introduce the notion of “visibly k-wide” instances which can be
solved exactly using dynamic programming. Finally, we show how to leverage these tractable cases to obtain an improved
approximation ratio via an elaborate structural analysis of the tree.

1 Introduction The design of networks that are resilient to connection failures constitutes a fundamental task in
combinatorial optimization. An important class of network design problems are network augmentation problems, in which
we are given a graph and a set of additional edges, called links, which we seek to add so that the resulting graph achieves
the desired connectivity properties. One of the most well-studied network augmentation problems is the Tree Augmentation
Problem (TAP). Given an undirected tree T = (V, E) and a set of links L C (‘2/), TAP asks for a minimum cardinality subset
of the links whose addition renders T 2-edge-connected. A solution to TAP must include a link crossing each fundamental
cut induced by the edges of 7. The fundamental cuts form a cross-free family! and can be represented by a laminar set
family.

TAP can also be interpreted as a set covering problem on the edges of T, where a link £ = {u, v} covers every edge
on the unique u-v-path in T. As TAP is known to NP-hard and APX-hard [18], there has been a long line of research on
approximation algorithms for TAP [11, 20, 6,7, 9, 4, 19], starting with a 2-approximation by Frederickson and J4J4 [11] and
culminating in the best known approximation ratio of 1.393 [4]. There has further been a lot of research on the weighted
Tree Augmentation Problem (WTAP), where every link is equipped with a positive cost, and the task is to minimize the
total cost of the selected link set. Until a few years ago, no better approximation ratio than 2 was known. Recently, this
approximation barrier has been breached, resulting in the best known approximation ratio of 1.5 + & [23, 24]. Prior to this,
several works have considered the bounded cost ratio case, where the ratio between the maximum and the minimum link
cost can be bounded by a constant [1, 10, 13]. In this setting, the best known approximation factor is 1.458 [13].

The Directed Tree Augmentation Problem In this paper, we introduce a directed variant of the tree augmentation
problem in which both the links and the underlying tree consist of directed arcs. Given an oriented tree T = (V, A) and an arc
a = (u,v), we define the fundamental dicut associated with a to be the vertex set U of the weakly connected component of
T — a containing u. We say that a link £ = (x, y) covers the dicut U if y € U, but x ¢ U. In the Directed Tree Augmentation
Problem (DTAP), we are given an oriented tree T = (V, A) and a set of directed links L C V X V, and the goal is to cover all
fundamental dicuts of T using a minimum cardinality subset of L. Note that the fundamental dicuts of T form a cross-free
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1A set family C € 2V is cross-free if for every A, B € C with AN B # 0 and AUB # V, wehave A C Bor B C A.
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set family. In fact, using a result of Edmonds and Giles on tree-representations of cross-free families [8], DTAP captures the
problem of covering an arbitrary cross-free family with directed links. DTAP can also be seen as a covering problem on the
arcs of an oriented tree: a tree arc is covered by a directed link (u, v) if the unique path from v to u in T contains the tree arc
in the forward direction. See Figure 1.1 for an example.

Figure 1.1: A DTAP instance is shown on the left, with links drawn as dashed lines. A feasible solution is shown on the
right. Colors indicate the tree arcs that are covered by each link.

Interestingly, DTAP also captures some other natural set covering problems on the edges of a tree. Suppose T = (V, E)
is an undirected tree and a set of links is given. The (multi) 2-TAP problem is the problem of selecting a smallest multi-set
of links (meaning that we are allowed to select the same link twice) so that each tree edge e € E is covered at least twice by
the links we select. The multi 2-TAP problem reduces to DTAP, see Subsection A.1.

DTAP can be shown to be NP-hard as well as APX-hard, using similar reductions as in [11, 18] for Strong Connectivity
Augmentation on oriented trees. For completeness, we give a hardness proof in Subsection A.2.

We further define the weighted Directed Tree Augmentation Problem (WDTAP), in which we are given a positive
cost for each link, and the task is to minimize the total cost of the selected link set. Like many problems in network
design, WDTAP admits a straightforward 2-approximation. To see this, note that WDTAP can be solved in polynomial
time when the underlying tree T is an arborescence. Indeed, in this case the constraint matrix of the natural integer
programming formulation is a network matrix and hence totally unimodular. This tractable case can be leveraged to obtain a
2-approximation in general. First, choose an arbitrary root vertex . This partitions the arcs of the tree into up-arcs pointing
towards the root, and down-arcs pointing away from the root. Contracting the up-arcs and down-arcs, respectively, yields
two instances of WDTAP in which the oriented tree is a rooted arboresence. Thus, we can cover the up-arcs and down-arcs
separately, paying at most the cost of an optimum solution each. The union of these two solutions yields a 2-approximation.

The main result of this paper is a better-than-2 approximation for WDTAP in the case where the cost ratio of the instance,
the ratio between the maximum and the minimum cost of a link, is bounded.

THeOREM 1.1. Let A > 1 and let & > 0. There exists a polynomial-time (1.75+ &)-approximation algorithm for WDTAP,
restricted to instances with cost ratio at most A.

Further related work Many network design problems exhibit a natural approximation barrier of 2. This is in part due
to a fundamental result of Jain [16] who gave a unified iterative rounding 2-approximation algorithm for the Survivable
Network Design Problem, which captures, e.g., the weighted Tree and Connectivity Augmentation Problem and their Steiner
variants [21, 14], the Steiner Forest Problem, and the (weighted) k-Edge-Connected Spanning Subgraph Problem. Jain’s
algorithm represented the best known approximation ratio for these problems for many decades, and only in recent years
we have seen several breakthroughs. As mentioned, the best ratio for WTAP, and in fact, also the weighted Connectivity
Augmentation Problem (WCAP) is now 1.5 + & [24], and recent exciting progress on the Steiner forest has shown that a
better-than-2 approximation is possible there as well [2]. If the weights are uniform, both TAP and CAP can be approximated
to within a factor of 1.393 [4] while the 2-Edge-Connected Spanning Subgraph Problem admits a slightly better than 1.25-
approximation [3, 15]. The weighted 2-Edge-Connected Spanning Subgraph Problem remains at a factor of 2, even in the
bounded cost setting.

Directed network design problems are often more challenging to approximate. The Directed Steiner Tree Problem is
already set cover hard, see e.g. [5]. In terms of augmentation problems, the Strong Connectivity Augmentation Problem
(SCAP) is natural: we are given a weakly connected digraph which we seek to make strongly connected by adding directed
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links of cheapest cost. SCAP has seen little progress since Frederickson and J4j4 proved that it admits a 2-approximation in
the 1980s [11]. It has been shown to be fixed parameter tractable with respect to the solution size [17]. Polyhedral results
due to Schrijver [22] show that the linear program of finding a minimum cost strong augmentation of a given digraph D is
integral when D is source-sink connected, or when the available arcs are exactly the reverse arcs of those in D. There are
no known better-than-2 approximations for strongly connecting an oriented tree, even in the unweighted case.

Organization of the paper The remainder of this paper is organized as follows. In Section 2, we formally define WDTAP
and introduce basic notation which will be used throughout the paper. In Section 3, we briefly describe past works for WTAP
and how these approaches fail in our setting. In Section 4, we give an overview of our techniques to prove Theorem 1.1.
In Section 5, we define the class of “willows” for which the standard LP relaxation turns out to be integral. In Section 6,
we characterize instances that can be solved in polynomial time via a standard dynamic programming approach. Sections 7
to 10 present our (1.75 + &)-approximation for WDTAP with bounded cost ratio and its analysis.

2 Preliminaries An instance of WDTAP consists of a directed tree T = (V, A), and directed links L C V X V with
positive costs ¢ : L — Roq. For £ = (u,v) € L, we denote the unique u-v-path in T by P;. The (directed) coverage cov(£)
consists of all backward arcs on Py. To be consistent with the literature on (undirected) tree augmentation, we use cov(¢)
to denote the set of all arcs on P,. However, we point out that in the context of WDTAP, a link £ only covers the arcs in
cov(¢), as opposed to all arcs in cov(¢). Finally, we write (cal(f) = cov({) \ cov(£) to denote the set of arcs on P, that £
“covers in the wrong direction”. A set of links F' C L is feasible if every tree arc in A is covered by some link in F, i.e.,
A C Upep cov(£). WDTAP asks for a feasible link set of minimum cost ¢(F) := Y,cx ¢(£). For convenience, given an
instance of (T = (V, A), L, c¢) of WDTAP, we will fix a vertex r € V and call it the root. We will call the tuple (T, L, c,r)
a rooted instance of WDTAP. For v € V, we write T,, = (U,,, A,) to denote the subtree rooted at v. We call arcs that are
pointing towards/away from the root up-arcs and down-arcs, respectively, and we write A = A, pUAdown to denote the
partition into up- and down-arcs. For a link £ = (u, v), we define the apex of € to be apex(£) := lca(u, v) (where Ica(u, v)
denotes the least common ancestor of u and v, the vertex on P, closest to the root). Note that a link £ = (u, v) covers the
up-arcs along the v-apex(€)-path in 7', and the down-arcs along the u-apex(£)-path in T. We call a link of the form ¢ = (u, v)
with v = apex(€) (u = apex(¢)) an up-link (down-link). A shadow of a link £ = (u,v) is a link of the form ¢’ = (u’,v’),
where 1’ and v’ appear in this order on Py. We may assume without loss of generality that the WDTAP instances we are
working with are shadow-complete: this means that for every £ € L, L contains every possible shadow £’ of £ and moreover,
c({’) < c(€). Note that unlike the undirected setting where a link ¢ covers all edges on the tree path connecting its endpoints,
and, in particular, every shadow has a strictly smaller coverage, this is no longer true in the directed case. For this reason, we
define the generic shadow s(€) of a link ¢ as the minimal shadow of £ with cov(s(£)) = cov(¢) and let P, := Pg(p). Given a
feasible solution to a WDTAP instance, we may always replace each link by its generic shadow without increasing costs or
destroying feasibility.

The cost ratio of a WDTAP instance is defined as A = %’m
cer c(£)

The arc-link-coverage matrix of an instance of WDTAP is the matrix M € {0, 1}**L with M, , = 1 if and only if
a € cov(¢). For subsets B C A and L’ C L, we denote by M [B, L'] the submatrix of M with rows indexed by B and columns
indexed by L’. Obtaining an optimum solution to WDTAP is equivalent to finding an optimum integral solution to the linear
program (2.1).

Q2.1 min{Zc(f)-Xg:Mchl,xZO}.

(499
3 Comparison with previous work

3.1 A decomposition-based approach for WTAP with bounded cost ratio ... In order to provide intuition for our
algorithm, it is instructive to first describe some of the ideas that are used in [1, 10, 13] to obtain better-than-2-approximations
for WTAP with bounded cost ratio?. The overall approach pursued in these works consists of two main steps:

1. Design an a-approximation algorithm for a certain class of well-structured instances.

2. Decompose a general instance into subinstances from this class such that @-approximate solutions to the subinstances
can be combined to an (a + &)-approximate solution to the original instance.

2In doing so, we will mostly follow the description in [13], but provide a slightly modified perspective on certain arguments to make them align better
with the remainder of this paper.
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[13] consider the class of so-called k-wide instances, where k € N is a constant. A (rooted) instance of WTAP is
called k-wide if every subtree of a child of the root contains at most k leaves. A 1.5-approximation for k-wide instances
can be obtained by trading off two different algorithms: after splitting all cross-links3 at their apex, a k-wide instance
decomposes into a union of independent instances with at most k leaves each. These can be solved exactly using dynamic
programming [13]. On the other hand, after splitting every in-link into two up-links, the natural LP relaxation becomes
integral after adding so-called odd cut constraints [10].

The decomposition into k-wide instances is guided by a solution x to a linear programming relaxation, which is used
to estimate the cost of splitting links to cut off subtrees as independent subinstances. More precisely, when saying that we
obtain the LP solution x” from the LP solution x by splitting a set of links L’ at a vertex v, we mean that x” arises from x by,
for every £ = {u,w} € L’ such that v is an inner vertex of Py, setting x’(£) = 0 and increasing the x’-value on each of the
two shadows {u, v} and {v,w} by x(£). The constant cost ratio ensures that up to a constant factor, costs are proportional
to x-values; if the total x-value only increases by an e-fraction, then the cost will also only increase by an O(&)-fraction.
The first step of the decomposition procedure is to contract edges e € E(T) that are heavily covered [1], i.e., for which
x({€: e € cov(t)}) = ¢ = % These edges can be covered at cost € - ¢(x) [1]. In the second step of the decomposition
procedure, the tree is traversed from bottom to top and subtrees hanging off certain inner vertices are split off. More precisely,
an edge e = {v, w}, where w is closer to the root, is called e-light* if x({€: e € cov(£)}) < &-x({€: cov({) N E(T,) # 0}),
i.e., if the total coverage of e amounts to at most an g-fraction of the total coverage of 7,,. When disattaching the subtree
T,, every link ¢ = {u,w} that leaves T, is split at v into two shadows, one whose coverage is contained in 7, and one
whose coverage is contained in 7' — T;,. As every split link covers e, the splitting increases the total x-value by at most
x({€: e € cov(£)}). These costs can be charged to the total x-value within the subtree 7, that is subsequently cut off, ensuring
that the iterated splitting only increases the total cost by an O(g)-fraction. At the end of the splitting, every subinstance is
kg :=2-&7!.¢.-wide. To see this, let w be the root of a subinstance and let T, be a subtree hanging off the root. If there are
more than k. leaves in the subtree, then x({¢: cov(£) N E(T,) # 0}) > % because every link can cover the edges incident
to at most two leaves. On the other hand, x({€: {v,w} € cov(£)}) < . because all heavily covered edges were contracted,
implying that {v, w} is &-light. But this means that 7,, would have been cut off, a contradiction.

3.2 ... and why it doesn’t work for DTAP Given the similarities between WTAP and WDTAP, it appears tempting
to transfer the ideas described in Subsection 3.1 from the undirected to the directed setting. In this section, we point out
the issues with this approach, before discussing how to resolve them in the following sections. Recall that in order to
decompose a WTAP instance (with bounded cost ratio) into k-wide subinstances, while only increasing the total cost by an
O(¢&)-fraction, we had to ensure two properties: first of all, we argued that subtrees with many leaves attract a large LP value.
More precisely, we observed that whenever a subtree T, hanging off the edge e = {v, w} contains more than k. leaves, then
x({€: cov(£) N E(T,) # 0}), the total LP value on links covering edges within the subtree, is large. Second of all, we had
to make sure that x({£: e € cov({)}), the total LP value of links covering the edge ¢, is comparably small. Note that the
links covering e are precisely the links one has to duplicate to split off the subtree 7, as an independent instance. Hence,
combining both properties ensures that the total cost increase incurred by splitting links only amounts to an O(&)-fraction
of the optimum cost.

The first property can also be easily ensured in the directed setting. Let a = (v, w) be an up-arc (down-arcs can be
handled analogously) and assume that 7, contains more than k leaves. Again, each link ¢ can cover the arcs incident to at
most two leaves; more precisely, cov(¢) contains at most one up- and at most one down-arc incident to a leaf. Hence, any
solution x to the natural LP relaxation (2.1) will satisfy x({£: cov(£) N A(T,) # 0}) > % A problem arises, however, with
the second condition. In the undirected setting, every link £ with e € E(Py) covers the edge e. This property can be used to
ensure that x({¢: e € cov(£)}) is not too large by covering all heavily covered edges at an O(¢&)-fraction of the LP cost and
then contracting them. In contrast, in the directed setting, this reasoning can only be used to guarantee that no arc is heavily
covered in the right direction, i.e., that x({€: a € cov(£)}) is not too large. However, we cannot control whether an arc is
heavily covered in the wrong direction, i.e., whether x({€: a € Eov(0)}) is large. But in order to fully cut off 7;,, we need to
be able to bound x({€: a € cov(£)}) = x({¢: a € cov(£)}) +x({¢: a € Eov(£)}). Figure 3.1 illustrates an example where
we cannot cut off a subtree, even though it contains more than k leaves.

The reader might wonder why we are focusing on the techniques used in [1, 10, 13] that yield better-than-2-approximations
for WTAP with bounded cost ratio, and do not consider the more recent works [23, 24] that give better-than-2-approximations

3In the undirected setting, a link is called an up-link if its apex coincides with one of its endpoints. A cross-link is a link whose apex is the root that is
not an up-link. All links that are neither up- nor cross-links are called in-links.
4This term was introduced in [13]. Their definition (slightly) differs from the one presented here because they do not work with a rooted tree.
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Figure 3.1: An instance of WDTAP, with arcs indicated by solid arrows and links shown as dashed arrows. A solution to
(2.1) is indicated next to the links. All links have cost 1. The subtree hanging off the vertex v contains a large number p of
leaves that are connected to v via up-arcs. In the given LP solution, these up-arcs are (partially) covered by the orange links,
each of which covers the down-arc entering v in the wrong direction. Splitting all of the orange links at v is too expensive.

for (general) WTAP. The reason for this is that the techniques in [23, 24] crucially rely on certain structural properties of
undirected solutions, such as the fact that the coverage of a link is connected. As such, it is unclear how to apply them in the
directed setting.

4 Our contribution The main result of this paper is a polynomial-time better-than-2-approximation for WDTAP with
bounded cost ratio.

THeOREM 1.1. Let A > 1 and let € > 0. There exists a polynomial-time (1.75+ &)-approximation algorithm for WDTAP,
restricted to instances with cost ratio at most A.

Our approach towards Theorem 1.1 is inspired by the decomposition strategy pursued in [1, 10, 13] to obtain better-than-
2-approximations for WTAP with bounded cost ratio. However, as we discussed in the previous section, WDTAP exhibits
fundamental differences to its undirected analogue, which renders a simple adaptation of prior techniques infeasible. Instead
of completely decomposing the instance, our approach relies on partially decomposing the instance by splitting certain links
in such a way that the total cost only increases by an O(¢&)-fraction. Our main technical contributions can be summarized as
follows:

* We introduce the concept of bounded visible width, which allows us to characterize when an instance of WDTAP can
be solved in polynomial time using a standard dynamic programming approach.

e We define a new class of instances called willows and show that for these instances, the natural LP relaxation (2.1) is
integral.

* We discuss how to carefully split certain links to achieve strong structural properties, while only incurring an arbitrary
small increase in the total solution cost. Then, we explain how splitting certain subsets of the links results in instances
of bounded visible width and willows, respectively, both of which we can solve exactly. Trading off three different
solutions results in the final approximation guarantee.

4.1 New notions of partial decomposition: visible width and willows In this section, we introduce the concepts
of visible width and up- and down-independence, which allow us to characterize the structural properties that we gain by
splitting links, and to leverage these to solve certain types of instances exactly.

Visible width The notion of constant visible width characterizes WDTAP instances that can be solved exactly using a
natural dynamic programming approach, similar to the one used for k-wide instances [13]. The basic idea is to traverse the
tree from the leaves to the root and to iteratively construct a cheapest solution covering the subtree 7,,, given a fixed “interface”
to the remaining instance. More precisely, for v € V, let L, be the set of links ¢ such that v is an inner vertex of P,. We further
partition L, into the set LS" %% of v-cross-links having v as their apex, the set Lﬁ ={{=(u,w)eL,:u¢U,AweU,\{v}}
of links pointing into and the set L‘T, ={C=(u,w) e L,:ucU,\{vI Aw ¢ U,} of links pointing out of T,,. Note
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that the links in L{"°%% are precisely those that connect the solutions in different subtrees of 7, hanging off v, while the
links in Li v Li are precisely those creating interactions between 7, and T — T,,. In order to obtain an optimum WDTAP
solution, it suffices to, forv € Vand F C Ll U Li, compute a cheapest solution S(v, F) € L for (T,, L, ¢) with the property
that S(v, F) N (L\T, U L‘l,) = F. Then S(r,0) constitutes an optimum solution to (7, L, c). Of course, the problem with
this approach is that in general, there are exponentially many choices for the set F' and moreover, we need to be able to
control the number of v-cross-links used in a solution in order to merge solutions for the children of v into a solution for v
efficiently. Hence, our goal is to characterize instances for which we can guarantee the existence of an optimum solution S
such that |S N L, | can be bounded by a constant for every v € V; such a solution can be found in polynomial time using the
above-mentioned DP approach. To this end, consider a shadow-minimal optimum solution S*, i.e., an optimum solution in
which no link can be replaced by a proper shadow whilst maintaining feasibility. It is not hard to see that every ¢ € S* covers
the first and the last arc of P, and moreover, it is the unique link in S* that does so. This implies that the lowest up-arcs in 7,
covered by links in (Li U L§79%%) N S* are pairwise distinct and form an ancestor-free set of up-arcs, i.e., for two arcs a # a’
in this set, a’ does not appear on the path connecting the top vertex of a to the root. Similarly, the lowest down-arcs in T;,
covered by links (LI, U LS2%%) N §* form an ancestor-free set of down-arcs. Motivated by these observations, we say that
a vertex v can see an up-arc (a down-arc) a € A, if there exists a link £ € L‘l, U LS (L € L\T, U L") with a € c_o\’/(f).
Equivalently, v can see an arc a € A, if there is a link ¢ with a € CT{/({’) (i.e., € covers a) such that v is an inner vertex
of I_Jg. We define the visible up-width (visible down-width) at v to be the maximum size of an ancestor-free set of up-arcs
(down-arcs) that v can see. The visible width of an instance is the maximum over the visible up- and down-widths at the
vertices. The previous considerations imply that WDTAP instances with constant visible width can be solved exactly in
polynomial time via dynamic programming.

Figure 4.1: The visible width at v is at least 4, as certified by the four orange-shaded arcs in its subtree. This is an ancestor-free
set of down-arcs which are all visible to v. However, the black down-arc incident to x, as well as the down-arc above, are not
visible to v since they are not covered by a link £ for which v is an inner vertex of P,. The down-arc incident to y is visible
to v, but does not form an ancestor-free set with the shaded down-arc above.

Note that the visible width of an instance depends both on the rooted tree as well as the set of links that we are allowed
to select. During the course of our algorithm, we will maintain a solution x to (2.1) and we will always compute the visible
width with respect to the support of x (and its shadows). In particular, modifying x by splitting links can block a vertex from
seeing certain arcs in its subtree and decrease the visible width.

Willows For WTAP, [10] have shown that if the instance only contains cross-links and up-links, then the constraint
matrix of the natural LP relaxation is a binet matrix, which they use to argue that adding odd cut constraints suffices to
guarantee integrality. For WDTAP, it is not hard to see that if the instance only contains cross-links and up- and down-links,
then the constraint matrix of (2.1) is totally unimodular. We generalize this result by introducing willows, a class of instances
that may contain cross-links with respect to multiple “local roots”.

Let (T, L, c,r) be arooted WDTAP instance. We call a vertex v € V(T) up-independent (down-independent) if Li =0
(L‘T, = 0). If v is up-independent (down-independent), then the problem of covering the up-arcs (down-arcs) in T, is
“independent from” the problem of covering arcs outside 7), in the sense that no link can cover both. We call (T, L,c,r) a
willow if there exists a set W C V(T) such that every vertex in W is up- or down-independent, and every link in L is either
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an up-link, a down-link, or a W-cross-link, meaning that its apex is contained in W. Note that the root r is always both up-
and down-independent.

TueoreMm 4.1. Let (T, L, c,r) be a willow. Then (2.1) is integral.

Figure 4.2: A willow (choosing W = {r,u,v}). Notice that u is down-independent, v is up-independent, and the root r is
both. All links are either up-links, down-links, or have their apex in W.

4.2 Our approach

Blue-sky version To provide some intuition how the notions of visible width and willows can be leveraged towards a
better-than-2-approximation for WDTAP with bounded cost ratio, assume for a moment that we could prove the following
“dream theorem”.

Dream Theorem. Let € > 0 and x a solution to (2.1). We can, in polynomial time, compute a solution x* to (2.1) of cost
c(x*) < (1 +¢&) - c(x) that arises from x by splitting links, and a set W C V such that:

(1) W consists of up- and down-independent vertices with respect to supp(x*) = {€ € L: x*(£) > 0}.

(ii) Let L’ arise from supp(x*) by splitting every W-cross-link at its apex. Then (7', L’) has visible width at most k (&, A)
(where k (g, A) is some constant depending on & and the cost ratio A of the instance).

Using the dream theorem, we could obtain a (1.5 + O(¢g))-approximation for WDTAP with bounded cost ratio as follows:
first apply the dream theorem to compute x* and W subject to (i)-(ii). Let L7, denote the set of W-cross-links in supp(x*).
By splitting all links in supp(x*) \ L, that are neither up- nor down-links at their apex, we obtain a willow. Hence, we
can compute a solution of cost at most ¢(x*) + Xpepz, () - x*(€) by Theorem 4.1. By splitting all links in L., at
their apex, we obtain an instance of visible width at most (g, A) by (ii), which we can solve optimally. If we could argue
that this solution costs at most ¢(x*) + Xpepyrx,, . €(€) - x*(£), then taking the best of the two solutions gives a solution of
cost at most 1.5 - ¢(x*) < 1.5- (1 + ¢) - ¢(x). There is the slight issue that the optimum solution found by the DP might be
more expensive than the LP “suggests”. To remedy this, we can embed our algorithm into the partial separation framework
from [1] that has also been used in [13] to obtain a solution with the appropriate cost relative to the LP (see Section 7 for
the details). In each step, our partial separation oracle will either find a (1.75 + O(¢))-approximate solution, or a violated
visibly k-wide modification inequality. Visibly k-wide modification inequalities are valid constraints for the integer hull of
(2.1) that, loosely speaking, enforce that our LP solution is not “too cheap” on “subinstances” of visible width at most k.
See Definition 7.11 for a formal definition.

Coming down to earth The problem with the blue-sky approach is that the dream theorem is not true, essentially due to
the issue with heavy coverage in the “wrong direction” outlined in Subsection 3.2. However, we can prove a weaker version
of the dream theorem that tells us that heavy coverage in the wrong direction is, in fact, the only issue that we have to handle.

Given £ > 0, we fix constants ] < ¢, < k (see Section 8 for the precise values). {; and ¢, will be thresholds for
considering an arc to be heavily covered in the “right” and “wrong direction”, respectively. k will be the bound on the visible
width of instances that we aim for. In the following, we describe our partial separation oracle, that, given a solution x to (2.1),
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either finds a violated visibly k-wide modification inequality, or a solution of cost at most (1+&)2-1.75-¢(x). As a first step,
similar to the outline in Subsection 3.1, we will contract every arc a that is {|-covered, i.e., satisfies x({¢: a € (ﬁ)/(t’ ) = 4.
For {1 chosen large enough, these can be covered at a total cost of € - c¢(x). Hence, we may assume in the following that
there are no ¢;-covered arcs. We further call an arc a &»-heavy if x({€: a € Eov(£)}) > &». Finally, for v € V \ {r}, let a,,
be the first arc on the v-r-path in 7. We are now ready to state our weaker version of the dream theorem:

THEOREM 4.2. Let € > 0 and x a solution to (2.1). We can, in polynomial time, compute a solution x* to (2.1) of cost
c(x*) < (1 +¢&) - c(x) that arises from x by splitting links, and a set W C V such that:

(i) W consists of up- and down-independent vertices with respect to supp(x*) = {€ € L: x*(€) > 0}.
(ii) Let L' arise from supp(x*) by splitting every W-cross-link at its apex.

(a) The visible width at r, as well as at every v € V \ {r} for which a,, is not {»-heavy, is at most k.

(b) Foreveryv € V\ {r} such that a,, is a {>-heavy up-arc (down-arc), the visible up-width (down-width) at v is at
most k.

Figure 4.3: Tllustration of Theorem 4.2. (Top) A DTAP instance and a solution x to (2.1) whose support is shown as dashed
links. (Bottom) The resulting solution x* with W = {a, ¢, d, r}, where arcs a, and a4 are {>-heavy (light blue). The links
contained in the support of x*, but not in the support of x, are shown in purple. All vertices except a, ¢, d, e have visible
width at most k£ = 3. After splitting W-cross-links, a and ¢ will have visible width 0, d will have visible up-width 0 and e
will have visible down-width O.

In the following, we will sketch how to prove the weakened dream theorem using ideas similar to the decomposition
approach used for WTAP. The heavy lifting happens in Subsection 4.3, where we explain how to handle heavy arcs and
leverage the weakened dream theorem to obtain the desired approximation guarantee.

Proving Theorem 4.2 Our strategy to prove Theorem 4.2 is similar to the decomposition approach for WTAP with
bounded cost ratio described in Subsection 3.1. However, instead of completely cutting off certain subtrees, we will
only split certain links covering light arcs. This requires a more intricate scheme to bound the cost of the splitting
and avoid “overcharging”. We fix a constant v ~ &. For v € V \ {r}, we say that the arc a, is y-up-light if
x(Li) <wvy-x({€ € L: € covers an up-arc in T;, that v can see} \ Li), where visibility is defined with respect to the support
of x. Analogously, we define the notion of y-down-light arcs by replacing L‘l, by LI and “up-arc” by “down-arc”. We obtain
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an LP solution x* and a vertex set W as stated in Theorem 4.2 as follows. We traverse V' \ {r} in order of decreasing distance
to the root (i.e., from bottom to top). For v € V \ {r}, if a, is y-up-light, we split every link in Li at v and add v to W.
Similarly, if a, is y-down-light, we split every link in LI at v and add v to W. Finally, add r to W. By construction, every
vertex in W is up- or down-independent. To bound the total cost increase by O (&) - ¢(x), we observe that if £ € L\ Lﬁ covers
an up-arc in T, then € only covers arcs within 7,,; otherwise, we had € € Li. When splitting all links in Li at v, every up-arc
in T,, becomes invisible to every vertex outside 7,. Hence, x(£) will be “charged against” for splitting at a y-up-light arc at
most once, and the same reasoning applies for y-down-light arcs. Hence, y ~ & yields the desired cost bound. Finally, we
sketch how to derive (ii). We will only explain how to bound the visible up-width at every vertex; the visible-down width
can be handled analogously. As r € W, the visible (up)-width at r is O after splitting all W-cross-links at their apex. Next,
let v € V \ {r} and assume that the visible up-width at v is greater than k. This means that there is an ancestor-free set A’
of at least k + 1 up-arcs in 7, that are all visible from v. Given that no link can cover two up-arcs from an ancestor-free
set simultaneously, this implies x({¢ € L: ¢ covers an up-arc in T, that v can see}) > k holds at the end of the splitting
procedure and by the order in which vertices are considered, it also holds when we look at v. If x(L‘l,) < {,, then by our
choice of constants, a, is y-up-light. Hence, every link in L‘l, is split at v, v € W and after splitting all W-cross-links at their
apex, the visible up-width at v is 0 < k, a contradiction. So we must have x(Li) > {» > ;. Note that if a, is an up-arc,
then a,, € cov(¢) for every ¢ € Li; otherwise a,, € &ov(¢) for every € € L‘l,. As we contracted all {|-covered arcs, a, must
be a down-arc that is {»-heavy.

4.3 Components and cores: handling coverage in the wrong direction

An instructive special case To explain how we handle {;-heavy arcs, it is helpful to first consider the slightly artificial,
but instructive special case in which for every {»-heavy arc a,, the parent arc (if exists) is oppositely oriented. More precisely,
we assume that if @, = (v,w) is a {»-heavy up-arc and w # r, then a,, is a down-arc, and if a, = (w,v) is a {>-heavy
down-arc and w # r,then a,, is an up-arc. In this situation, we can again obtain a (1.5 + O(&))-approximation using the
following result:

TueOREM 4.3. We can, in polynomial time, compute a solution x** to (2.1) of cost c(x**) < (1 + &) - ¢(x*) that arises
from x* by splitting links, and X C V such that:

(i) X consists of up- and down-independent vertices with respect to supp(x™) = {€ € L: x™*(£) > 0}.

(ii) Let L’ arise from supp(x™*) by splitting every X-cross-link at its apex. For everyv € V\ {r} such that a, is a {>-heavy
up-arc (down-arc), the visible down-width (up-width) of v w.r.t. L’ is O.

Before proving Theorem 4.3, let us first discuss how to leverage it to obtain the desired approximation guarantee. As
splitting links can only reduce the visible width, Theorem 4.2 (ii) and Theorem 4.3 (ii) tell us that after splitting every
(W U X)-cross-link in supp(x**), we obtain an instance of visible width at most k. On the other hand, as splitting links
cannot destroy up- or down-independence, Theorem 4.2 (i) and Theorem 4.3 (i) tell us that after splitting every link in
supp(x**) that is not a (W U X)-cross-link at its apex, we obtain a willow. Hence, we may proceed as in Subsection 4.2 to
obtain a solution of cost (1.5 + O(¢g)) - c(x).

Proving Theorem 4.3 We obtain x** as follows: for v € V' \ {r} such that a,, = (v,w) is a {>-heavy up-arc, we split
every link in L\l, at v and every link in LIV at w. We add v and w to X. Similarly, for v € V \ {r} such that a,, = (w,v) isa
{>-heavy down-arc, we split every link in LI at v and every link in Lﬁ, at w. Again, we add v and w to X. Property (i) is
clear by construction. For property (ii), let w.l.o.g. v € V' \ {r} such that a,, = (v, w) is a {,-heavy up-arc. Then L’ doesn’t
contain any v-cross-link. Moreover, every link in £ € Ll N L’ has to end at w because all w-cross-links and all links in LIV
were split at w. In particular, as the up-link a, is not covered by £, v is not an inner vertex of P,. But this implies that v
cannot see any down-arc in 7). It remains to bound the cost of the splitting. Again, let v € V' \ {r} such that a,, = (v,w)
is a {>-heavy up-arc. We know that x(L\l,) < x({t: a, € cov(O)} < {1 because there are no {j-covered arcs. Similarly,
x(LIV) < {1 because if w = r, then LIV = 0, and otherwise, a,, is a down-arc. On the other hand, x({¢: a, € &ov(£)}) > &,
and {¢: a, € &ov(6)} C {: a,, € cov(£)} U {€: apex(£) = w}, if w # r, and {€: a,, € Cov(£)} C {€: apex(£) = w}
otherwise. This implies that x({¢: apex(£) = w}) > ¢, — {) because a,,, if exists, is not {j-covered. Using ¢ < >, we can
charge the splitting of the links in L‘l, and LIV against the total costs of the links with apex w.

The general case To handle the general case, we consider connected components of the (oriented) forests (V, A, ) and
(V, Agown), and define the core of a component to consist of all of the paths connecting {,-heavy arcs in the component to its
root. We denote the set of vertices and arcs that are contained in a core C by V¢ and Ac, respectively. Note that the special
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case we considered corresponds to the situation in which every core has depth 1. While the proof of Theorem 4.3 extends
to the case where every core has constant depth, this approach is too costly in general. Instead, we perform a more involved
trade-off between three different solutions, obtaining a solution of cost at most (1.75 + O(¢g)) - ¢(x), or a violated visibly
k-wide modification inequality. To this end, we define L., ,ss to be the collection of all W U V-cross-links, where W is the
vertex set from Theorem 8.3. We define L, = {¢: cov(€) N Ac # 0} and T = {¢: &ov(€) N Ac # 0} to be the sets of links
covering a core arc in the right or in the wrong direction, respectively. Via carefully designed splitting operations, that only
increase the total costs by an O(¢&)-fraction, we can ensure useful structural properties, including L N L = (. Moreover, we
can establish the following three statements.

1. Splitting all links in <IT U Lcross yields an instance of constant visible width.
2. Splitting all links in T and all links in L \ L, at their apex yields a willow.

3. Splitting all links in L\ T at their apex and every link in L once more yields an instance corresponding to the disjoint
union of willows.

Taking an appropriate weighted average of these three solutions yields an approximation guarantee of 1.75 + O(¢).

5 Total unimodularity for willows Let (T = (V,A), L,c,r) be a rooted WDTAP instance, and recall the linear
programming relaxation given in (2.1). This is not an integral formulation in general; see Subsection A.3. In this section,
we derive sufficient conditions for the incidence matrix M to be totally unimodular, yielding an integral formulation and
allowing us to solve the corresponding WDTAP instance in polynomial time.

We begin by formally defining the notions of up- and down-independence and willows introduced in Section 4.

DEeFINITION 5.1. We say that v € V is up-independent with respect to L’ C L if for every £ € L', we have

cov(f) N A, N Ayp = 0 or cov(f) C A,. We say that v is down-independent with respect to L' if for every £ € L/,
we have Sov(€) N Ay N Agown = 0 or cov(€) C A,

We recap the following definitions from Section 2 and Section 4. We call a link £ = (u, v) an up-link if v = apex({) and
a down-link if u = apex(£). For a set of vertices W, we call £ a W-cross-link if apex(£) € W and ¢ is neither an up- nor a
down-link.

DeriNiTION 5.2. We call a rooted WDTAP instance (T, L, c,r) a willow if there is a vertex set W C V(T') such that
* every vertex in W is up- or down-independent with respect to L and
e every link in L is an up-link, a down-link or a W-cross-link.

THEOREM 5.3 (unimodularity theorem). Let (T, L, c,r) be a willow and let M be its arc-link-coverage matrix. Then
M is totally unimodular. In particular, an optimum integral solution to (2.1) can be found in polynomial time.

For the proof, it is convenient to introduce the following additional notation: For an arc a, we call the endpoint of a that
is closer to the root the apex of a and denote it by apex(a). Given two vertices u and v of T, we write P, to denote the
u-v-pathin 7.

Proof of Theorem 5.3. LetT = (V, A) and let W be as in Definition 5.2. We may assume r € W because r is both up-
and down-independent. To establish total unimodularity of M, we use the criterion by Ghouila-Houri [12]. It states that a
matrix A € {—1,0, 1}"*" is totally unimodular if and only if for every subset R C {1,...,m} of the rows, there exists a
signing o: R — {—1,+1} such that for every column j € {1,...,n}, X;cg o (i) - A;; € {-1,0,1}, where A;; denotes the
entry of A in row i and column j.

Applying this to our setting where rows correspond to arcs and columns correspond to links, we need to prove that for
every B C A, there exists a signing o: B — {—1,+1} such that

(5.1) forevery € € L Z o(a) € {-1,0,1}.
aecov(£)NB

For two vertices v and w, we define dist,,, (v, w) and distgow, (v, w) to be the number of up- and down-arcs from B on
the v-w-path in 7, respectively. To construct the signing, we define starting signs ¢.p, @gown: W — {-1,+1} in order of
increasing distance (in all of T') to the root r.
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* We set ¢, (r) = +1 and @gown(r) = —1.

* Let u € W be up-independent and let v € W\ {u} be the next vertex after u on the u-r-path in 7. We define
Qodown(u) = ‘pduwn(v) . (_1)d18td0w" (®.v) and ‘pup(u) = _Qodown(u)-

* Letu € W be down-independent (but not up-independent) and let v € W'\ {u} be the next vertex after u on the u-r-path
in 7. We define ¢, (1) = @y (v) - (=1)3%r () and @ o000 (1) = —@up (u1).

For an arc a, let u(a) be the first vertex (i.e., then one closest to apex(a)) from W on the apex(a)-r-path in T.
« For an up-arc a € B, we set o/(a) = @, (u(a)) - (—1)%stup @pex(a).ua))
« For a down-arc a € B, we set 0(a) = @aown (u(a)) - (—1)dstdown (apex(a).pula))

Figure 5.1 shows an example of this signing for B = A.

CLam 5.4, Leta € Ayp N B and let u € W NV (Pypex(a)r). Assume that no vertex in W 0 V(Pypex(ayu) \ {u} is
up-independent. Then o(a) = ¢,p(u) - (—1)distup (apex(a),u)

Proof of claim. Let WNV (Pypex(ayu) = (u(a) = us, ..., up = u) withus, . .., uo appearing in this order when traversing
Papex(ayu from apex(a) to u. Using @ () = @up(ui—1) - (—1)3tup Witi-1) for j = 1,. .. s, we obtain

O'(a) — 90up(us) . (_1)distu,,(apex(a),us) — (Pup(u) . (_l)distw,(apex(a),us)+2f:| disty p (i ,u;-1)

= up (1) - (—1)distup (apex(a).u) ]

Analogously, we obtain the following claim.

CLam 5.5. Let a € Agown N B and let u € W 0 V(Pypex(a)r). Assume that no vertex in W 0 V(Papex(ayu) \ {u} is
down-independent. Then o (a) = @aoywn(ut) - (—1)3istdown (@pex(a),u)

CrLamm 5.6. Let £ = (u,v) € L and let a and a’ be two up-arcs in B that appear consecutively on Papex(¢c)y. Then
o(a’) =—-o(a).

Proof of claim. Let a = (x,y) and @’ = (x,y") and assume w.l.o.g. that a appears before a’ on Pypex (), (traversing
it from apex({) to v), i.e., a is above a’. No vertex v € V(Py,) is up-independent because a’ € cov(d) N A, N Ayp and
a € cov(f) \ Ay. As u(a) is the first vertex from W on Py, we can apply Claim 5.4 to conclude that

(@) = gup(p(a)) - (=1)r OO = (1) - gy (u(a)) - (=1) 8 D) = —0r(a)
because a and a” are consecutive up-arcs from B on Pypex(¢)y, i.€., disty, (¥, p(a)) = disty, (v, u(a)) + 1. 0

Analogously, we obtain the following claim:

CLam 5.7. Let £ = (u,v) € L and let a and a’ be two down-arcs in B that appear consecutively on Papex(¢). Then
o(a’) =—-o(a).

Now, we are ready to show that our signing satisfies (5.1). Let £ € L. If cov(£) N B consists of only up- or only down-arcs,
this follows from Claim 5.6 or Claim 5.7, respectively. Finally, assume that ¢ is a W-cross-link such that cov(f) N B
contains at least one up- and one down-arc. Let apex({) = u and let a = (x,y) and a’ = (x’,y") be the up- and the
down-arc in cov(£) N B closest to u. No vertex v € V(Pyu) \ {u} is up-independent because a € cov(€) N Ap NA,
and a’ € cov(f) \ A,. No vertex v € V(Pyy) \ {u} is down-independent because a’ € cov(£) N Agown N A, and
a € cov(f) \ A,. By Claim 5.4 and Claim 5.5, using that ¢ and a’ are the up-/down-arc in cov(£) N B closest to u, we
get o(a) = pup(u) = =Pgown(u) = —o(a’). Claim 5.6 and Claim 5.7 allow us to conclude that the signs of the arcs in
cov(¢) N B alternate along P, implying Zuem([)nB o(a) € {-1,0, 1} as desired.

The fact that M is totally unimodular implies that all vertex solutions to the linear program (2.1) are integral. We can
find an optimum vertex solution in polynomial time, giving an optimum solution to (7', L, ¢, r). O
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Figure 5.1: The signing constructed in the proof of Theorem 5.3 for the willow from Figure 4.2 and B = A (the set of all
arcs).

6 Dynamic program for instances of constant visible width In this section, we define the notion of the visible
width of a WDTAP instance. We then show that WDTAP instances with constant visible width can be solved exactly using
a dynamic program. Let (T = (V, A), L, c) be an instance of WDTAP and let T be rooted at r € V. We introduce some
further common terminology that we will use in the following. Given v € V \ {r}, we call the endpoint of a, other than v
the parent of v. (Recall that a,, is the first arc on the v-r-path in 7.) We call a vertex w that has v as its parent a child of v.
For v € V, we say that a vertex w is an ancestor of v if w lies on the v-r-path in 7', and we say that v is a descendant of w. If
in addition, w # v, we call w a strict ancestor of v and v a strict descendant of w. Note that for v € V, the set of descendants
of v is U,,, the vertex set of 7,,. Finally, we call an arc a’ an ancestor of another arc a if a’ appears on the apex(a)-r path in
T. In order to formally introduce the concept of visible width, we need the notion of an ancestor-free arc set.

DEerINITION 6.1. We call an arc set F C A ancestor-free if there are no arcs a,a’ € F such that a’ appears in the
apex(a)-r path in T.

We now define the notion of which arcs in the subtree of v are visible to v.

DEerINITION 6.2. We say that an arc a € A, is visible to a vertex v € V (with respect to a set of links L’) if there exists a

link € € L’ such that a € cov(€) and v € in(P¢), where in(Py) denotes the set of inner vertices of P¢. We denote by AVIS(L")
the set of arcs that are visible from v with respect to L’.

DEFINITION 6.3. For a vertex v € V, we define the visible up-width, denoted by viwidth,, (v) (visible down-width,
denoted by viwidth gy, (v)) at v to be the maximum size of an ancestor-free set of up-arcs (down-arcs) that are visible for v
(with respect to L). We define the visible width at v as

viwidth(v) := max{viwidth,, (v), viwidthgoy, (v)}.

We define the visible width of the instance to be max, cy viwidth(v).
DEeFINITION 6.4. We call a link set L’ C L k-thin if for everyv € V, |[{€ € L': v € in(Py)}| < k.

We remark that our definition of thinness slightly differs from the one introduced in [23] (in the context of WTAP) in that
we do not count links ending in a vertex v.

Lemma 6.5. Assume that (T = (V, A), L, ¢) has visible width at most k. Let F C L be a shadow-minimal (meaning that
no link can be replaced by a strict shadow without destroying feasibility) solution to the instance. Then F is 2k-thin.

Proof. As F is shadow-minimal, we have ¢ = s(£) and P, = ﬁg for every £ € F. Let v € V and let
F’ == {f € F:v € in(Py)}. We need to show that |F’| < 2k. For each ¢ € F’, let wy € U, \ {v} be an endpoint
of ¢ (this endpoint is unique unless ¢ is a v-cross-link, in which case we may select either endpoint). Let ay € A(Py) be
the arc incident to w,y. Note that a, € A,.. Let F,;p ={leF:areAyptandletF)  ={C€F:ar€ Agown} We
show that [F;, | < k and |F; | < k, which implies the desired statement. We only show |F, | < k, [F | < k can be
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derived analogously. We observe that by shadow-minimality of F, we must have a, € cov (¢) for every £ € F’. In particular,
¢ witnesses that ay is visible for v. In fact, shadow-minimality allows us to derive an even stronger statement: we must have
ag € cov(€) \ Upre (¢} cov(¢’). In particular, the arcs (ag) e F;,, are pairwise distinct. We further claim that they form an
ancestor-free arc set. As viwidth(v) < k, this implies |F},,| < k. Assume towards a contradiction that there were two links
¢ = (u,x),t’ = (u',x") € F,, such that a, appears on the path Py, in T from the head y’ of a;» =: (x,y’) to the root r.
As ac € A,, a appears on the y’-v-subpath Py, of Py/,.. Asy’ is the parent of the head x" of £’ and v € in(P¢/), Py, is a
subpath of P, and as v is an ancestor of y’, £’ covers every up-arc on that path, including a,. But this contradicts the fact
that a¢ € cov(£) \ Uprep ¢y COV(E"). O

We remark that there always exists a shadow-minimal optimum solution because we can iteratively replace links in an
optimum solution by strict shadows without increasing the cost until the solution is shadow-minimal.

LeMma 6.6. Let N € N be a constant. Given a rooted WDTAP instance (T, L, c,r), we can, in polynomial time, find a
cheapest N-thin solution, or decide that the instance is infeasible.

Proof. Let (T, L,c,r) be arooted instance of WDTAP. Recall that for v € V, T, = (U,,, A,) is the subtree rooted at v.
We define the following three links sets for v € V:

* L, is the set of links that have at least one endpoint in U,, \ {v}. Note that any link that covers an arc a € A, must be
contained in L,,.

o L9 consists of all links with one endpoint in U, \ {v} and the other endpoint in V \ U,. Note that for every ¢ € L,
Vv E in(Pg).

o LS79%% consists of all links ¢ with both endpoints in U, \ {v} and apex(£) = v. Note that for every £ € L%,
S in(P[).

We further point out that if £ € L and v € in(P;), then £ € L* U L5 55,

LetveVandY € LY. We call alink set F C L, feasible for (v,Y) if F is N-thin, F N L9 =Y and F covers every
arcin A,. We define ¢(v,Y) to be the minimum cost of a feasible link set for (v, Y), or co, if no such link set exists.

We will use dynamic programming to, for every v € V and Y C L% with Y| < N, compute c¢(v,Y), as well as a
feasible link set F*(v,Y) for (v,Y) with ¢(F*(v,Y)) = ¢(v,Y), or F*(v,Y) = 0, if ¢(v,Y) = co. We remark that if the
instance admits a feasible solution, then by shadow-completeness, we, for every arc a = (u, w), have a link £ = (w, u) just
covering a, and we can always use them to complete Y to an N-thin solution. We note that L, = L (assuming that we do not
have links of the form (v, v) that do not cover any arc) and L2* = @, so F*(r, D) yields a cheapest N-thin solution to the
instance, or ¢(r, ®) = co and F*(r,®) = 0 if no such solution exists.

As N is a constant, there is only a polynomial number of pairs (v,Y) that we consider. We traverse the pairs in order of
non-increasing distance of v to the root, which ensures that when considering a pair (v,Y), all pairs (v/,Y”) withv’ € U, \ {v}
have already been processed. Hence, it remains to show how to, in polynomial time, compute c(v,Y) and F*(v,Y), assuming
that we have already computed ¢(v’,Y’) and F*(v’,Y’) for all pairs (v/,Y’) withv’' € U,, \ {v}.

If visaleaf of T, then L, = L9 = @ and A, = 0 and we have c(v,0) = 0 and F* (v, 0) = 0. Next, assume that v is not
aleaf of T. LetY C L9" such that |Y| < N. For Z C LSS with |Y| + |Z| < N, we say that a link set F C L, is feasible
for (v,Y, Z) if it is feasible for (v,Y) and F N LE™?%° = Z. We denote the minimum cost of a link set that is feasible for
(v,Y,Z)by c(v,Y,Z) and let c(v,Y, Z) = oo if no such link set exists. In addition to the values c(v,Y, Z), we will compute
link sets F*(v,Y, Z) such that F*(v,Y, Z) is a feasible link set for (v,Y, Z) with ¢(F*(v,Y,Z)) = ¢(v,Y, Z), if exists, and
F*(v,Y,Z)=0if c(v,Y,Z) = co. We have

c(v,Y) =min{c(v,Y,Z): Z C Ly, |Y| +|Z| < N}

because if F C L, is feasible for (v, Y, Z), then it is also feasible for (v, Y), and conversely, if F is feasible for (v, Y), then F
is N-thin, so N > |F N L | + |F N LS| = |Y| 4+ |F N L%, and hence, F is feasible for (v, Y, F N LE"55). Moreover,
if Z attains the above minimum, then we can set F*(v,Y) = F*(v,Y,Z). As there is only a polynomial number of sets
Z C LS with Y| +|Z] < N, it suffices to show how to, for a fixed choice of Z, compute ¢(v,Y, Z) and F*(v,Y, Z).

Let vy, ..., v be the children of v in T (recall that v is not a leaf). Fori € {0,..., k}, let Li be the set of links with at
least one endpoint in U; := Uj‘:l U, ie., Lg = () and L’v‘ = L,. Wecall alink set F C Li feasible for (v,Y,Z,i) if F is
N-thin, FN LS =Y N LI, FN LS = ZN L, and F covers every arc in A; = U;Zl Ay; U{ay,}. (Recall that a,, is the
arc connecting v; to its parent v.) We define c(v, Y, Z, i) to be the minimum cost of a feasible link set for (v,Y, Z, i), or oo,
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if no such link set exists. We will compute the values c(v,Y, Z,i) fori =0, ..., k, and, whenever c(v,Y, Z,i) # oo, we will
compute a link set F*(v,Y, Z, i) attaining c(v,Y, Z,i); otherwise, we will set F*(v,Y,Z,i) = 0.

Note that ¢(v,Y,Z) = ¢(v,Y,Z, k) and that F*(v,Y,Z, k) is a feasible choice for F*(v,Y, Z). Hence, it remains to
explain how to determine the values c(v,Y, Z,i) and F*(v,Y, Z,i) in polynomial time.

Fori € {1,...,k}, let £7 be the link with endpoints v; and v that covers a,,, i.e., £ = (v,v;) if a,, = (v;,v) and vice
versa. Note that £; € L by shadow-completeness and because there exists a link in L covering a,,; otherwise, the instance
is infeasible and we can return this information. Moreover, let Y; be the collection of all sets Y* € L9 such that [Y'| < N
and Y’ N (LY" U LY %) = (YU Z) N LY.

CLamm 6.7. We have ¢(v,Y,Z,0)=0. Fori € {1,...,k},

c,Y,Z,i)=c(n,Y, Z,i—= 1) +c(Y N (LE\N LYY +e(Z n (L) \ LEY))
+min{c(v,Y) —c(Y' N (Y U Z)) + x[ay, not covered by Y’ UY UZ]-c(£;): Y € Yi},

where x|a,, is not covered by Y’ UY U Z] is 1 if a,, is not covered by Y’ UY U Z, and 0 otherwise.

Proof of claim. As Le =0,c(v,Y,Z,0) =0. Next, leti € {1,...,k}. We first prove that every set Y’ € Y; for which
the right hand side is finite yields a valid upper bound on ¢(v,Y, Z,i). To this end, assume that ¢(v,Y,Z,i — 1) < oo and
let F/ :== F*(v,Y,Z,i — 1) attain this value. Let further Y’ € Y; such that ¢(v;,Y’) < oo and let F; := F*(v;,Y’). Let
F:=F UF,U(UZ)nL,,ifa, iscoveredby Y’ UYUZ,andlet F := F'UF; U (Y UZ) N L, U{} otherwise. Then

(6.1) FNL'=F and FNL,, =F;and FN (LS" ULS) = (YU Z) N L))

by construction and by definition of ;. Then F covers every arc in A; because F’ covers every arc in A;_1, F; covers every
arc in A,,, and we also made sure that a,, is covered. We further have F C Li by construction. To see that F' is N-thin,
we note that for every vertex v/ € U;_y, there are at most N links in F' with v/ € in(P,) because F’ is N-thin, by (6.1)
and because if v/ € in(Py) for £ € F, then € € Lf,’l. Similarly, for every vertex v/ € U,,, there are at most N links in F
with v/ € in(Py) by (6.1) and because F; is N-thin. There are at most N links in F with v € in(P,) by (6.1) and because
[Y| +1Z| < N. Forw € U, \ (U; U {v}), there are at most N links in F with w € in(P;) because F C L! and |Z| < N.
Finally, for w € V \ U, there are at most N links in F with w € in(P,) because |Y| < N.

It remains to show that the expression on the right-hand side that we evaluate yields an upper bound on c(F). If we
include the link £7, then we add its cost. The cost of every link in Li-'nF = F’ is added (via the term ¢(v,Y, Z,i — 1)).
The cost of every link in F; \ (Y U Z) is added via the term c(v;,Y’) — c(Y' N (Y U Z)) because

FEN(YuZ)=(FNLY")Nn(YUuZ) =Y n({UZ).

Finally, the cost of every link in (Y U Z) N (L} \ Li™!) is added.

Next, we show that if c¢(v,Y, Z,i) is finite, there exists a set Y’ € Y; for which the value of the right-hand side is at
most ¢(v,Y, Z,i). To this end, let F C L, be feasible for (v,Y, Z,i) with ¢(F) = ¢(v,Y, Z,i). Define F’ := F n L~ and
F; = FNL,,andletY’ := FNLJ". Then F" is feasible for (v,Y, Z,i—1) and F; is feasible for (v, Y”). Moreover, [Y’| < N
(as F is N-thin) and

Y'Nn (L‘U,m U Lsross) =Fn Lgiut N (L‘O}ut U LsrosS) = Lgiut N (F N (L;mt U L\c}-ross»
=Ly N(YUZ)NL, =Ly N(YUZ),

so Y’ € Y;. It remains to show that the cost term that we get on the right-hand side when choosing Y’ is at most ¢(F). To
this end, we have

c(v,Y,Z,i-1)<c(F)and c(v;,Y)—c(Y' N(YUZ)) <c(F;)—c(F;Nn(YUZ))=c(F;\ (YUZ))

because Y’ N (YU Z) = (FN L") N (Y UZ) = F; N (Y U Z) and because F’ and F; are feasible for (v,Y,Z,i — 1) and
(v:,Y"), respectively. We note that the subsets F’, F; \ (Y U Z), Y n (L \ Li-Y) and Z n (Li \ Li~!) are pairwise distinct
because F' N F; € Z. Finally, we observe that none of the previous subsets can contain the link £; and that if a,, is not
covered by Y' UY U Z, then a,, can only be covered by £, so £; € F. This is because every link covering a,, must have one
endpoint in U,, and its other endpoint in V' \ U,, and unless the endpoints are v and v; (i.e., £ = £;), wehave £ € YUY U Z
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Using the claim, we can compute all of the values ¢(v,Y, Z, i) in polynomial time. In the proof of the claim, we have further
seen how to compute F*(v,Y, Z, i) attaining c¢(v, Y, Z, i) in polynomial time. This concludes the proof. O

Combining the results of Lemmas 6.5 and 6.6, we conclude that WDTAP instances of constant visible width can be
solved exactly in polynomial time.

CoroLLary 6.8. If (T, L, c,r) is a rooted instance of WDTAP with visible width at most k, then we can, in polynomial
time, find an optimal solution, or decide that the instance is infeasible.

Proof. For a feasible visibly k-wide instance, there exists an optimal solution that is at most 2k-thin. Hence, we can
run the dynamic programming algorithm above with N = 2k to find the optimal solution for this instance, or decide that it
is infeasible. O

7 The partial separation framework This section describes the high level framework of our algorithm, which is to
implement a partial separation oracle for a certain LP formulation we call the visibly k-wide modification LP. We then show
how this partial separation oracle implies an algorithm for the WDTAP problem.

7.1 Splitting links First, we formalize the “link splitting" operation, which will be used throughout the paper and in
particular will allow us to define the visibly k-wide modification LP.
Fix a (rooted) WDTAP instance (7, L, c,r).

DErINITION 7.1. A splitting of the link set L is a function o: L — 2F mapping € € L to a set of shadows €\, . .., 4
of € such that (the arc sets of) Pe,,...,Pg form a partition of (the arc set of) Pe. The support of the splitting is
supp(o) ={€eL: 3" eL:tea({)}.

Next, we define how to apply a splitting to a solution to (2.1) to generate a new feasible solution of (2.1).

DEeFINITION 7.2. Let x be a feasible solution to (2.1) and let o be a splitting of L. We let the solution x” = split(x, o) to
(2.1) that we obtain from x by applying o be defined by x, '= Yrcp: reo(e) Xe-

The following proposition shows that splitting links can only reduce the visible up- or down-width of any vertex. To state it,
we introduce the following notation.

DErINITION 7.3. Let x be a solution to (2.1). The support supp(x) of x consists of all links € with xp > 0.

ProposITION 7.4. Let x be a solution to (2.1), let o be a splitting of L and let x’ = split(x, o). Then for every vertex v,
the visible up-width (visible down-width) of v with respect to supp(x’) is at most the visible up-width (visible down-width)
of v with respect to supp(x).

Proof. Tt suffices to show that every arc that is visible for a vertex v with respect to supp(x”) is also visible for that
vertex with respect to supp(x). Let a be an arc that is visible for v with respect to supp(x”). Then there is £ € supp(x”) such
that a € cov(£’) and v € in(Py). As € € supp(x”), there is £ € supp(x) such that £’ € o (£). Then ¢’ is a shadow of ¢, so
a € cov(¢) and v € in(P;). Hence, a is also visible for v with respect to supp(x). 0

The following proposition shows that the coverage of all tree arcs is preserved by the splitting operation.

ProposiTION 7.5. Let x be a feasible solution to (2.1), let o be a splitting of L and let x" = split(x, o). Fora € A, we
have

e xX’({teL:aecov(t)}) =x({t € L: a ecov(l)}),
e xX’({teL:aecéov(®)})=x({t € L:aev)})and
e xX'({eL:aecov(f)}) =x({€ € L: a €cov({)}).

Proof. Leta € A. We only show the first equality, the other ones can be derived analogously. For any link £ € L with
a € cov(¢), there exists a unique link £, € o(¢) with a € cov(£,). Conversely, if a € cov({’) and ¢’ € o-(£), then a € cov(£)
(and ¢’ = {,). This implies

X'({teL:aecov(l)}) = Z Z X = Z e € o(£): a € cov(l)}] xe
{'eL: accov(t’) LeL: t'eo () teL: accov(l) M
=x({t € L: a € cov(0)}). 0
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The following proposition simply counts the additional cost incurred by splitting.

ProposITION 7.6. Let x be a feasible solution to (2.1), let o be a splitting of L and let x" = split(x, o). Then x" is a
feasible solution to (2.1) of cost

c(x) = Z Z c(') |- xe.
teL \'eo(C)
Proof. Feasibility of x” follows from Proposition 7.5. For the cost, we calculate

Z c(l)-xp = Z Z c(t) - xp.

tel teL t'ea () O

We will often apply splittings sequentially, which is captured by the following definition.

DEFRINITION 7.7. Let o and o’ be two splitting of L. Then concatenation o’ o o of the two splittings is defined via
(0" 00)(€) =Upeo) o' ().
Note that the concatenation of two splittings of L is again a splitting of L. We further observe the following.

ProposiTION 7.8. Let x be a feasible solution to (2.1) and let o and o’ be two splitting of L. Then split(x,o”’ o o) =
split(split(x, o), o’).

Proof. Letx’ = split(x, o) and x” := split(split(x, o), o’). For £’ € L, we have
Xy, = Z Xy = Z Z xe = Z xe.
'eL: "eo’ (L) 'eL: "eo’ (') teL: 'eo(£) CeL: "e(o’00) (L)

For the last equality, we used that for £ € L, o-({) consists of shadows of £ with pairwise disjoint undirected coverages. In
particular, we can have ¢”” € o’ (£’) for at most one ¢’ € o-(£) because ¢’ has to be a shadow of ¢’. 0

The following proposition helps us to bound the cost increase incurred by splittings.
ProposiTION 7.9. Let A > 1 and assume that c: L — [1,A]. Let x be a solution to (2.1) and let o be a splitting of L.
Let x’ = split(x, o). Then
c(x') < c(x)+ D (Ol = 1) -c(O) - x¢ < c(x) + A= D (Jo(O)] = 1) - xp.
teL el

Proof. We have

c(y= D e@)xe < Y 1e(O] - e(l) - xe

teLt’eo(b) tel
=c(@)+ ) (10O =D -c(0) - x¢ < c@x)+A- Y (o (O] = 1) - xe,
teL el

where the first inequality follows from the fact that ¢(£’) < c¢(£) whenever ¢’ is a shadow of ¢, and the second inequality
follows from |o-(€)| = 1 and ¢(€) < A. 0

7.2 The visibly k-wide modification LP Using splittings, we will introduce a new type of valid inequality for the
integer hull of (2.1). To define it, we need to consider subinstances that arise by contracting certain arcs. Given an arc set
A*, we denote by T'/A* the tree that arises from T by contracting the arcs in A*. For a link set L*, L*/A* denotes the link
set arising from this contraction. For a function f : A — B, and C C A, we use the notation f [¢ to denote the restriction
of f to the domain C.

Lemma 7.10. Let o be any splitting of the link set and let A’ C A. Then

(7.1 DU DL )| -xe = c(OPT(T/A supp(a) /A", ¢ Naupp(or)))
teL \l'eo(l)

is a valid constraint for the integer hull of (2.1), where OPT(T /A, supp(c)/A’, ¢ [supp(or)) denotes an optimum solution to
the WDTAP instance (T /A’,supp(c)/A’, ¢ Tsupp(o))-
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Proof. Let x be an integral solution to (2.1) and let x” := split(x, o). Then x” is an integral solution to (2.1) with
supp(x’) < supp(c). In particular, supp(x”)/A’ is a feasible solution to (T//A’,supp(c)/A’, ¢ [supp(o)) Of cost at most
c(x") = Yrer (Zereo(e) (L)) - x¢ by Proposition 7.6. O

DeriNiTION 7.11. A visibly k-wide modification is a pair (o, A"), where o is a splitting of the link set and A" C A,
such that (T |A’,supp(c)/A’,r) has visible width at most k. We call the corresponding contraint (7.1) a visibly k-wide
modification inequality.

Our approach will be to observe certain solutions to the linear program (2.1) and to obtain an integral solution of relatively
low cost, or to find a visibly k-wide modification inequality violated by the current solution to add to the constraints of (2.1).

7.3 Proof of Theorem 1.1 The main technical theorem of this paper guarantees the existence of a partial separation
oracle for the visibly k-wide-modification LP. This theorem is stated below, and in this subsection we will show how to use
it to prove Theorem 1.1.

_ Tueorem 7.12. Let &,A > 0. We can compute a constant k(&, A) with the following property: Given a rooted instance
(T, L,¢,7) of WDTAP with cost ratio at most A and a feasible solution X to (2.1), we can, in polynomial time, either find a
solution S C L with é(S) < (1.75 + &) - €(X), or find a visibly k(&, A)-wide modification inequality that is violated by X.

Assuming Theorem 7.12, we are now ready to prove Theorem 1.1, which we restate for convenience.

TueorReM 1.1. Let A > 1 and let & > 0. There exists a polynomial-time (1.75+ &)-approximation algorithm for WDTAP,
restricted to instances with cost ratio at most A.

Proof. Let A > 1 and let € > 0. We may assume that the constants £ and A are rational numbers because we can replace
them with rational constants &’ and A’ with 0 < &’ < &£ and A < A’ otherwise. Fix a rooted WDTAP instance (7, L, c,r)
with cost ratio at most A. We can check in polynomial time if (7, L, ¢, r) is feasible by checking if each tree arc is covered
by at least one link in L. Hence, we will assume that (T, L, ¢, r) is feasible in the following. By re-scaling the costs, we
may assume ¢: L — [1,A]. Then the cost of an optimal solution O PT satisfies 1 < c(OPT) < A|L| < An?, where n is the
number of vertices of 7. Let & := min{1, £}, let k := k(£,A) and let M := [log,, ; n®AT. We will use binary search on the
interval [1, (1 + £)™]. Note that the runtime of the algorithm will depend on & and A.

In the following, we will describe a subroutine that, given a rational number ¢* € [1, (1 + &)*], in polynomial time (in
the encoding lengths of (T, L, ¢, r), A, € and ¢*) either returns a solution F to (T, L, ¢, r) withc¢(F) < (1.75+&) - (1+¢&) - ¢*,
or decides that ¢* < c(OPT). The subroutine is defined as follows. Given c*, we apply the ellipsoid method to (try to)
find a feasible point x in the polyhedron P given by the constraints in (2.1), all visibly k-wide modification inequalities, and
c(x) < (1+&)-c*. Note that the encoding length of every constraint is polynomially bounded in the encoding lengths of
(T,L,c,r), e and c¢*. Moreover, P C [0, (1+&)-c*]" since c(£) > 1 forevery £ € L. If ¢* > ¢(OPT), then we further have
OPT + [0, ﬁ_LI -¢*]F C P, where we interpret O PT as a vector in {0, 1} Finally, we can separate all constraints in (2.1),
as well as the constraint ¢(x) < (1+ &) - ¢*, in polynomial time. To separate the visibly k-wide modification inequalities, we
will use Theorem 7.12.

More precisely, in each iteration of the ellipsoid method, given y € QL, we do the following: If y violates any of
the constraints of (2.1) or c(y) > (1 + &) - ¢*, we return the corrresponding violated constraint. Otherwise, we apply
Theorem 7.12 to either find a WDTAP solution F with ¢(F) < (1.75+&)-c(y) < (1.75+&) - (1+&) - ¢*, or a violated visibly
k-wide modification inequality. In the first case, we return F and stop; in the second case, we continue the ellipsoid method.
After a polynomial number of iterations, we have either found a WDTAP solution F with ¢(F) < (1.75+&) - (14 &) - ¢*, or
the volume of the ellipsoid is small enough, allowing us to deduce that ¢* < ¢(OPT).

Throughout the binary search, we maintain an interval [(1 + £)¢, (1 + &)”] such that ¢(OPT) > (1 + £)% and we have
a WDTAP solution F with ¢(F) < (1.75 + &) - (1 + £)>*!. Continually checking the point ¢* = (1 + E)L%J, we obtain an
interval of the form [(1 + &), (1 + &)'*!]. In this case, we are guaranteed an integral solution F of cost at most

c(F) < (1.75+8) - (1+8)™? < (1.75+8) - (1+&)* - c(OPT)
< (1.75+4.56 +3.7582 + &%) - ¢c(OPT) < (1.75 + €) - c(OPT). 0

We remark that the partial separation framework has already been used in [1, 13]. The remainder of the main part of this
paper is dedicated to proving Theorem 7.12.

8 Proving the weakened dream theorem In this section, we prove the weakened dream theorem (Theorem 4.2).
To this end, we will first introduce some notation that allows us to state Theorem 8.3, a slightly more formal version of
Theorem 4.2.
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DeriniTioN 8.1. Let (T, L, ¢, r) be a rooted instance of WDTAP, let x be a solution to (2.1) and let « > 0. We call an
arc a a-covered if x({€: a € cov(6)}) > a and a-heavy if x({€: a € Eov(0)}) > a. We call a link € a-heavily involved if
there is an a-heavy arc a with a € (W/(Z).

Let & € (0,1) and let A > 0. We define the following constants:

* ¥ = 5% is used to define whether an arc a is lightly covered, allowing us to cheaply split links £ with a € cov(¢).

°* [ = % is our threshold for an arc to be “heavily covered in the right direction”, allowing us to contract it.

°* = :fé‘_‘ i) is our our threshold for an arc to be “heavily covered in the wrong direction”.

o k= (1+y~") - £ is our bound on the visible width of certain instances that we will target.

Observe that our choice of constants satisfies the following inequalities. In fact, all but (8.3) are actually equalities, but we
do not need that fact.

(8.1) 2-A-y<e
2
(8.2) -<0
E
(8.3) HH<e- O
(8.4) 3-(1-A38-%-(1—s)-§2
(8.5) I+y ) o<k

Lemma 8.2. Let (T, L, c,r) be a rooted instance of WDTAP, let x be a solution to (2.1) and let F’ be a feasible solution
to the instance we obtain after contracting all {1-covered arcs. Then we can, in polynomial time, compute a solution F of
cost c(F) < c(F’) + € - c¢(x) to the original instance.

Proof. We show how to, in polynomial time, compute a link set F” of cost c(F"') < & - ¢(x) that covers all {|-covered
arcs. Let (T = (V,A), L, ¢,7) arise from (T, L, ¢, r) by contracting all arcs that are not {j-covered. Then x corresponds to

a solution X of cost ¢(¥) = ¢(x) to (2.1) for (T, L, &) with the property that ¥(£ € L: a € cov(£) > ¢; for every a € A. In

particular, x’ := - - % is a feasible solution to (2.1) for (T, L, ¢) as well. Obtain x”’ from x’ by splitting every link in supp(x’)

that is not an up-‘(l>r down-link already at its apex. Then
— - ! 2
c(x’)y<2-¢(x') = §—~c(x) <e-c(x)
1

by (8.2). Note that (T, supp(x”), &, 7) is a willow (choosing U = (), so we can, in polynomial time, compute an optimum
solution F to (T, supp(x”’), ¢) of cost at most ¢(x”’) < & - ¢(x) by Theorem 5.3. The uncontracted links corresponding to F
yield the desired link set . Setting F' = F’ U F"’ concludes the proof. ]

In the following, it will be convenient to make the following assumption.

(8.6) There are no {;-covered arcs.

Lemma 8.2 essentially tells us that we can assume (8.6) at the cost of a cost increase by € - ¢(x).
Before stating Theorem 8.3, the more formal version of Theorem 4.2, we need to introduce the following notation:

» For avertex v € V' \ {r}, we let a, be the arc connecting v to its parent.

* Foravertex v € V\{r} suchthata, is anup-arc, we define viwidth(v) := viwidth,, (v), viwidth(v) = viwidthgoy, (v),
—
Xv =A,N Aup and A, = A, N Agown.

* For a vertex v such that a, is a down-arc, we let viwidth(v) := viwidthg,y,(v), viwidth(v) = viwidth,,(v),
<_
Ay = Ay O Agown and A, = A, N Ayp.
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Tueorem 8.3. Let (T, L,c,r) be an instance of WDTAP with cost ratio at most A and let x be a solution to (2.1)
satisfying (8.6). We can, in polynomial time, compute a splitting o* of L and a vertex set W* C V with the following
properties:

(i) Let x* = split(x, o). We have c(x*) < (1 +¢) - c¢(x).
(ii) W* consists of up- and down-independent vertices with respect to supp(x*).

(iii) Let L' arise from supp(x*) by splitting every W*-cross-link at its apex. With respect to L', we have the following:

(a) viwidth(v) < k for everyv € V.

(b) viwidth(r) < k and we have viwidth(v) < k for every v € V' \ {r} such that a,, is not {,-heavy (with respect to
x*).

Note that when saying that L’ arises from supp(x*) by splitting every W*-cross-link at its apex, we mean the following:
There exists a splitting o~ of L such that L’ = supp(split(x*, o)) and such that for every W*-cross-link ¢, o (£) consists of
up- and down-links only, i.e., € has been split at its apex (and potentially at further vertices).

The rest of this section is dedicated to proving Theorem 8.3. Fix a rooted WDTAP instance (T = (V, A), L, ¢, r) with
cost ratio at most A. By rescaling the costs, we may assume without loss of generality that ¢: L — [1,A]. To establish
Theorem 8.3, we will traverse the tree T bottom-up, starting from the leaves and working our way up towards the root.
Whenever we encounter a vertex v of high visible width, we will try to split links with one endpoint in 7, and one endpoint
outside T, rendering v up- or down-independent. We introduce the following notation, which slightly differs from the one
used in Section 4.

DeriNiTION 8.4. Let v € V \ {r}. We say that a link £ = (u, w) points into T,, if w € U, \ {v} and u ¢ U,.. We say that £
points out of T, if u € Uy, \ {v} and w ¢ U,.. We denote the set of links pointing into/ out of Ty, by Li and LI, respectively.

ProposiTiON 8.5. If L‘l, = 0, then v is up-independent. If L‘T, =0, then v is down-independent.

Proof. We only prove the first statement, the second one can be derived analogously. Assume L%, = 0 and let
£ =(y,z) € L. Assume cov(£) N A, NAup #0. Thenz e U, \ {v}. As{ ¢ L\T, =0,z € U,. Hence, cov(£) C cov() € A,

We are now ready to define when an arc a,, is “light” with respect to a solution to (2.1), allowing us to split all links covering
it in the right or in the wrong direction, respectively, without increasing the cost of the LP solution by too much. As outlined
in Section 4, we will charge the cost of the splitting to the coverage of visible arcs in the subtree hanging off v. In doing so, it
will be convenient to measure the coverage of these arcs with respect to the original LP solution x, whilst defining visibility
with respect to the support L’ of the split LP solution x’.

DeriNiTION 8.6. Let y € (0, 1), let x be a solution to (2.1) and let L’ C L. Letv € V\ {r}. We say that a, is y-up-light
with respect to x and L’ if
x(LY) <y -x({€ € L: COV(£) N Aup N AYS(L') # 0} \ LY).

We say that a,, is y-down-light with respect to x and L' if
x(L)) <y x({€ € L: Cov(£) N Agown NAVS(L') # 0} \ L]).
Note that L’ is only used to specify visibility, however, we evaluate x on all of L.

Next, we define the type of splitting operation that we will perform when encountering a light arc.

DEerINITION 8.7. Letv € Vandlet L' C L. The splitting o, 1 is defined as follows. For { = (u,w) € L' withv € in(P¢),
we define o, 1, (€) = {(u,v), (v,w)}. For every other link €, we define o, 1, (£) = {{}.

Recall that in(P,) denotes the set of inner vertices of the path P,. The splitting o, 1 splits every link £ € L’ with v € in(Py)
into two shadows; one starting and one ending in v.
The next proposition allows us to bound the cost increase incurred by successive splitting operations.

ProposiTiON 8.8. Let x be a solution to (2.1), letv € V and let L’ C L. Let x" := split(x, o 1). Then

c(x’) <c(x)+A-x(L).
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Proof. This follows from Proposition 7.9 by observing that |0, 1/ (€)| < 2for £ € L’ and |0y 1/ (£)| =1for £ ¢ L’. 0O

The link sets that we will choose as L’ will be of the form Li and LI, respectively. The following lemma tells us that splitting
cannot increase the total x-value on these subsets. (It can, however, decrease it to zero if splits are performed at v.)

ProposITION 8.9. Let x be a solution to (2.1), let o be a splitting of x and let x’ := split(x, o). Letv € V \ {r}.
* We have x’(Li) < x(L‘l,) andx'(L\T,) < x(L‘T,).

e fo=0wpandw #vorl' N L\l, =0, then x’(L‘l,) = x(L‘l,).

s [fo=0ywpandw #vorlL' N L‘T, =, then x’(LI) = x(Ll).

Proof. We only prove the statements for Li, the proof for L‘T, is analogous. Let £ € L. We make the following two
observations:

o Ifthereis £’ € o(£) N Li, then € € Li because ¢’ is a shadow of ¢.

e For( e Li, we have |o(£) N Lil < 1 because a, € cov({’) forevery £’ € o(£) N Li, but the sets (cov({’))sreo () are
pairwise disjoint. (Recall that cov(¢’) is the arc set of Py).

This yields
(L= Y xe= Y Y xe= ) 1o 0Lyl -xe < x(L),
regt C€EL: rept L. !
t'eLy {),EEOI:([) t'eL; ;EI(;V(.{)) CeLy,

proving the first statement (for Li). We note that if o = oy and w # vor L' N Li = (, then for every ¢ € Li, there is
exactly one ¢’ € o () with ' € Lﬁ and we get equality above. O

Algorithm 8.1 shows the splitting procedure that we employ in order to prove Theorem 8.3. We traverse the vertices in
V \ {r} from the leaves towards the root. If a, is y-up-light, we split all links pointing into 7), at v, if a,, is y-down-light,
we split links pointing out of 7;,. Throughout the algorithm, we keep track of the current (split) LP solution x*, the splitting
o* with x* = split(x,o*) and the sets W,, and Wy, of vertices v at which links pointing into and out of 7, have
been split, respectively. We write g to denote the initial identity splitting given by oiq(€) = {¢} for every £ € L. Note
that x = split(x, oiq). Note that Algorithm 8.1 runs in polynomial time. We will show that the output (o*,x*, W*) of

Algorithm 8.1 Light link splitting.

Input: solution x to (2.1)

Output: splitting o, x* = split(x, o), vertex set W*
I 0" — g, X" —x, Wyp < 0,, Waown < 0
2: for v € V' \ {r} in order of non-increasing distance to r do
3: if a, is y-up-light (with respect to x and supp(x*)) then

4: oF — o, Lo o, x* « split(x”*, O-V,Li)

5 Wup — Wyup U {v}

6: end if

7: if a, is y-down-light (with respect to x and supp(x*)) then
8: oF — 0,100 o, x* « split(x*, O-V,Ll)

9: Wdown — Wdown U {V}

10 end if

11: end for

12: return o, x*, W* := W, , U Wyoun U {r}

Algorithm 8.1 meets the requirements of Theorem 8.3. Our first goal is to establish Theorem 8.3 (i).
To this end, for v € V' \ {r}, let x*¥ denote value of x* at the beginning of the iteration of the for-loop where v is
considered. Let W,,, and Wy, denote the values of the respective sets when the algorithm terminates.
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ProrosiTioN 8.10. We have

c(x*) < c(x)

+A- Z y - x({€ € L: Cov(€) N Ayp N AV (supp(x™Y)) # 0} \ LY)

veWyp
+A- Z y - x({€ € L: TV(€) N Agown N AV (supp(x™Y)) # 0} \ LT).
vEWaown

Proof. By Propositions 8.8 and 8.9, we have

c(x*) < c(x) +A- Z V(L) + Z V(L.

VGWMI;, VEWaown

By Proposition 8.9, we know that x*’V(Li) < x(L‘l,) and x*’V(LI) < x(L‘T,) for all v € V\ {r}. The desired statement, hence,
follows from Definition 8.6. 0

To derive a good bound on the cost increase from Proposition 8.10, we need to make sure that a link £ does not appear in too
many of the sets {¢ € L: cov(£)NA,,NAY (supp(x*")) # OY\Land{f € L: COV(£)NAgownNAY (supp(x™Y)) # O3\ LD,
respectively. The next lemma takes care of this.

ProrosiTioN 8.11. Let £ € L.

* There is at most one vertex v € Wy, such that cov(€) N Aup N AV (supp(x™Y)) # 0 and ¢ ¢ L‘l,.

o There is at most one vertex v € Wyown such that m(f) N Adown N AV (supp(x*Y)) # 0 and ¢ Ll.

Proof. We only prove the statement for v € W,,;,, as the other one can be derived analogously. If there is no such vertex
v € Wy, there is nothing to show. Next, assume that there is at least one such vertex and let v be the first one considered
by the algorithm. Let £ = (y,z). As € covers an arc in A,, N A,, we have z € U, \ {v}. As( ¢ L\l,, y € U,. Hence,
cov(f) C cov(f) C A,. Asvg € Wyp, we know that every link in Li is split at v and after this, we have x*(LiO) = 0.
By Proposition 8.9, for every vertex v; considered after v, we also have x*"' (L!) = 0, i.e., supp(x™*') N Li = (. But
this tells us that no vertex v considered after vy can see any arc in A,, N A,. Indeed, if v; is considered after v, then
vi ¢ Uy, because every vertex in U,, \ {vo} has a larger distance to r than vg. If there were an arc a € A,, N A, visible
to vi (w.r.t. supp(x™"1)), then there were a link ¢’ = (y’,z’) € supp(x**!) such that a € cov(¢’) and v; € in(P). In
particular, z’ € U,, \ {vo} and y" ¢ U,, (as in(Pp) C U,, otherwise). So ¢’ € supp(x™*') N Li, a contradiction. Hence,
A, NA,,N Axli“'(supp(x*’vl)) = ( for every v that is considered after v. As cov(¢) N Aup € Ayp N A,, this concludes the
proof. 0

We are now ready to prove Theorem 8.3 (i).
LemMma 8.12. ¢(x*) < (1 +¢&) - c(x).

Proof. We use Proposition 8.10 and that the sets {€ € L: cov(f) N Aup N AVIS (supp(x™Y)) # 0} \ Li forv € W,,, and

(€ € L:Cov(£) N Agown N AV (supp(x™Y)) # 0} \ LI for v € Wy, are pairwise disjoint by Proposition 8.11. Hence,
Proposition 8.10 yields

Zc(x*) Scx)+2-A-y-x(L)<cx)+2-A-y-clx) <(1+¢&)-c(x),
el

where we used ¢(¢) > 1 for all £ € L for the second and (8.1) for the third inequality. 0

Next, we establish Theorem 8.3 (ii).

Lemma 8.13. Forv € Wy, we have x* (Lt) = 0 and for v € W oyn, we have x*(LI) = 0. In particular, every vertex in
W* is up- or down-independent with respect to supp(x™).
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Proof. ris both up- and down-independent since A = A,. Forv € W,,;,, we have x* (L‘i,) = 0 immediately after splitting
all links in Li at v. By Proposition 8.9, this property is preserved until the end, so supp(x*) N Li = (. By Proposition 8.5,
v is up-independent. Analogously, we can establish that every vertex in W oy, 1s down-independent. 0
We are left with proving Theorem 8.3 (iii). Let L’ = supp(split(x*, o)) be obtained from supp(x*) by splitting all W*-cross-
links at their apex.

Lemma 8.14. With respect to the link set L', we have viwidth(r) = 0, viwidth,,(v) = 0 for v € W,,, and
viwidthgoyw, (V) = 0 for v € Wapywn.

Proof. Every link £ with r € in(P;) is an r-cross-link. As r € W*, there is no link in £ € L’ with r € in(P;). Hence,
no arc is visible from r and viwidth(r) = 0.
Next, v € Wy, and let a € A, N A,,. We need to show that a is not visible for v. Let £ = (y,z) € L’ be a

link with @ € cov(¢£). Then z € U, \ {v}. As we have observed in the proof of Lemma 8.13, supp(x*) N Li = 0. As
L’ = supp(split(x*, o)), we also have L' N Li = () by Proposition 8.9. Hence, y € U,, so apex({) € U,. As L’ contains no
v-cross-links, v ¢ in(Py). The statement for v € Wy,,,, can be derived analogously. 0

The following lemma concludes the proof of Theorem 8.3 (iii).

LemMma 8.15. Letv e V\ {r}.
e Ifviwidthy, (v) > k with respect to L', then x* (L%,) > {, and a,, is a {»-heavy down-arc.
o If viwidthgoy, (V) > k with respect to L', then x*(LI) > {5, and a,, is a {>-heavy up-arc.

Proof. We only prove the first statement, the second one can be derived analogously. Let v € V \ {r} with
viwidth,, (v) > k. By Lemma 8.14, v ¢ W,,,. We begin by showing the following claim.

Cramm 8.16. x(L‘l,) > 0.

Proof of claim. Assume towards a contradiction that x(L%) < 0.
Asv & Wy, we know that

X(LY) >y -x({€ € L: CoV(£) N Ayp N AV (supp(x™Y)) # 0} \ LY).

As viwidth,, (v) > k, let ay,...,arq1 € A, be ancestor-free up-arcs that are visible for v with respect to L’. As L’ arises
from supp(x™") by splitting links, ay, ..., ax+; are also visible for v with respect to supp(x™"). This implies

X(Ly) >y - x({€ € L: &V(6) N {ay, ..., axn} # 0} \ L),
which yields

x({ e L:cov(0) N{ai,... a1} #0}) <x({€ € L:cov(€) n{ay,...,akn} # 0} \ LY) +x(LY)
<(+y HxLh) <+y g

On the other hand, as the arcs aj, ..., ar+1 are ancestor-free, there is no link ¢ covering two of them. Using that x is a
solution to (2.1), this implies

k+1
8.5
k1< S x({€: a € 0} =x({f € L: 00 N {ar,..oap} 20 < (1477 ) -6 S k+1,
i=1

a contradiction. 0
Asv ¢ W,,, the only splitting at v that we might perform in the course of Algorithm 8.1 is o, (in case v € Wyoyn)-

Using that Li N Ll = (), by Proposition 8.9, we can infer that x*(L‘l,) = x(Li) > (,. Finally, we observe that a,, must be a

down-arc. Indeed, if a,, were an up-arc, then every link in Li would cover a,,, implying that a,, would be {,-covered for x
(and x*). However, this contradicts (8.6) and (8.3). Hence, a, is a {,-heavy down-arc. 0

This concludes the proof of Theorem 8.3.
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9 Components and cores: handling heavy coverage in the wrong direction For this section, we again fix a rooted
WDTAP instance (7, L, ¢, r) with cost ratio at most A and a solution x to (2.1) satisfying (8.6). Moreover, let o*, x* and W*
be as given by Theorem 8.3. The goal of this section is to prove Theorem 9.7, which allows us to establish strong structural
properties with respect to the {»-heavy arcs (for x*). To state Theorem 9.7, we require the following definitions.

DEeFINITION 9.1. An up-component (down-component) is a (weakly) connected component of the digraph (V,Ayp)
((V,Adgown)). We denote the collection of up- and down-components by C,p and Cgown, respectively, and we let
C = Cup U Caown. We say that C is a component if C is an up- or a down-component, i.e., C € C. For a component C, we
let the root rc of C be the vertex of C closest to the root r of T.

DEeFINITION 9.2. Let C = (V', A”) be a component. We call an arc a’ € A’ a base arc if a’ is {-heavy (w.r.t. x*) and
moreover, no arc of C below a’ has this property. We denote the set of base arcs of C by Bc.

ProrositionN 9.3. For every component C, B¢ is ancestor-free. |
COROLLARY 9.4. Let C € C and let b,b’ € Bc withb # b'. Then {€ € L: b € Sov(£)} n{t € L: b’ € Eov(£)} = 0.

Proof. Let{ € L. All arcs in &ov(£) N Aup, as well as all arcs in EoV(€) N Agown, share a pairwise ancestral relationship.
Then fact that B¢ is an ancestor-free set are up-arcs, if C € C,p, and an ancestor-free set of down-arcs, if C € Cgown,
concludes the proof. 0

DEerINITION 9.5. Let C be a component. The core ¢ of C consists of the union of the paths connecting the
(lower vertices of) the base arcs to rc, if Bc # 0, and is empty otherwise. Let éup = {C:C € Cup,Bc # 0},
Caown = {C C € Caown>Bc # 0} and C = éup U Caown be the collection of all non-empty cores.

For a core C € C, we call B = Bc the set of base arcs ofCO’.

ProposITION 9.6. Let v € V \ {r} such that a, is {>-heavy, and let C € C be the component containing a,. Then a, is
contained in C.

Proof. This is clear if a,, € B¢. Otherwise, there exists a base arc b € B¢ such that a,, lies on the path from the bottom
vertex of b to rc. Hence, a,, is contained in C. O

We are now ready to state the main theorem of this section.

THEOREM 9.7. We can, in polynomial time, compute a splitting o** of L and x** = split(x*, c**) = split(x, o™ o o*)
such that the following properties hold:

(9.7.1) c(x) < (1+&)%-c(x)
(9.7.2) Let C € C. There is no € € supp(x*™*) with cov(£) N A(C) # 0 and Eov(£) N A(C) # 0.
(9.7.3) Let C € éup. Then supp(x**) N Llc = 0 and for every € € supp(x**) N L} cov({) N A(C) = 0.

rc»

Let C € Cyown. Then supp(x™) N Lfc = 0 and for every € € supp(x**) N Ll cov(£) N A(C) = 0.

rco
(9.7.4) Let C € C and let € € supp(x**). If cov(¢) contains an arc of C incident to r¢, then re is an endpoint of €.
Before we move on to proving this theorem, we state an application of it.

CoroLLARY 9.8. Let o be a splitting of L and let € € supp(split(x™, o). Let C € C such that cov(€) N A(C) # 0.
Then apex(€) € V(C).

Proof. We only consider the case where C € é’up, the case C € édown can be handled analogously. By (9.7.3)

and Proposition 8.9, we know that supp(split(x**, o)) N LIC =0,s0¢ ¢ LIC. We further show that £ ¢ Lic.
As ¢ € supp(split(x™, o)), there is ¢’ € supp(x™) with £ € o(£’). Then ¢ is a shadow of ¢’, implying that also
cov(¢’) N A(C) # 0. By (9.7.3), ¢’ is neither contained in Llc nor in Lic, hence, both endpoints of ¢’ must be contained
in U, (because also cov({’) N A,. 2 cov(¢’) N A(C) # 0). As ¢ is a shadow of ', both endpoints of £ are contained
in U, as well. As there is a € A(C) N cov({), apex(£) must be an ancestor of apex(a), but a descendant of rc. Hence,

apex(€) € V(C). 0

The rest of this section is dedicated to the proof of Theorem 9.7. We first conduct a structural analysis of links in supp(x*)
violating properties (9.7.2), (9.7.3) and (9.7.4). Then, we describe a link splitting procedure (Algorithm 9.1) designed to
make sure that the support of the resulting solution x** does not contain any of the “problematic links”. Finally, we explain
how to charge the cost of the splitting against the total costs of the links “heavily covering base arcs in the wrong direction”.
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9.1 Structural analysis of problematic links For every C € C, fix an ordering B¢ = {b¢, ..., b,cc} of its base arcs.
We introduce a decomposition of the cores into pairwise arc-disjoint paths, that will allow us to characterize the structure of
the “problematic links” and guide our charging procedure when splitting them.

DEeFintTION 9.9 (trunk decomposition). Let C € C. The trunk decomposition of C is the decomposition of C into
arc-disjoint paths P, . . ., P,CC defined as follows:

. Plc is the path connecting the bottom vertex of blc torc.

e Fori=2,...,tc, let P} be the path connecting the bottom vertex ofbl.c to rc and let Pt.c be the prefix of P; ending at
the first vertex in V(P}) N lj;{ V(PJC).
The paths (PZ.C):S1 are called the trunks of the trunk decomposition.

Note that we can compute C,, P Caown and a trunk decomposition of every core, in polynomial time: following the definition,
each step can be done in linear time and the total number of base arcs is bounded by the total number of arcs.

A

1

7N

Figure 9.1: An up-component C with root r¢ is shown on the left. The £>-heavy arcs are drawn in bold with <, b2c and b3C
being the base arcs. The core of C is shown on the right, together with its trunk decomposition, indicated by colors. Here,
P€ (blue) is the parent trunk of P (green). The sibling arc of P§ is b¢.

DEFintTION 9.10. For a trunk Pl.c, we denote its top endpoint by vl.c and its top arc by al.c.

DerNiTION 9.11. Let C € C and let (Pic)fg1 be the trunks of the trunk decomposition of C. Fori € {1,...,tc} with
vlc # rc, we define the parent trunk of Pl.C to be the trunk P].C containing a c. Note that as B¢ is ancestor-free, vic cannot
. C C . IC . . C
be the bottom endpoint of PJ. . We further call the arc of Pj connecting to v; from below the sibling arc of P; and denote
; c
itby s;.
We are now ready to analyze the structure of links that violate the condition in (9.7.2).

ProposITION 9.12. Let C € C and let € € L with cov(£) N A(C) # 0 and Eov(€) N A(C) # 0. Then:
(9.12.1) ¢ is neither an up- nor a down-link, i.e., apex(€) € in(P¢).
(9.12.2) There is a trunk Pic such that apex () = vic and either at.c e cov(?), or vic # rc and sic e cov(?).

Proof. The fact that A(C) either only contains up-arcs or only down-arcs implies that for an up- or down-link ¢,
cov(£) N A(C) = 0 or Ev(£) N A(C) = 0. This establishes (9.12.1). To simplify notation, we prove (9.12.2) only for the
case where C € Co‘up; the case C € Cgown can be handled analogously. Let £ = (u,v), let a € cov(€) N A(C) and let
a’ € &ov(£) N A(C). Then a lies on the apex(£)-v-path in T and @’ lies on the u-apex(£)-path in 7. In particular, apex(£)
is the lowest common ancestor of (the top vertices of) a and a’, and, as C is connected, apex(£) € V(C). Let ag and a, be
the top arcs of the v-apex (£)-path and the u-apex (£)-path, respectively. Then aq € cov(¢) and aj € &ov(¢). Let PIC be the
trunk containing ag. If vjc = apex({), we let PC = PJC. Otherwise, apex(¢) # rc and dapex(c) € A(PJC). In this case, we
let PE be the trunk containing aj. Then v& = apex(¢) and ag = s¢ is the sibling arc of PE. O
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The next two propositions help us to understand the structure of links violating the conditions in (9.7.3).

ProrosiTioN 9.13.
e LetC € (j‘up and let € € LIC. Thenrc #r, rc € in(Py) and a,. € cov (¢).
e Let C € Capyn and let € € L . Thenrc #r, rc € in(Py) and a,. € cov(£).

Proof. We only prove the first statement; the second one follows analogously. Let C € Cup and let £ = (u,v) € LT
Thenu € U, \{rc}andv e V\U,.,sorc € IH(P[) Moreover, apex({) is a strict ancestor of r¢ (implying r¢ # r) and
ar. appears on the u-apex(£)-pathin 7. As C € Cup, are is a down-arc, so a,. € cov (). |

ProrosiTION 9.14.

e Let C € éup and let € € Lic with cov(€) N A(C) # 0. Then r¢ € in(Py) and there is a trunk Pl.c with viC =rc and
c

—

a; € cov(?).

e Let C € Capwn and let € € LIC with cov(€) N A(C) # 0. Then r¢ € in(Py) and there is a trunk Pl.c with vt.c =rc and
al.c e cov(0).

Proof. Again, we only prove the first statement. Let C € Cup and let £ = (u,v) € L with cov(£) N A(C) # 0.
Then v € U, \ {rc} and u ¢ U,.. In particular, rc € in(P¢) and moreover, apex({) is a strict ancestor of r¢. Let
a € cov({) N A(C). Then a lies on the v-rc-path in T. Let a’ be the last arc of this path. As C is connected, a’ € A(C), so
there is a trunk Pl.c containing a’. As a’ is incident to r¢, a’ = aic and vl.c =rc. Finally, as C € Co’u,,, al.c € A,p. As al.c lies
on the v-apex(¢)-path in T, a€ € cov(¢). O

Propositions 9.12 to 9.14 and (9.7.4) motivate the splitting procedure presented in the following section.

9.2 The splitting algorithm We obtain o** and x** = split(x*, o**) via Algorithm 9.1.

Algorithm 9.1 Core link splitting.
Input: solution x* to (2.1)
Output: splitting o of L, solution x** = split(x*, c**) to (2.1)
1: 0 — oyq, X «—x*
2: for C € C do
3 L —{leL:a,. ccov(l)}
4 0™ = Oy 1 0 0, X split(x™, oy, 17)
5 fori — 1totc do
6: L'« {teL:af ecov(t)}
7
8
9

o —oyc 00 X split(x™, oyc 1))
i’ i
if v€ # rc then
’ . C -
L' —{teL:s; e€cov(f)}

10: 0" — o 00, X split(x™, oc 1))
1: end if ’ ’

12: end for

13: end for

ok

14: return o**, x*

Note that Algorithm 9.1 runs in polynomial time. The following technical claim is useful to further analyze Algorithm 9.1.

PrOPOSITION 9.15. Let a € A and let u be an endpoint of a. Let x be a solution to (2.1) such that for every € € supp(x)
with a € cov(¢), u is an endpoint of L.
Letv eV, L' C Landletx" = split(x, oy 1/). Then for every £ € supp(x’) with a € cov(€), u is an endpoint of €.

Proof. Let € € supp(x’) with a € cov(£). If £ € supp(x), the statement follows from our assumption on x. Otherwise,
there is ¢ € L’ N supp(x) such that ¢ is a shadow of ¢ with a € cov(£). Then also a € cov(¢’), so u is an endpoint of £’.
As u is an endpoint of ¢’ and a, ¢ is a shadow of ¢’ and a € cov(¢), u must be an endpoint of £ as well. 0
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ProposiTION 9.16. The solution x*™ computed by Algorithm 9.1 satisfies (9.7.2).

Proof. Let C € C and let Pic be a trunk of C. We know that for every link ¢ € supp(x**) with al.c € cov(0), vl.c is
an endpoint of ¢ because this property holds immediately after line 7 of Algorithm 9.1 is executed (for C and 7) and it is
preserved by later splits by Proposition 9.15.

If r€ # rc, we further know that for every link £ € supp(x*™) with s¢ € cov(¢), v is an endpoint of ¢ because this
property holds immediately after line 10 of Algorithm 9.1 is executed (for C and i) and it is preserved by later splits by
Proposition 9.15.

By Proposition 9.12, (9.7.2) is satisfied. 0
ProrosiTiON 9.17. The solution x*™* computed by Algorithm 9.1 satisfies (9.7.3).

Proof. We only prove the statement for C € (j‘u p:thecase C € (j‘down can be handled analogously.

Let C € Co'u p with rc # r (otherwise, LIC = ( and Lic = 0 and there is nothing to show). We know that every link
¢ € supp(x**) with a,. € cov(£) has r¢ as an endpoint because this property holds immediately after line 4 of Algorithm 9.1
is executed for C and it is preserved by later splits by Proposition 9.15. By Proposition 9.13, supp(x**) N Llc =0.

Let P€ be a trunk of C with v€ = rc. We know that for every ¢ € supp(x™) with a© € cov(¢), v€ = rc is an endpoint
of ¢ because this property holds immediately after line 7 of Algorithm 9.1 is executed (for C and 7) and it is preserved by

later splits by Proposition 9.15. By Proposition 9.14, for every ¢ € supp(x™) N L} cov(£) N A(C) = 0. 0

rc»

ProprosiTiON 9.18. The solution x™ computed by Algorithm 9.1 satisfies (9.7.4).

Proof. Let C € Candleta € A(C) be an arc incident to r¢. Then a is the top arc of some trunk of C ending in r¢,

i.e., thereisi € {1,...,tc} such that a = al.c and vl.C = rc. Now, every link £ € supp(x*™) with a € cov(£) has r¢ as an
endpoint because this property holds immediately after line 7 of Algorithm 9.1 is executed for i and C, and it is preserved
by later splits by Proposition 9.15. O

To conclude the proof of Theorem 9.7, it remains to establish (9.7.1), which is the goal of the following section.

9.3 Bounding the cost of the splitting In order to bound the costs of the splitting operations performed in
Algorithm 9.1, we first establish a lower bound on the total cost of x*. Lemma 9.19 allows us to relate the total x*-
value on links who have their apex in a core C to the number ¢¢ of base arcs of C. Corollary 9.21 then gives a lower bound
on the cost of x* in terms of the total number of base arcs in all cores. For the proof of Lemma 9.19, we observe that since
there are no {;-covered arcs with respect to x, Proposition 7.5 implies that

(CAY there are no ¢;-covered arcs with respect to x*.

LemMa 9.19. Let C € C. Then x*({€ € L: apex(£) € V(C)}) > (1 —¢€) - & - tc.

Proof. Fori € {1,...,tc}, letL; = { € L: bl.c € &ov(£)}. By Corollary 9.4, the sets (Li)l’.gl are pairwise disjoint.
Moreover, as every base arc is {-heavy, x*(L;) > {» foreveryi € {1,...,tc}.

CLam 9.20. Leti € {1,...,tct andlet € € L;. If apex(€) ¢ V(C), thenrc # r and a,. € cov(f).

Proof of claim. To simplify notation, we assume that C € éu p; the case C € édown can be handled analogously. Let
= (u,v). As bic € &ov(0), the bottom vertex w of bl.c is an ancestor of u and apex(¢) is strict ancestor of w. If apex(¢)
appears on the w-rc-path in 7', then apex(£) € V(C). Otherwise, apex(¢) is a strict ancestor of r¢ and in particular, r¢ # r.
Moreover, a,,. is a down-arc that appears on the u-apex(¢)-path in T, implying a,. € cov(?). 0

By the claim, if r = r¢, then
ic

X ({€ € L: apex(0) € V(O)}) = D x"(Li) 2 tc - &a.

i=1
Next, assume that » # rc. The claim yields
Ic

— ©.1 (8.3)
x*({€ € L: apex(£) e V(C)}) = Zx*(Li) —x"({teL:ay. ccov()}) > tc-Hr—01 > (1—-€)-6H -t

i=1
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CoRrROLLARY 9.21. We have c(x*) > % (I—&) & Xeepte:

Proof. This follows from Lemma 9.19, using that the link costs lie in [1, A] and that for every € € L, there is at most
one C € Cyp, and at most one C € Cgown With apex(£) € V(C) because the up-cores, as well as the down-cores, are pairwise
vertex-disjoint. 0

LemMA 9.22. We have c(x**) < (1 +&)? - ¢(x), i.e., (9.7.1) holds.

Proof. Using Proposition 7.5, and Proposition 8.8, we obtain

(&™) < er) +A- ) (L€ L: ap €TH(OY)

cec

Ic tc
+A-Z Zx*({ﬁeL:aiceﬁ(é’)})+ Z x*({feL:sl.Ceﬁ(f)})]

Ceé i=1 i:l,vicirc
©.1) o
<) +O A ICIH2 LA Y 1e
ceé
v cwria-a- e a Jreon(l-e) - Y
<(l+e)-cx)+3-41-A- cc_ +¢&)-cx +8'§' &) ac
CeC CeC

<(l+e&)-cx)+e-c(x) < (1+&)?-c(x),

where the inequality marked () follows from Theorem 8.3 (i) and the fact that ¢ > 1 for every core C, the second-to-last
inequality follows from Corollary 9.21, and the last inequality follows again from Theorem 8.3 (i). O

Combining Propositions 9.16 to 9.18, and Lemma 9.22 proves Theorem 9.7.

10 Best of three solutions For this section, we again fix a rooted WDTAP instance (7, L, ¢, r) with cost ratio at most
A and a solution x to (2.1) satisfying (8.6). Moreover, let o*, x* and W* be as given by Theorem 8.3 and let x** and o** be
as given by Theorem 9.7. The goal of this section is to prove Theorem 7.12 by constructing three different solutions arising
from x** by splitting certain links. To this end, we classify and partition the links in the support of x**. We begin by proving
the following technical claim, that will be helpful to define disjoint subsets of supp(x**).

ProposiTION 10.1. Let £ € supp(x*™*) and let C € C such that cov(£) N A(C) # 0. Then apex({) € V(C) and
cov(€) N A(C) contains an arc incident to apex({).

Proof. Leta € cov(¢)NA(C) and let v be the bottom vertex of a. Then both apex(¢) and r¢ appear on P, the v-r-path
in T. If apex(¢) lies on the v-rc-subpath of P, then apex(£) € V(C) and moreover, the last arc of the v-apex(£)-subpath
of P, is contained in cov(£) N A(C). Otherwise, £ € LIC U Lic and cov(£) N A(C) # 0, contradicting (9.7.3). 0

DeriniTioN 10.2. We deﬁnez> = {¢ e L:3C eC:cov(€)NA(C) # 0} 10 be the set of links that “cover part of a core

in the right direction” and T = {€ e L:3C eC:&v(l) NA(C) # 0} to be the set of links that “cover part of a core in
the wrong direction”.

- -
It turns out that the support of x** does not contain any link in L N L. In fact, L N L does not even contain a shadow of a
link in supp(x**).

Lemma 103. LN LN {€: ¢ is a shadow of a link in supp(x**)} = 0.

Proof. Assume towards a contradiction that ¢’ € T N L is a shadow of £ € supp(x**). Then also ¢ € TN T and
there are C € C with cov(£) N A(C) # 0 and C’ € C with &ov(£) N A(C) # 0. By (9.7.2), &ov(£) N A(C) = 0 and
cov(£) N A(C’) = 0. Hence, C # C’ and, in particular, A(C) N A(C’") = 0. By Proposition 10.1, apex(£) € V(C) nV(C’)
and one of the two incident arcs of apex(£) in cov(¢) is contained in A(C), call it a, and the other one is contained in A(C”),
call it a’. Let £ = (u,v). Then either a € cov((u,apex(£))) and a’ € Eov((apex(£),v)), implying that both a and a’ are
down-arcs, or a’ € Cov((u, apex(£))) and a € cov((apex(£),v)), implying that both  and @’ are up-arcs. In either case, C
and C’ are distinct cores for the same direction sharing a vertex (namely, apex(¢)), a contradiction. O
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To construct the different solutions, we will split certain collections of links at their apex. To describe this operation formally,
we introduce the following notation.

DeriNiTION 10.4. Let L’ C L. The splitting o, of L, which splits every link in L’ (that is not already an up- or
down-link) at its apex, is defined as follows. If ¢ € L\ L’ or £ € L' is an up-link or a down-link, we define oy, (€) = {€}. If
€ = (u,v) € L' is neither an up- nor a down-link, we define or-(€) = {(u, apex(£)), (apex(£), v)}.

Let X := g V(C) be the set of vertices of all cores. Let L¢yoss consist of all (W* U X)-cross-links that are neither

—

. . H . .
contained in L norin L, i.e.,
Leross = {€ €L\ (Z) v <L_): ¢is a (W* U X)-cross-link}.
-«
We further define L, eg; = L\ (L¢ross U L U L). By Lemma 10.3, we know that

. _> ok . (_ kk . *k
(10.1) supp(x™) = (Leross N supp(x™))U(L N supp(x™))U(L N supp(x™))U(Lyesr N supp(x™))

is a partition of supp(x**). We are now ready to construct the three solutions of interest.

*

Lemma 10.5. Let oy = op0\,,,, © 0" o 07, let x| = split(x™, op\1,,,,) = split(x, o) and let L = supp(x1). Then
the visible width of (T, Ly) is at most k. In particular, we can in polynomial time, compute a solution to (T, Ly) of cost at
most c¢(x1), or find violated visibly k-wide modification inequality for (T, L, c,r).

Proof. Recall that L; = supp(x) and x; = split(x”, op\,,,, ©0**). By Proposition 7.4 and Theorem 8.3, we know that
r, as well as every v € V \ {r} for which a, is not {»-heavy (with respect to x*), has visible width at most k with respect

to L. Moreover, viwidth(v) < k for every v € V. Hence, it suffices to show that for every v € V \ {r} for which a, is
— —
{>-heavy, viwidth(v) < k (with respect to L;). In fact, we will show that viwidth(v) = 0 by showing the following claim:

Cram 10.6. No arc in (Xv is visible for v with respect to L.

—
Proof of claim. Recall that A, is the set of arcs in A, that have the opposite orientation of a,, i.e., that are down-arcs,

if a,, is an up-arc, and up-arcs, if @, is a down-arc. Towards a contradiction, let a € Zv and assume that there is € € L; with
a € cov(¢) and v € in(P;). By Proposition 9.6, there exists a core C containing a,. In particular, v € X. We note that L,
does not contain any (W* U X)-cross-links because every (W* U X)-cross-link is contained in L \ L.y and has, hence, been
split at its apex when constructing L;. In particular, £ cannot be a v-cross-link. As v € in(P), apex(£) has to be a strict
ancestor of v and exactly one endpoint of ¢, say u, is contained in U,,. Both a and a,, lie on the u-apex(¢)-path in T', however,

asa € Xv, exactly one of them is an up-arc and exactly one of them is a down-arc. Asa € cov(¢), this implies a,, € Eov(0).
By Corollary 9.8, apex(¢) € V(C) C X. As L; does not contain any (W* U X)-cross-link, apex(¢) is an endpoint of £.

As all arcs on the v-apex(€)-path are contained in A(C) and oriented in the same way as a,,, none of them is contained
in 0_0\7(5). Hence, Py is a subpath of the u-v-subpath in 7. Hence, v ¢ in(P;), a contradiction. 0

Hence, (T, L1, ¢, r) has visible width at most £ and we can find an optimum solution in polynomial time by Corollary 6.8.
If the optimum solution has cost at most ¢(x1) = Xser e () €(£7) - x¢ (by Proposition 7.6), then we have found the
desired solution. Otherwise, the set of {j-covered arcs that we initially contracted to obtain (8.6), together with the splitting

o that we applied to get from our initial LP solution x to x|, yields a violated visibly k-wide modification inequality. 0
Lemma 10.7. Let oy =0 © o** o o, let xp = split(x™, T ) = split(x, o) and let Ly = supp(x;). Then

(T, Ly, c,r) is a willow. In particular, we can, in polynomial time, compute a solution of cost at most c(x7).

Proof. By Corollary 9.8, applied with o = oiq, we know that every link in Tn supp(x*) is an X-cross-link or an
up- or down-link. Hence, every link in supp(x;) is an up-link, a down-link, or a (W* U X)-cross-link. To establish that
(T, Ly, c, r) is a willow, it suffices to show that every vertex in (W* U X) is up- or down-independent with respect to L,. For
vertices in W*, this follows from Lemma 8.13, and Propositions 8.5 and 8.9. Recall that X = Uc & V(C). We show that for
C eC, p» all vertices in V(C) are down-independent. Analogously, one can show that for C € Caown, all vertices in V(C)
are up-independent.

LetC e éup. By (9.7.3), supp(x**) N LIC = 0, so also supp(x2) N LIC = 0 by Proposition 8.9. By Proposition 8.5, r¢ is
down-independent. Next, letv € V(C)\{rc}. Thena, € A(C). Assume towards a contradiction there were £ = (1, w) € L;
with c_ox)/(f) NA,NAgown # 0 and C_O\>/(f) ¢ A,. The first property implies u € U, \ {v}, the second property tells us
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that apex(£) is a strict ancestor of v. In particular, a, € cov(£). By Corollary 9.8, apex(¢) € V(C). As C € éup, a, is an

up-arc, so a, € cov(£), implying ¢ € L. But this implies that apex(£) = w is an endpoint of ¢ because all links in T were
split at their apices. Hence, cov(£) \ A, consists of the up-arcs on the v-apex(£)-path, implying cov(¢) \ A, C ov(£) and
cov(¢) C A,, contradicting our assumptions. O

Before describing the splitting leading to our third solution, we make the following observation:
Lesma 10.8. Let £ € L N supp(x™*). Then there exists a unique core C € C such that cov(€) N A(C) # 0.

Proof. By definition of 7;, there exists at least one core with this property. Assume towards a contradiction that there
are two distinct cores C; and C, such that cov(£) N A(C;) # 0 and cov(£) NA(C,) # 0. Let w := apex(¢). By Corollary 9.8,
we know that w € V(C) NV(Cy). If w = r, then w = r¢, = r¢,. Otherwise, if w # r, a,, is contained in at most one of the
sets A(Cy) or A(C»), assume w.l.o.g. that a,, ¢ A(Cy). Asw € V(C)), but a,, ¢ A(C), we must, again, have w = rc,.

Let a € cov(£) N A(C)) and let x be the bottom vertex of a. As a € cov(¢) and apex({) = w = r¢,, { covers all arcs
on the x-r¢,-path in Cj, including the arc incident to r¢,. By (9.7.4), r¢, = apex({) is an endpoint of ¢, so £ is an up-link
or a down-link. As cov(£) N A(Cy) # 0 and cov(€) N A(C») # 0, C; and C, must both be down-cores, or both be up-cores,
respectively. However, this contradicts w € V(C;) N V(C,) because two distinct down-cores/ up-cores are vertex-disjoint.[]

ForfeLn supp(x**), let C; be the unique core with Cov(£) N A(C) # 0. We define a splitting o of L as follows:

o Letf=(u,v) € n supp(x**) with Cy € éup. Let w be the lowest vertex from V(C¢) on the apex(£)-v-path in T and
define o (£) = {(u,apex(£)), (apex(£),w), (w,v)}.

e Letl = (u,v) € Tn supp(x**) with Cy € Cgown. Let w be the lowest vertex from V(Cy) on the u-apex (£)-path in T
and define o (¢) = {(u, w), (w, apex({)), (apex(£),v)}.

e Let £ = (u,v) € Leross Y Lyese- Define O'é(f) = {(u, apex({)), (apex(¢), v)}.
¢ For every other link ¢, define o (¢) = {(}.

Lemma 10.9. Let 03 = 0} 0 0™ o 0" and let x3 = split(x™, 0;) = split(x,03). Let L3 = supp(x3) and let

M € {0,1}*%L3 denote the arc-link-coverage matrix of (T, L3, c,r). Then M is TU. In particular, we can, in polynomial
time, compute a solution to (T, L3, ¢, r) of cost at most ¢(x3).

Before we prove Lemma 10.9, we first make the following observations:
ProposiTionN 10.10. Let € € L3 such that € is neither an up- nor a down-link. Then { € Zn supp(x*™).

Proof. As € € Ls, there is ¢’ € supp(x™) with £ € o({’). For every link " € supp(x™) N (f U Leross U Lyest),
o4 ({"") consists of up- and down-links only. Hence, ¢’ € Tn supp(x™). As o3 ({") = {{"}, we have £ = {’. 0

ProrosiTiON 10.11. Let € € Lj N'L. Then there exists a unique core C € C such that cov(£) N A(C) # 0. Moreover,
cov(£) € A(C) and ¢ is an up- or down-link.

Proof. Letl € Lj AL and let C be a core with cov(£) N A(C) # 0. Let £/ € supp(x**) such that £ € a;(¢’). Then € is
a shadow of €', so cov(£) C cov(¢’). In particular, cov(¢') N A(C) # 0, ' € T and by Lemma 10.8, C = Cy is the unique
core C” such that cov(£’) N A(C”) # 0. Hence, C is also the unique core C’ such that cov(£) N A(C”) # 0. Let w be as in
the definition of 0§ (¢’). The second part of the statement follows from the facts that apex(¢’) € V(C) by Corollary 9.8 and
that we must have ¢ = (apex(¢”), w), if C is an up-core, and £ = (w, apex (")), if C is a down-core, because this is the only
link in o ({") covering part of A(C). 0

We further introduce the following notation.
DEerINITION 10.12. We call a matrix M € R™ a block diagonal matrix with blocks M Iy, Js], s = 1,...,tifI = U;:ﬂs

is a partition of I, J = ;- J is a partition of J and fori € I, and j € Js,, M;; # 0 implies 51 = 52, i.e., non-zero entries
can only occur within one block.

This definition may differ from notions used in the literature in that we do not require the blocks to be square or have the
same size.
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Proof of Lemma 10.9. We first establish the following claim:

Cramv 10.13. M is a block diagonal matrix with blocks M[A(C),{¢ € Ls: cov(£) N A(C) # 0}] for C € C and
—
M[A\Ucee A(C), L3 \ L.

Proof of claim. By definition, the sets A(C). s are pairwise disjoint. This shows that the arcs sets indexing the rows
of the blocks form a partition of A.

By Proposition 10.11, the link sets indexing the columns of the blocks form a partition of L3.

Finally, we verify the block structure of M. First, let C € C,leta e A(C) and let £’ € L3 such that M, ,» # 0. Then
a ecov(l’),sol’ € {l e Ls: cov(f) N A(C) # 0}.

Next, leta € A\ s A(C). By Proposition 10.11, we have a ¢ cov(¢), and, hence, M, =0forevery € € L3 nL.

Thus, if M, ¢ # 0 for some £ € L3, then{ € L3 \75. O

To show that M is TU, it suffices to establish total unimodularity of each of the blocks separately. For the blocks
of the form M[A(C),{¢ € Ls: cov(£) N A(C) # 0}] with C € C, this follows from Theorem 5.3 and the fact that
{¢ € Ly: cov(€) N A(C) # 0} only consists of up- or down-links by Proposition 10.11.

The block M[A\U¢c s A(C), L3 \i’] corresponds to the instance (77, L', ¢’, r") obtained from the tuple (7', L3 \Z), c,r)
by contracting all arcs in - s A(C). Each (super-)vertex v € V(T”) corresponds to a set ¥, € V(T') of original vertices.
LetR:={veV(T):3CeC:rc €Y,}.

Cramm 10.14. Let ¢’ € L’ such that {’ is neither an up- nor a down-link. Then {’ is an R-cross-link.

Proof of claim. By Proposition 10.10, every such link ¢’ € L’ corresponds to a link £ € n supp(x**). By definition of

f, let C € C such that ov(¢£) N A(C) # 0. By Corollary 9.8, apex(£) € V(C) and all of V(C), including r¢, is contracted
into the same super-vertex, which becomes apex(¢’). 0

We show that every vertex in R is up- or down-independent, establishing that (77, L’, ¢/, r’) is a willow and concluding the
proof by Theorem 5.3.

Let v € R. Y, is the vertex set of a connected subgraph of T, consisting of a collection of cores. In particular, there
is a unique vertex in Y, that is closest to the root r of 7', and it is the root r¢ of a core C. We may assume without loss of
generality that C € G, p; the case where C € Cuown can be handled analogously. We show that no link in L’ points out of T},
establishing that v is down-independent by Proposition 8.5. Assume towards a contradiction there were ¢’ = (u’,w’) € L’
pointing out of 7}, i.e., u’ € V(T,) \ {v} and w’ € V(T’) \ V(T}). Let £’ correspond to the link ¢ = (u,w) € L3 \Z’ with
ueYy,andw €Y, . AsY,,Y, and Y, are vertex sets of connected, vertex-disjoint subgraphs of the tree T and r¢ is the
vertex of Y, closest to the root of 7, Y,y € V(T}.) \ {rc} and Y, € V(T)\ V(T;.). Hence, ¢ points out of 7}, contradicting
9.7.3). 0

We are now ready to finally prove Theorem 7.12, which we restate for convenience.

THEOREM 7.12. Let €, A > 0. We can compute a constant k(&, A) with the following property: Given a rooted instance
(T, L,¢, 7) of WDTAP with cost ratio at most A and a feasible solution X to (2.1), we can, in polynomial time, either find a
solution S € L with ¢(S) < (1.75 + &) - ¢(X), or find a visibly k(&, A)-wide modification inequality that is violated by X.

Proof. Let ¢ = M Define the constants vy, 1, ¢» and k as in Section 8 and let k(&,A) = k. Let (T,L,c,r)
and x arise from (T, L,¢, 7) and X by contracting the set A of {1-covered arcs. Note that x is a solution to (2.1) of cost
c(x) < ¢(x) satisfying (8.6). We apply Theorem 8.3 and Theorem 9.7 to obtain splittings o* and o** and solutions x* and
x**to (2.1) for (T, L, c,r). We define Lcmss,f, (Zand L, as in the beginning of this section. We apply Lemma 10.5 to,
in polynomial time, either compute a solution S; to (7, L, c, r) of cost at most ¢(x;) or a violated visibly k-wide modification
inequality for (7, L,c,r). In the latter case, the corresponding splitting, together with A, gives rise to a violated visibly
k-wide modification inequality for (T, L, é, 7) and . Hence, we may assume in the following that we have found a solution
Sito (T,L,c,r) of cost ¢(S1) < c(x1). We further apply Lemmas 10.7 and 10.9 to, in polynomial time, compute solutions
S> and S3 to (T, L, ¢, r) of cost ¢(S2) < c(x2) and ¢(S3) < c(x3), respectively.

For L’ € {L¢ross» TZ) Lyest }, we define C** (L) := Y pep c(€) - x**(€). By (10.1), we know that

— —
c(x™) = C"(Leross) + C7 (L) + C (L) + C™ (Lyest)-
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By Proposition 7.9 and because |op\r,,,, (£)] =2for £ € L\ Ly¢s; and |op0\p,,,, (€)| = 1 for £ € L, ¢y, we have
C(X1) < c(x )+C (Lcross)"'C (L)+C (L)

By Proposition 7.9 and because |0'<ZuL ‘ (£)|=2fort e <ITU L,es: and |0'<ZU ‘ (&) =1fort ¢ (EU L,eg:, We have

Lr
Kok Kok €« ok
C()CQ) < C(x )+C (L)+C (Lrest)'

By Proposition 7.9 and because |0 (£)| = 3 for £ € Tn supp(x™), [05(6)| = 2 for £ € Leross U Lyesr and |03 (£)| = 1 for
every other link £, we have
T3 *k - *%
c(x3) < c(x™) + C"(Leross) +2- C (L) + C™ (Lyest).

Let S* be the best one among the three solutions Sy, S and S3. Then

o 1 1 1 S B 3 w5 3 3
C(S)SZ'C(X1)+§'C(X2)+Z'C(X3)SC(X )+§'C (Lcross)"'z'c (L)+Z'C (L)+Z'C (Lrest)
7 7 7
SZ-c(x**)sZ-(1+s)2-c(x)sZ-(1+s)2~5(32),

where the second-to-last inequality follows from (9.7.1). By Lemma 8.2, we can extend S* to a solution S for (T, L, ¢) of
cost at most

EEN N

(1+3-e+&Y)-é(x) <

IS

(;.(1+8)2+8)-5(x) < (144-8) E(F) = (§+é)-5<f).

Observing that 47'1 = 1.75 concludes the proof. 0
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A Appendix

A.1 Multi 2-TAP reduces to DTAP In this section we prove that the weighted multi 2-TAP problem reduces to
WDTAP. In weighted multi 2-TAP, we are given an undirected tree 7 = (V, E), and a set of links L C (‘2/) with positive
costs. For every e € E, denote by S, C V a shore of the fundamental tree cut induced by e. A multiset (repetition allowed)
of undirected links F' C L is a k-covering of T if every fundamental cut is covered at least k times by F, thatis |6 (S.)| > k
for all e € E. The cost of a multi-set of links is the sum of the costs of links in that set, weighted by multiplicity.

ProBLEM A.1 (Weighted Multi 2-TAP). Given an undirected tree T = (V, E) and a collection of links L C (‘2/) with
positive costs, find the cheapest 2-covering of T.

The reduction is easiest to explain by introducing an intermediate problem, which we call bi-directed tree cover, and
which is equivalent to WDTAP.

ProBLEM A.2 (Bi-directed Tree Cover). Given an undirected tree T = (V, E) and a collection of directed links L C VXV
with positive costs, choose a cheapest set of links F so that |67.(S.)| > 1, and |6.(Se)| > 1 for all tree edges e € E.

In other words, the cut induced by each tree edge must be crossed in both directed by the solution F. Bi-directed tree
cover is easily seen to be equivalent to WDTAP: on the one hand, it can be reduced to WDTAP by subdividing every tree
edge and orienting them in opposite directions. On the other hand, WDTAP can be reduced to bi-directed tree cover by
adding a zero-cost directed link £, parallel to each tree arc a € A in the same direction as a, and making the tree undirected.

We now show that weighted multi 2-TAP can be reduced to bi-directed tree cover. We replace every link £ € L by two
directed links ¢* and ¢~ in opposite directions, each having the same cost as £. Clearly, every bi-directed tree cover solution
is a feasible solution to the weighted multi 2-TAP instance with the same cost. The following proposition shows that every
weighted multi 2-TAP solution can be oriented into a bi-directed tree cover solution of the same cost.

ProposiTiON A.3. Given a 2-covering F C L of a tree T = (V,E), there is an orientation F such that
|6}(Se)|, |6;3(Se)| > 1 for every fundamental cut shore S,.

Proof. LetS := {(S.) U (V\ S.) | e € E} be all the shores of fundamental cuts. Let H be an arbitrary orientation of
the 2-covering F'. We seek an integral solution to the following submodular flow polyhedron:

6% (S)] = x(,(5)) +x(67,(5) = LVS € S.

This is indeed a submodular flow because S is cross-free and thus trivially a crossing family. We can take x, = % for every

¢ € H to be a fractional feasible solution, and thus by the integrality of the submodular flow polyhedron, there is an integral
feasible solution x. Flipping ¢ if and only if x, = 1, yields the desired orientation F'. 0

A.2 Hardness of DTAP In this section, we prove the following result on the hardness of DTAP.
ProrosiTioN A.4. DTAP is NP-hard and APX-hard, even in the unweighted setting.

Proof. We prove NP-hardness using the same reduction as the one for CSTA in [11]. We reduce 3-dimensional matching
(3DM) to unweighted DTAP.

Let M C W X X XY be an instance of 3DM with M| =p, W={w; |i=1,...q}, X={x;|i=1,....,q, Y ={y; | i =
1,...,q}. Wedefine an instance of DTAP as follows. LetV = {r}U{w;,x;,y; | i=1,...,q}U{a;jx, a;jk | (Wi, xj,yx) € M}.

Ar ={(r,xi), (rowi), i) [ =1, . g} U {(aijis wi), (wisaj;, ) | (wis xj. yi) € M}

AL = {(xj’aijk)’ (a;jksaijk)’ (a;jk’ yk) | (W[,Xj, )’k) € M}

We claim that there exists a 3DM of size ¢ if and only if the minimum size of a DTAP solution is p + g. Indeed,
notice that there are 2p + 2¢q leaves in T, where each leaf needs at least one link to cover it. Thus, the minimum size
of a DTAP solution is at least p + g. On the one hand, if there is a 3DM M’ of size g, we obtain a DTAP solution
L' = (e agga). (@] ya) | (weaxgyi) € MIYUL(a] o aige) | (wioxj,yi) € M\ M} whose size is 2q + (p — q) = p+q.
On the other hand, if there is a DTAP solution L’ of size p + g, by the previous argument, L’ forms a perfect matching on
the leaves. Let M’ be the edges (w;,x;,yx) € M such that a;;; is matched to x;. Clearly, a;x is matched to x; if and
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only if a;jk is matched to yx. Thus, [M’| = ¢ and it intersects every node in X or Y exactly once. Since for every i, (r, w;)
is covered by the links from a;jk to yx, M’ intersects every node in W, and thus intersects every node in W exactly once.
Therefore, M’ is indeed a 3DM of size g. O

Following the methods in [18], the above proof can be extended to show APX-hardness via a reduction from bounded
degree 3DM.

A.3 Lower Bound on the Integrality Gap of DTAP We show the following lower bound on the integrality gap of
the natural set covering relaxation for DTAP.

ProrosiTioN A.5. The integrality gap of the set covering formulation for DTAP given in (2.1) is at least g.

Proof. Consider the following unweighted DTAP instance whose constraint matrix corresponds to a 5-cycle:

o .*
A g \
1 \\ ,” \
1 P
1
1

< \

> 1

S 1

\\ ”>\\ Il
™ QY

Choosing x; = % for all £ € L yields a solution of cost 2, while the smallest integral solution has cost 3.
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