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Subexponential Parameterized Directed Steiner Network
Problems on Planar Graphs: a Complete Classification

Esther Galby* Sandor Kisfaludi-Bak! Déniel Marx? Roohani Sharma®

Abstract

In the DIRECTED STEINER NETWORK problem, the input is a directed graph G, a set
T C V(G) of k terminals, and a demand graph D on 7. The task is to find a subgraph
H C G with the minimum number of edges such that for every (s,t) € E(D), the solution H
contains a directed s — t path. The goal of this paper is to investigate how the complexity
of the problem depends on the demand pattern in planar graphs. Formally, if D is a class
of directed graphs closed under identification of vertices, then the D-STEINER NETWORK
(D-SN) problem is the special case where the demand graph D is restricted to be from D.
For general graphs, Feldmann and Marx [14] characterized those families of demand graphs
where the problem is fixed-parameter tractable (FPT) parameterized by the number & of
terminals. They showed that if D is a superset of one of five hard families, then D-SN is
W/(1]-hard parameterized by k, otherwise it can be solved in time f(k)-n°®,

For planar graphs, besides the existence of an FPT algorithm, it is also an interest-
ing question whether the W[1]-hard cases can be solved by subexponential parameterized
algorithms. For example, Chitnis et al. [8] showed that, assuming the Exponential-Time Hy-
pothesis (ETH), there is no f(k)-n°*) time algorithm for the general D-STEINER NETWORK
problem on planar graphs, but the special case called STRONGLY CONNECTED STEINER SUB-
GRAPH (where the demand graph D is a bidirected clique) can be solved in time f(k)-n®(VF)
on planar graphs. We present a far-reaching generalization and unification of these two re-
sults: we give a complete characterization of the behavior of every D-SN problem on planar
graphs. We classify every class D closed under identification of vertices into three cases:
assuming ETH, either the problem is

1. solvable in time 20%) . pO(M) j e FPT parameterized by the number k of terminals,

but not solvable in time 2°(F) . O
2. solvable in time f(k)-n®V® but cannot be solved in time f(k)-n°V*) or
3. solvable in time f(k) - n®®) but cannot be solved in time f(k) - n°*),

We show that the FPT cases (Case 1) are the same as in the case of general graphs: D
needs to exclude the same five families of hard graphs. We further identify a finite number
of hard families that D needs to exclude if we want to solve D-SN on planar graphs in time
f(k) - nOk) (Case 2). As an important step of our lower bound proof, we discover that,
assuming ETH, D-SN on planar graphs has no f(k) - n°*) time algorithm where D is the
class of all directed bicliques. This corresponds to the following simple problem: given two
sets of terminals S and T with |S| + |T'| = k, find a subgraph with minimum number of
edges such that every vertex of T is reachable from every vertex of S. Our result gives a
rare example of a genuinely planar problem that cannot be solved in time f(k) - nek),
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1 Introduction

Finding Steiner trees and related network design problems were intensively studied in undirected
graphs, directed graphs, and planar graphs, from the viewpoint of approximation and param-
eterized algorithms [1-3,5-8,11-14,16-18,21,22,24, 27,28, 30,32,33]. The simplest problem of
this type is STEINER TREE, where given a graph G and set T' C V(&) of terminals, the task is to
find a tree with smallest number of edges that contains every terminal. This problem models a
network-design scenario where the terminals need to be connected to each other with a network
of minimum cost. STEINER FOREST is the generalization where we do not require connection
between every pair of terminals, but have to satisfy a given set of demands. Formally, the input
of STEINER FOREST is a graph G with pairs of vertices (s1,t1), ..., (Sq4,tq), the task is to find
a subgraph with the minimum number of edges that satisfies every request, that is, s; and t;
are in the same component of the solution for every i € [d].

On directed graphs, DIRECTED STEINER TREE (DST) is defined by specifying one of the
terminals in T to be the root and the task is to find a subgraph with the smallest number of
edges such that there is path from the root to every terminal in the solution. This problem
models a scenario where we need to construct a network where the root can broadcast to every
other terminal. An equally natural network design problem on directed graphs is the STRONGLY
CONNECTED STEINER SUBGRAPH (SCSS) problem, where given a directed graph G and a set
T C V(G) of terminals, the task is to find a subgraph with the smallest number of edges where T
is in a single strongly connected component, or in other words, the solution contains a path from
every terminal to every other terminal. The directed variant of STEINER FOREST generalizes
both of these problems: in DIRECTED STEINER NETWORK (DSN), the input is a digraph G
with pairs of vertices (s1,t1), ..., (S4,tq), and the task is to find a subgraph with the minimum
number of edges that has an s; — t; path for every i € [d].

Planar graphs. A well-known phenomenon on planar graphs is that the running time of pa-
rameterized algorithms for typical NP-hard problems have exponential dependence on O(v'k),
where k is the parameter, and this dependence is best possible assuming the Exponential-
Time Hypothesis (ETH) [8-10,15,19,20,23,25-27,29]. All three of DIRECTED STEINER TREE,
STRONGLY CONNECTED STEINER SUBGRAPH, and DIRECTED STEINER NETWORK remain NP-
hard on planar graphs. However, they behave very differently from the viewpoint of parame-
terized complexity: the dependence of the running time on the number k of terminals is very
different.

/

\

Our starting point

1. PLANAR DST can be solved in time 2¥ - n©) [4], but cannot be solved in time
20(k) . 0 [27], assuming the ETH.

2. PLANAR SCSS can be solved in time 20(k1ogk) . nO(Vk) [8], but has no algorithm with
running time f(k) - n°VR) for any function f, assuming the ETH [8].

3. PLANAR DSN can be solved in time f(k) - n®%*) [12], but has no algorithm with
running time f(k) - n°®) for any function f, assuming the ETH 8].

- )

The goal of this paper is to put these results into the context of a wider landscape of directed
network design problems. We systematically explore other special cases of DIRECTED STEINER
NETWORK and determine their behavior on planar graphs. Our main result is showing that
every special case behaves similarly to one of these three problems: assuming ETH, the best
possible running time is of the form 20%) . nOMW) " f(k) nOWE) o f(k)-nP®) Furthermore, we
provide an exact combinatorial characterization of the problems belonging to the three classes.
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Dichotomy for general graphs. We explore the different special cases of DIRECTED STEINER
NETWORK on planar graphs in a framework similar to how Feldmann and Marx [14] treated
the problem on general graphs. We can define various special cases of DIRECTED STEINER
NETWORK by looking at what kind of graph the connection demands define on the terminals:
it is an out-star for DIRECTED STEINER TREE, a bidirected clique for STRONGLY CONNECTED
STEINER SUBGRAPH, and a matching for DIRECTED STEINER NETWORK. More generally, for
every class D of directed graphs, we investigate the problem where the pattern of demands has
to belong to the class D. Our goal is to understand how the graph-theoretic properties of the
members of D influence the resulting special case of DIRECTED STEINER TREE.

Formally, for every class D, Feldmann and Marx [14] defined the restriction of the problem
in the following way.

D-STEINER NETWORK

Input: Digraph G, a set of k terminals 7' C V(G), and a demand digraph D € D with
vertex set T'.

Question: What is the minimum number of edges in a subgraph H of G where for each
(u,v) € E(D) there is a u — v path in H?

Note that only the transitive closure of D matters for the problem: if Dy and Dy have the
same transitive closure, then having D or Ds in the input results in exactly the same problem.
Therefore, it makes sense to consider only classes D that are closed under transitive equivalence,
that is, if D1 and D5 have the same transitive closure and D € D, then Dy € D as well. Another
natural assumption is that D is closed under identifying vertices. That is, if G € D and G’ is
obtained by merging two vertices x,y € V(G) to a single vertex whose in- and out-neighbors are
the union of the in- and out-neighbors of z and y, then G’ is also in D. This closure property
models the extension of the problem where we can put multiple terminals at the same vertex
and we parameterize by the number of vertices that have terminals.

Feldmann and Marx [14] characterized those classes D closed under transitive equivalence
and identifying vertices where D-STEINER NETWORK is fixed-parameter tractable (FPT) pa-
rameterized by the number of terminals, that is, can be solved in time f(k) - n®M). They
identified five classes of graphs that prevent the problem from being FPT. A pure out-diamond
is a complete bipartite graph Ks; directed from the 2-element side to the t-element side. A
flawed out-diamond has in addition a vertex v and edges going from v to the 2-element side.
The pure in-diamond and flawed in-diamond are defined similarly by reversing the orientation
of the edges. Let us denote by A;, Ao, ..., As the class of all pure out-diamonds, flawed
out-diamonds, pure in-diamonds, flawed in-diamonds, and directed cycles, respectively.

Theorem 1.1 (Feldmann and Marx [14]). Let D be a class of graphs closed under transitive
equivalence and identifying vertices.

1. FPT: If A; £ D for any i € [5], then D-STEINER NETWORK can be solved in time
20)nOW) " where k is the number of terminals.

2. Hard: If A; C D for some i € [5], then D-STEINER NETWORK is W/1]-hard parameterized
by the number k of terminals.

The first part of Theorem 1.1 was proved by a combination of an algorithm that solves
the problem in time 20*kwlogw) . nOW) if there is an optimum solution with treewidth w and
a combinatorial result showing that if D is not the superset of A; for any ¢ € [5], then there
is a constant bound on the treewidth of optimum solutions. The second part follows from a
W]1]-hardness result for each of the five classes A;.



Our result: trichotomy for planar graphs. Our main result classifies PLANAR D-STEINER
NETWORK into three levels of complexity: 20%) . nOM) " f(k) . nOm  or f(k) -nP®) time. In
light of Theorem 1.1 and the earlier results on planar graphs, there are three natural questions
that arise:

1. Are there cases that are FPT on planar graphs, but W[1]-hard on general graphs?

2. Are there subexponential FPT cases on planar graphs, that is, where the running time is
90(k) . ,O(1)9

3. Where is the boundary line between the f(k) - n°k) and f(k) - nP®) cases?

We answer the first question negatively: the hard cases remain hard on planar graphs. The
answer to the second question is also negative: we show that every (nontrivial) case of PLANAR
D-SN is at least as hard as DIRECTED STEINER TREE, hence a known lower bound [27] shows
that there is no subexponential FPT algorithm, assuming ETH. To answer the third question,
we define a finite number £ < 10000 of classes C;, i € [k], and show that these are precisely the

O(Vk)

classes of patterns that prevent subexponential f(k) - n time algorithms.

~

Our main result 0

Theorem 1.2. Let D be a class of directed graphs closed under transitive equivalence and
identifying vertices where the number of edges is not bounded.

1. FPT: If A; £ D for any i € [5], then PLANAR D-STEINER NETWORK
(i) can be solved in time 20%) . pO)
(ii) but has no 2°®) . nOW) time algorithm assuming the ETH.
2. Subexponential: If A; C D for some i € [5], but C; € D for any i € [K], then
PLANAR D-STEINER NETWORK
(iii) can be solved in time f(k) - nOWk)
(iv) but has no f(k) - n°VR) time algorithm assuming the ETH.
3. Hard: If C; C D for some i € [k|, then PLANAR D-STEINER NETWORK
(v) can be solved in time f(k)-nO®),
(vi) but has no f(k)-n°® time algorithm assuming the ETH.

_ )

Hard classes. Let us define now the graph classes C; representing the hard-patterns. Given
a digraph G and a set X C V(G), an X -source is a vertex s € V(G) \ X such that N*(s) = X.
Similarly, an X -sink is a vertex t € V(G) \ X such that N~ (¢) = X. The first 4 classes Cy, ...,
C4 are defined by extending a biclique.

Definition 1.3 (t-hard-biclique-pattern). A t-hard-biclique-pattern is an (acyclic) digraph D
constructed in the following way. We start with two disjoint sets A and B with |A| = |B| =t
and introduce every edge from A to B. Furthermore, we introduce into D any combination of
the following items (see Figure 1):

1. an A-source;
2. a B-sink.

In particular, there are 2 - 2 types of t-hard-biclique patterns: we let Cy,...,C4 be the 4 classes
that each contain all the t-hard-biclique-patterns of a specific type for every t.

The following definition specifies the remaining classes.



Figure 1: The 5-hard biclique patterns: each blue vertex may or may not be present.
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Figure 2: The 4-hard matching patterns (without source, sink, ryz, or ryx).

Definition 1.4 (t-hard-matching-pattern). A t-hard-matching-pattern is an (acyclic) digraph
D constructed the following way. We start with disjoint vertex sets W = {w1,...,wi}, X =
{z1,...,2¢}, Y ={u1,...,u} and Z = {z1,..., 2} and introduce the edges w;x; and y;z; for
every i € [t]. Furthermore, we introduce into D any combination of the following items:

1. either the directed path w; — wo — ... = wy — 21 — 22 — ... — 2z, or any of the
directed paths wi — w9 — ... > wr and z1 = 20 — ... = 24;
2. either the directed path y1 — yo — ... = ¥+ = 1 — 22 — ... — x¢, or any of the

directed paths 1 > 29 — ... >z and y1 = Y2 — ... = Yy

an S-source for exactly one S € {W, XY, ZWUY,XUZ XUY,WUZ};
an S-sink for exactly one S € {W, X, Y, Z WUY, XUZ XUY, WUZ};

a vertex ry 7z such that N™(ryyz) = W and Nt (ryz) = Z;

a vertex ryx such that N~ (ryx) =Y and N*(ryx) = X.

oot W

In particular, there are 5-5-9-9-2-2 types of t-hard matching patterns: we let Cs, . ..,Cg104 be
the 8100 classes that each contain all the t-hard-matching-patterns of a specific type for every ¢.

Note that some of these classes are isomorphic. For example, adding the path x1 — xz; or
the path z; — 2z; lead to isomorphic graphs. If we just consider the graph classes where we
choose not to add a source, sink, vertex ryyz, or vertex ryx, then we have 15 nonisomorphic
classes, as shown in Figure 2. One could think of ¢-hard-matching-patterns as (the transitive
closure of) one of these graphs, potentially extended by appropriate sources and sinks.

Finally, we define a t-hard pattern as any of the patterns defined above.

4



Definition 1.5 (t-hard-pattern). A t-hard-pattern is either a t-hard-biclique-pattern or ¢-hard-
matching-pattern.

1.1 Overview of our main result

Observe that Theorem 1.2 consists of six statements. Let us briefly discuss how these six
statements are proved. Note that some of these statements follow from known results, while for
others we need to do a substantial amount of new technical work. The proofs of statments (i)
and (vi) form the main technical part of the paper (see Figure 4).

Statement (%)

The FPT result (i) follows directly from Theorem 1.1 (here the surprising aspect is that, by
statement (7v), there are no further FPT cases).

Statement (i)

The lower bound (i) follows by observing that every relevant class contains either all in-stars
or all out-stars, hence the lower bound for DIRECTED STEINER TREE [27] applies. To avoid
triviality, we need to assume that the class contains graphs with arbitrarily large number of
edges.

Lemma 1.6. Let D be a class of graphs closed under identifying vertices and transitive closures
where the number of edges of the graphs is not bounded. Then one of the following holds:

e D contains every directed cycle,

e D contains every out-star, or

e D contains every in-star.

In statement (7i) of Theorem 1.2, we assume that A; € D, and As is the class of all directed
cycles. Thus D contains either every out-star or every in-star.

Statement (i)

Our main technical result is proving statement (%ii): the existence of a f(k) - nPWE) time
algorithm if C; € D for any i € [k] (in the following subsection, we give a more detailed
description of the proof). This algorithm is obtained by showing that the treewidth of the
optimal solution is always O(\/E) under these conditions. Then we can use the following result
of Feldmann and Marx [14].

Theorem 1.7 (Theorem 1.5 of [14]). If an instance (G, T, D) of DIRECTED STEINER NETWORK
has an optimum solution H of treewidth w, then it can be solved in 20(kwlogw) ., O(w) time.

Note that this is a slightly weaker form of the statement, with a simplified bound on the
running time. With Theorem 1.7 at hand, our main goal is to prove that every optimum solution
of PLANAR D-SN has treewidth O(v/k) if C; € D for any i € [x].

Towards proving this bound, we first translate the question to a problem on acyclic graphs:
it is sufficient to show that if the solution is acyclic, then the total degree of the branch vertices
(i.e., of degree > 2) is O(k). More formally, for a vertex v of a digraph, let d*(v) denote the
branch degree of v, defined as

d*(v) = max(d* (v) +d~ (v) — 2,0),

where d*(v) and d~(v) denotes the out- and in-degree of v, respectively. The total branch
degree of a graph G is the sum of all branch degrees of the vertices of G.
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We say that a feasible solution H of (G,T, D) is edge-minimal if for all edges e € E(H)
the graph H — e is not feasible. An edge e is essential for some demand edge tt' € E(D) if
there is no ¢t — ¢’ path in H — e. Note that all edges of an edge-minimal graph H are essential
for some demand edge of D. We say that a pattern class D is c-bounded for some ¢ = O(1)
if for any instance (G, T, D) PLANAR D-STEINER NETWORK where G, D are acyclic, and any
edge-minimal solution H, the total branch degree of H is at most ck.

The next theorem moves the problem to the domain of acyclic digraphs: what we need now
is a linear bound on the total branch degree of acyclic solutions.

Theorem 1.8. If the pattern class D is c-bounded for some ¢ = O(1), then for any instance of
PLANAR D-STEINER NETWORK with |T| = k the solution graph H has treewidth O(V'k).

Applying Theorem 1.7 implies that c-bounded classes have the desired subexponential algo-
rithm, but we still need to establish a link between non-c-bounded classes and t-hard-patterns.
First, we argue that if the total branch degree is too large, then a grid-like structure can be
found in the solution. The grid-like structure appears in the solution to satisfy a set of edges
in the demand graph D, and this set of demands form a certain hard structure in the demand
pattern that we call the ¢-tough-pair which we define informally here (see Definition 2.3 for
a formal definition). We say that two edges e; and eg are weakly independent if there is no
directed path from the head of one to the tail of the other. Edges e; and ey are strongly inde-
pendent if, in addition to being weakly independent, there is no directed path containing the
heads of both edges and there is no directed path containing the tails of both edges. An edge e
is minimal in a digraph D if there is no path from the head of e to the tail of e avoiding e. Let
E1 U Ej be a vertex-disjoint set of minimal edges with |E;| = |E2| = t. We say that (E1, E2) is
a t-tough-pair if

e any two edges in e, ¢’ € F; are weakly independent,

e any two edges in e, ¢’ € Fy are weakly independent, and

e any two edges e; € Fy and ey € Fy are strongly independent.

Observe that in particular the two matchings in a ¢-hard-matching-pattern form (vertical edges
in Figure 2) a t-tough-pair. Similarly, taking two vertex-disjoint matchings of size ¢ each in a
t-hard-biclique-pattern is also a t-tough-pair.

Our main structure theorem connects the total branch degree to the existence of these kind
of hard structures.

Theorem 1.9 (Structure Theorem). Let D be a class of graphs closed under identifying vertices
and transitive equivalence. Then either D has a pattern with a t-tough-pair for each positive
integer t, or it is c-bounded for some constant c.

Theorems 1.8 and Theorem 1.9 show that the existence of arbitrarily large t-tough-pairs is
the canonical reason why treewidth is not O(vk). The lower bounds ruling out f(k) - n°®*)
time algorithms essentially rely on the existence of t-tough-pairs. However, the existence of a
t-tough-pair in a demand pattern D € D is not sufficient for the lower bound: the ¢-tough-pair
could be only a small part of the pattern D, and hence the lower bounds may not apply. We
show, with heavy use of Ramsey’s Theorem and other combinatorial arguments, that whenever a
large t-tough-pair appears in a graph, then the graph can be “cleaned”: we can identify vertices
to obtain one of the t-hard-patterns. Therefore, if arbitrary large t-tough-pairs appear in the
members of a class D closed under identifying vertices, then the class is a superset of one of the
hard classes C;.

Theorem 1.10. Let D be a class of graphs closed under transitive equivalence and identifying
vertices. The following two are equivalent:

1. For every t, there is a D € D that has a t-tough pair.
6



2. C; €D for some i € [K].

We can conclude that if D is not the superset of C; for any i € [k], then the treewidth of the
optimum solution is O(v/k), implying that PLANAR DSN can be solved in time f(k) - nOWk).

Statement (iv)

The statement (7v) ruling out f(k) -n°(VF) time algorithms follows from the known lower bound
for STRONGLY CONNECTED STEINER SUBGRAPH (i.e., D = Ajs) [8] and from reproving the
W]1]-hardness of diamonds (i.e., D € {A1, A2, A3, A4}) for planar graphs [14]. Compared to
the W[1]-hardness on general graphs, the proof for planar graphs is more involved. As it is
very usual for planar problems, we establish these lower bounds by reducing from k x k-GRID
TILING, which cannot be solved in time f(k) - n°*) assuming ETH [9]. For statement (iv), we
need to reduce from vk x vk GRID TILING to a PLANAR DSN with O(k) terminals forming a

pure/flawed in/out-diamond pattern, ruling out f(k) - n°(VF) algorithms for such patterns.

In all these reductions, we are reusing and extending the gadget constructions from earlier
work [8]. However, the high-level structure of the reduction is substantially different and depends
on the pattern class we are considering. In light of Theorem 1.7, we should first verify, as a
sanity check, that the treewidth of the solution can be sufficiently large, that is, it can be Q(v/k)
in case of diamonds. Typically, one can expect that examples with sufficiently large treewidth
shed some light on how the high-level structure of the hardness proof could like. Figure 3
shows that treewidth can be indeed sufficiently large: a vk x vk grid can be obtained from two
“interlocking combs.”

Statement (v)

The upper bound f(k) - n®®*) (statement (v)) follows from the work of Eiben et al. [12], who
showed that PLANAR DSN with k terminals can be always solved within this running time.

Statement (vi)

To prove statement (vi) ruling out f(k) - n°*) algorithms, we provide such a lower bound for

each class C; for ¢ € [k]. Analogously to statement (iv), the proof is by reduction from k x k
GRID TILING to a PLANAR DSN instance with a k-hard-matching-pattern or a k-hard-biclique-
pattern, ruling out f(k) - n°*) algorithms. Again, let us verify that the treewidth can be
sufficiently large: Figure 3 shows how a k x k grid can appear in the solution to an instance
with k terminals.

For t-hard-matching-patterns, the simplest case is when we have two induced matchings of
size t. Then a t x t grid can arise very easily in the solution if the terminals are on the boundary
of a grid. The crucial point here is that the t-hard-matching-pattern was defined in a way that
all the additional paths, sources etc. do not interfere with the grid, see the figure for an example.
For the t-hard-biclique-pattern, there is a non-obvious and highly delicate way of constructing
an instance with 2t terminals where a t x t grid appears. Combining these constructions gives
the lower bound.

Theorem 1.11. Let D be a class of graphs closed under identifying vertices and transitive
equivalence. If C; C D for some i € [k], then PLANAR D-STEINER NETWORK has no f(k)-n°*)
time algorithm assuming the ETH.

Let us observe that if D consists of bicliques directed from one side to the other, then
PLANAR D-SN corresponds to the following problem: given a planar digraph G with two sets
S,T C V(Q) of terminals with |S| 4+ |T| = k, find a subgraph with minimum number of edges

7



diamond pattern t-hard matching pattern t-hard biclique pattern
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Figure 3: Pattern graphs (top row) and example minimal solution graphs with large grid patterns
and large treewidth (bottom row). The red/blue edges show how (some of the) demands are
connected in the solution.

such that there is a path from every vertex of S to every vertex of T'. Our result shows that,
assuming ETH, this problem has no f(k) - n°*) time algorithm. This result is surprising, as
the problem can be considered to be genuinely planar in the sense that the input is a planar
graph with k terminals and a single bit of annotation at each terminal. To our knowledge, this
is the first example of a relatively natural planar problem where f(k)-n°®*) is best possible and

cannot be improved to f(k) - nOWk),

1.2 Details of Statement (#ii): the f(k)-n°V® algorithm

In this section, we give a more detailed overview of the technical steps of the proof of (i)
sketched above.

From treewidth to total branch degree. Theorem 1.8 translates the question about the
treewidth of the solution in general graphs to a question about the total branch degree of the
solution in acyclic graphs. Suppose that we have an edge-minimal solution H in a (not neces-
sarily acyclic) graph G with k terminals. Let us contract the strongly connected components
of H in both G and H to obtain G’ and H’, respectively. We can observe that H’ is an acyclic
graph that is the optimum solution to an instance in G’ with at most k terminals. Our goal is
to show that if H' has total branch degree d, then H has treewidth O(v/d + k). Therefore, in
the later steps of the proof, we bound the total branch degree of H' by O(k), giving an O(Vk)
bound on the treewidth of H.

We say that a vertex of a strongly connected component of H is a portal if it is incident
to an edge connecting it to some other component. For simplicity of discussion, let us assume
here that every strongly connected component of H has at least 3 edges incident to the portals,
that is, every vertex of H' has at least 3 incident edges. (If a component has less than 3 such
edges and has no terminal, then it consists only of a single vertex and does not affect treewidth
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Statement (vi):
no f(k)n°®
algorithm

Thm 1.8 total branch Thm 1.9
—_—

large t-tough pair Thm 1.10 large t-hard pattern Thm 1.11
degree w(k) —_— —_—

w(vk)

Tree width of the
solution

O(Vk)
Statement (%4):
Thm 1. 200, 0/B)

algorithm

Figure 4: The structure of the proofs of statements (iii) and (vi).

anyway; if it has terminals, then it can be taken into account with additional calculations.) By
this assumption, the set P of portals have size at most 6d, where d is the total branch degree
of H'.

We want to bound the treewidth of H by showing that there is a set W of O(d + k) vertices
such that H — W has treewidth at most 2. It is known that if removing a set W of vertices from
a planar graph reduces treewidth to a constant, then the planar graph has treewidth O(,/|W]).
Thus the treewidth bound O(v/d 4+ w) follows from the existence of such a set W.

Let H[V;] be a strongly connected component of H that has p; portals and contains k;
terminals. The key observation is that the only role of H[V;] in the solution is to fully connect
the terminals and portals in H[V;]. That is, we can assume that H[V;] is an optimum solution
of a STRONGLY CONNECTED STEINER SUBGRAPH instance with p; + k; terminals. Chitnis et
al. [8] showed that we can remove a set W; of O(p; + k;) vertices from such an optimum solution
to reduce its treewidth to 2. Therefore, taking the union of P and every W;, we get a set W
of size O(d) + O(>_(pi + ki)) = O(d + k) whose removal reduces treewidth to 2 (as removing P
breaks the graph in a way that each component is a subset of some V;, and the removal of W;
breaks H[V;] into components of treewidth at most 2).

Building a skeleton. Towards the proof of Theorem 1.9, our goal is to bound the total
branch degree by O(k) in an edge-minimal acyclic solution H. At some step of the proof, it
will be important to assume that H is a triangulated planar graph (every face has exactly three
vertices and edges), which is of course not true in general. Therefore, we introduce artificial
undirected edges in the graph H to make it triangulated. As these edges do not play any role
in the directed problem, it does not change the nature of the solution. Another simplification
step is that we assume that there is no vertex v ¢ T' with d~(v) = d*(v) = 1. Such a vertex
has branch degree 0 and hence suppressing it (i.e., removing it and adding an edge from its in-
neighbor to its out-neighbor) has no effect on the total branch degree and on the connectivity
of the terminals.

We start by building a skeleton of the solution: a connected subgraph that contains every
terminal. The skeleton is composed from segments of two types. A long segment is a directed
path of H of length at least some constant L. A short segment is any path in the undirected sense
of length at most L, possibly containing both undirected or directed edges of any orientation.
Furthermore, we require that any two long segments in the skeleton are distant, that is, have
distance at least L in the undirected sense.

A skeleton tree consisting of O(k) terminals and containing all the segments can be built
the following way. Initially, we start with an edgeless subgraph R containing only the k£ termi-
nals. For simplicity of discussion, let us assume that the demand pattern is connected (in the
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undirected sense). Then there has to be a demand ¢;t; such that ¢; and t; are in two different
components C; and C; of R, respectively. This means that H has a directed path P connecting
two different components of R. If P has length at most L, then we can introduce it as short
segment to reduce the number of components of R. Otherwise, we can shorten P to P’ such
that every vertex of P’ is at distance at least L from R and the two endpoints are at distance
exactly L from two different components C' and C” of R. Then we can reduce the number of
components of R by introducing P’ as a long segment and two short segments connecting the
endpoints of P’ to C and C’. By repeating these steps, we can reduce the number of components
to 1 by introducing O(k) segments in total.

Refining the faces. Our next goal is to further refine the skeleton such that every face of the
skeleton has at most 35 segments on its boundary, and it is still true that the skeleton consists
of O(k) segments. We achieve this goal by iteratively dividing a face into two by introducing to
the skeleton a new path consisting of at most 5 segments. We argue below that if the division
is not very skewed in a certain sense, then the bound O(k) on the number of segments can be
achieved even after iterative applications of this step.

Suppose that we have a face F' where x > 36 segments appear on the boundary. Let P
be a path between two segments of the boundary and assume that P consists of at most 5
segments. Introducing the path P into the skeleton creates two new faces F; and Fy that see
some number z; and xo segments on the boundary of F', plus the 5 new segments of P. We
have z1 4+ o < x4 2: if the endpoints of P are internal vertices of segments, then we may have
up to 2 segments that are now on the boundary of both £} and Fb.

For a face seeing « > 13 segments of the skeleton, let us define x — 13 > 0 to be the potential
of the face. If we chose the path P such that xq,z9 > 13, then the potential of the two new
faces F1 and Fy are defined. Moreover, the total potential of the two faces is at most

(2145 —13) + (z2 + 5 — 13) < z — 14,

strictly less than the potential of F. This means that if we start with a face F' that sees =
segments of the skeleton, then repeated applications of this step can introduce only O(z) new
segments.

Finding a division that is not skewed. Next we show that if face F' sees x > 36 segments
of the skeleton, then we can find a division with z1,z9 > 13. Then as we have seen above,
repeated applications of this step introduces O(x) segments and divide F' into faces that see at
most 35 segments each.

Let us divide the boundary of F' into three parts, red, green, and blue, each containing at
least 12 segments (see Figure 5). As every vertex v inside the face F' is essential for the solution,
there is a directed path P, from v to some vertex of the boundary; let us fix such a P, for each v.
This defines a color of v according to which of the three parts of the boundary contains the head
of P,. Then by Sperner’s Lemma and fact that the graph is triangulated, there is a triangle
Uy, Ug, Uy inside F' where the three vertices have three different colors. From the assumptions
that wu,, ug, up are on three different parts, and each part has length at least 13, it follows that
there are two vertices, say u, and uy, such that both subpaths of the boundary between the
heads of P,, and P,, have at least 12 segments. Then putting together P, and P, creates a
path P that divides the face F' in the required way. This argument needs to be refined a bit
further: as we said earlier, we want a skeleton where the long segments are distant, i.e., are at
distance at least L from each other. But this can be easily achieved by appropriately shortening
the long segments P, , P, , and then extending them by three short segments.

10



Figure 6: Finding a grid.

Many edges incident to a long path. We assume now that the skeleton has O(k) faces,
each seeing at most 35 segments. If we can show that the total branch degree (of the orginal
solution H without the artificial edges) is a constant in each face, then we can bound by O(k)
the total branch degree of the solution. We can observe, using the acyclicity of the edges inside
the face, that we need to bound only the number of edges incident on the boundary.

Let e be an edge inside the face incident to vertex v of the boundary. We say that e is
essential for demand t;t; if removing e breaks every path from ¢; to ¢;. Then we can define a
path P, the following way: let us take any path P from ¢; to t;, and let P, be the subpath of
P starting from e (which has to appear on P) to the first vertex on the boundary of F. Let us
consider two edges e, es starting from the same vertex v of the boundary. Let us observe that
P, and P,, cannot intersect: then we could bypass e.g. e; by starting on P, and following it
until intersection. By a similar argument, P,, and P, cannot go to the same long segment: then
one of P, and FP., could be avoided by using the other path and part of the long segment. From
these observations, it follows that the only way the boundary can have many edges incident to
it is that if there are edges ey, ..., e incident to distinct vertices of a long segment S, with
paths P, ..., Ps going to distinct vertices of some other long segment Sy (see Figure 6).

Finding a grid and a t¢-tough pair. Now comes the point where we use the assumption
that long segments are distant. In particular, this means that the “middle path” P, Jo 18 long.
The internal vertices of this path have no terminals (as all the terminals are on the skeleton),

11



hence it is not possible that d*(v) = d~(v) = 1 for any such internal vertex. Thus either there
are many vertices on this path that have an edge leaving the path, or many vertices that have
an edge entering the path. Assume without loss of generality the former, let fi, ..., fs be these
edges. Again, each edge is essential for some demand, hence the path satisfiying the demand has
a subpath @Q; starting with f; and going to the boundary. We can observe again that these paths
have to be disjoint. Therefore, we can obtain a grid-like structure in the region surrounded by
S1, Pyja, S2, and P, see the region highlighted by yellow in Figure 6. (There are some other
cases to consider, which we ignore here. For example, the paths Q; may go to Sy or Sy.) This
region has s/2 — 1 “vertical” paths P, /25 -+ -5 Ps—1, intersected by the s “horizontal paths” @1,
. Q.

We observe that if this grid has ¢ horizontal and vertical paths, then we can use it to discover
a t-tough pair. Each edge e; is essential for some minimal demand; let F; be the set of these ¢
demands. Similarly, we define F» based on chosing a minimal demand for which f; is essential.
Then we can carefully verify that (E, E2) is a t-tough-pair: if there is an edge in the demand
graph that is not allowed, then a careful analysis shows that there is a way of bypassing some
e; or f; in the grid, contradicting the fact that it is essential. This concludes the proof that if
we have an upper bound on the size of the largest t-tough pair appearing in the graphs of class
D, then we can bound the treewidth of the solution by O(Vk).

Cleaning. To prove Theorem 1.10, we need to show that if arbitrary large t-tough-pairs
appear in the graphs of D, then C; C D for some i € [k]. The proof is a long combinatorial
argument to show that we can find t-tough-pairs that are canonical in some sense, and then we
use the assumption that D is closed under identifying vertices to contract the vertices outside
the t-tough-pair into a small constant number of well-behaved vertices.

Suppose that there is a t-tough-pair(E;, F3) in a digraph D. The minimality of the edges
in F7 and the fact that they do not appear in directed cycles (as they are weakly independent
to themselves) imply that for any two edges x;y;, x;y; € E1, at least one of the following holds:

1. exactly the edges x;y;, z;y; appear between {z;,v;} to {z;,y;},
2. there is no edge from {z;,y;} to {xj,y;}, or
3. there is no edge from {z;,y;} to {xi, v;}.

Let us consider a complete graph on t vertices wi, ..., w, and for every i < j, color the edge
w;w; according to which of the three statements hold for the edges z;y; and z;y; (if more than
one statement is true, we can choose arbitrarily). By Ramsey’s Theorem, there is a large subset
E} C E; where the same statement holds for any pair of edges. We can find a similar subset
El C E,. We consider two main cases. The first case is when Statement 1 holds either in
E' or E}. Then what we have is a matching x;y; of minimal edges that is part of a complete
bipartite graph, that is, every z; is adjacent to every y; (but note that x;y; does not have to be
a minimal edge). The second case is where we have Statement 2 or 3 in both Ej and F). Then
we can reorder Ej and Fy to have a further ordering property: there is no edge from {z;,y;}
to {z;,y;} for j <i. We handle the two cases separately. With further Ramsey arguments and
case distinctions, we show that identifications can be used to find a t’-hard biclique pattern or a
t’-hard matching pattern appearing in a graph in D, where ¢’ is some unbounded function of ¢.
It follows that if arbitrarily large t-tough pairs appear in D, then D is a superclass of some C;.

2 Formal definition of a t-tough-pair

In this section we give the formal definition of a t-tough-pair. Further definitions, that are
specific to the sections. are defined in the beginning of the respective sections.
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Given a digraph D and an edge e = (u,v) € E(D), we say that e is a minimal edge of D
if D has no (u,v)-path of length strictly greater than 1 in D, where the length of the path
is the number of edges in it. We say that a digraph D is reachability-minimal if each edge of
D is minimal. For an edge e = (u,v) in a directed graph D, v is called the head of e and u
is called the tail of e. For any E' C E(D), head(E’) (resp. tail(E’)) denotes the set of heads
(resp. tails) of the edges in E’. Next we define weak independence and strong independence
that are crucially to define the ¢-tough-pair formally.

Definition 2.1 (Weakly independent edges). Given a digraph D and e; = (uj,v1),e2 =
(u2,v2) € E(D), we say that the pair of edges (e, ez) is weakly independent in D, if u; #
v # ug # vy, and D has neither a (vq, uz)-path nor a (ve,uq)-path. A set of edges E' C E(D)
are weakly independently if every pair of distinct edges in E’ are pairwise weakly independent
and for each edge (u;,v;) € E’, there is no (v;, u;)-path in D.

Informally, a pair of edges is weakly independent, if the head of one cannot reach the tail
of the other. Therefore, if a pair of edges are weakly independent, then they cannot lie on a
directed path.

Definition 2.2 (Strongly independent edges). Given a digraph D and e; = (uj,v1),e2 =
(ug,v2) € E(D), we say that the pair of edges (e1,ez) is strongly independent in D, if they
are weakly independent in D, and additionally D has no (u1,us)-path, no (ug,uq)-path, no
(v1, v2)-path and no (ve, v;)-path.

Informally, a pair of edges is strongly independent, if they are weakly independent, and the
head of one cannot reach the head of the other, and the tail of one cannot reach the tail of the
other. That is, the vertices of the heads (resp. vertices of tails) do not lie on any directed path.

Definition 2.3 (t-tough-pair). Given a digraph D, Ey, E; C E(D), we say that (Ep, E2) is a
tough-pair in D if:

|Er| = | Eal,

each edge of F1 U Fs is a minimal edge in D,

all edges in F; are pairwise weakly independent in D, for both i € {1,2}, and
for each e; € Fy and ey € Es, (e1, e3) are strongly independent in D.

o=

Further, for a positive integer t, we say that (E1, Fs) is a t-tough-pair if |Eq| = |Es| = t.

3 The structure theorem

The goal of this section is to prove Theorem 1.9 (see Section 1 for the statement). We start by
giving the algorithm for the c-bounded case, that is the proof of Theorem 1.8, and refocusing
our efforts on acyclic instances.

3.1 A subexponential algorithm

In order to prove Theorem 1.8, we will utilize the following result.

Theorem 3.1 (Lemma 2.1 of [8]). Suppose that H is an edge-minimal solution for the STRONGLY
CONNECTED STEINER NETWORK problem on the instance (G,T), where |T| = k. Then there
is a set W C V(H) of 9k vertices such that deleting W from H results in a graph of treewidth
at most 2.

We start by generalizing the above theorem to our setting.
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Lemma 3.2. Let H be an edge-minimal solution to PLANAR D-STEINER NETWORK where D
is a c-bounded class. Then there is a set of (30c + 29)k vertices in V(H) whose deletion from
H results in a graph H' of treewidth at most 2.

Proof. Let Vi,...,V; be the vertex sets of the strongly connected components of H that are not
singletons. The degree of V;, denoted by d(V;), is the number of edges in H with one endpoint
in V; and one endpoint outside V.

We claim that if V; has no terminals, then d(V;) > 3. Suppose the contrary: V;NT = ()
and d(V;) < 2. Notice that d(V;) # 1 as in such a case we could remove all edges of H induced
by V; as well as the edge that enters/exits V;. Suppose now that d(V;) = 2. Notice that the
two edges that have one endpoint in V; cannot both be entering or both be exiting V; as again
that would be redundant in H. Thus V; has one edge entering at some vertex u € V; and one
edge exiting from some vertex v € V;. Let 7 be a path in H[V;] from u to v. Notice that since
|Vi| > 2 and H[Vj] is strongly connected, there must be some edge e in H[V;] that is not on
the path m. However all terminal-to-terminal paths passing through V; can be realized using
m, since if such a path enters V; then it enters at v and exits at v. Consequently, the edge e is
redundant, contradicting the minimality of H.

We say that a vertex v is a portal of V; if it is an endpoint of some edge e € E(H) that
enters or exits V;. Let P denote the set of all portals, and let P; be the set of portals in V;.
Consider now a strongly connected subgraph H[V;] that contains at least one terminal, and
let T; = V; NT. Since H[V;] is strongly connected, it is an edge-minimal solution of PLANAR
STRONGLY CONNECTED STEINER NETWORK for the terminal set T; U P;: indeed, if some edge
e can be removed from H[V;] to maintain strong connectivity on T; U P;, then H — e would
also be feasible for the original problem, which contradicts the edge-minimality of H. We can
therefore apply Theorem 3.1 for the graph H[V;] and terminal set 7; U P;: there is a set X; of
at most 9|7; U P;| vertices such that H[V; \ X;] has treewidth at most 2.

We now delete the following vertices from H:

e the portal set P

e all the sets X;

e the set Y of vertices outside |J; V; that have degree at least 3.

Let H* be the resulting graph. Each connected component of H* is either a subgraph of some
strongly connected component H[V], or it lies outside |J; V;, thus its vertices have maximum
degree at most 2: in both cases, it has treewidth at most 2. Consequently, tw(H*) < 2.

In order to bound the number of deleted vertices, let us first introduce an acyclic instance
of PLANAR D-STEINER NETWORK based on (G, T, D) and H: this is required so that we can
use the c-boundedness of D . Let G/(|J Vi) be the graph obtained by contracting each vertex
set V; into a single vertex (deleting all loops and parallel edges). Notice that the picture H’
of H under this contraction is acyclic. In the demand graph D, we identify each vertex set T;
individually, resulting in a demand graph D’ and terminal set 7”. Notice that since D is closed
under identification, we have D’ € D.

We claim that H’ is an edge-minimal solution to the PLANAR D-STEINER NETWORK in-
stance (G’ = H',T',D’) (where H' and D’ are acyclic). First we show that H’ is feasible. If
D’ has an edge v'v’, then the edge has an ancestor uwv in D, so H contains some path P,
connecting the terminals u and v (where u and v cannot be located in the same set ;). When
we apply the contraction on P,,, we get a path P’ connecting v’ and v’ in H’, concluding the
proof of feasibility for H'.

To prove the edge-minimality of H’, suppose the contrary: that there is some edge a'b’ in H’
whose deletion does not break feasibility. Let ab be an edge of H that contracts to a’b’. Notice
that ab is not induced by any component V;. We claim that H — ab is feasible for (G,T, D).
Consider a demand edge uv € E(D). If the terminals u and v are in the same V;, then they are
connected within H[V;] and thus they are also connected in H — ab. Otherwise these terminals
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are identified with some distinct terminals u’ and v, respectively, and D’ has a demand u'v’.
Thus H' — a’t’ connects v’ and v via some path P’. Let u and v be arbitrary vertices of G that
contract to (or are equal to) u/ and v’, respectively.

Using P’, we will now build a path P connecting v and v in H — ab. First, we pick for each
edge 2'y’ € P’ an arbitrary edge whose image after contraction is z’y/. Consider now an edge
pair 'y, 1’2’ on P’: if ¢ comes from the contraction of V;, then we may have to select xzy; as
the ancestor of 'y’ and y22 as the ancestor of 32/, where y; # yo are different portals. But
since (H — ab)[V;] is strongly connected, there is a path P; connecting the portals y; to yo in
(H — ab)[Vi]. We concatenate this path with the edges zy; and y2z. Using the same technique,
we can build a path from some us to some vy where either ug = u or ug and v are in the same
component V; (and the analogous statement holds for v and v;). We can again use the strong
connectivity of the components V; to get a path P from u to v. Consequently, H — ab is feasible
for the original problem, which contradicts the edge-minimality of H.

Finally, we note that for any pair V;,V; with ¢ # j there can be at most one edge going
between V; and Vj. Since these are strongly connected components, there cannot be two edges
in different directions, as that would make them into a single strongly connected component.
Suppose that uv and u'v" both go from V; to Vj. Then either of these edges can be removed
without affecting feasibility, which contradicts the edge-minimality of H. This property implies
that in the proposed contraction the degree of the vertex that we get from contracting V; is
equal to d(V}).

We can now bound the size of the deleted set. Since D is c-bounded, we have that
ZUGV( i) d*(v) < ck. Since each non-0 term in the sum comes from some contraction of V;
or a deleted vertex from Y, we obtain the following.

Yoo dw) =) _d (Vi) + > d*(v) < ck, (1)
) 7

veV(H' veY

where d*(V;) = max(0,d(V;) — 2). Recall that if V; has degree at most 2, then it must have at
least one terminal. It follows that it can have at most 2 portals, and thus |P;| < 2|T;|. If it has
degree at least three, then it has at most d(V;) = d*(V;) + 2 < 3d*(V;) portals.

Thus the total number of deleted vertices can be bounded as:

Y]+ [P+ | X\ P < [¥] + P+ Y 9IT U P
% %

<|Y|+9|T| + 10| P|

=[Y[+9%+10-| > [B[+ Y. |B
i:d(V;)>3 id(V;)<2

S|Y[+9k+10- [ D> 3d (Vi) + > 2Ty
i i:d(V;)<2

< (30c + 29)k,
where the second inequality uses that the sets V; are disjoint, and the last inequality uses the

bound (1). Consequently, we have removed at most (30c + 29)k vertices from (J,; V;, which
concludes the proof. O

The next lemma can essentially be found within the proof of Lemma 2.2 in [8]. We reproduce
the proof for completeness.

Lemma 3.3. If G is a planar graph where deleting k > 1 vertices results in a graph of treewidth
w > 1, then tw(G) < 3wvVk.
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Proof. By the planar grid theorem [31], there is a constant ¢ such that any planar graph of

treewidth éw has a grid minor of size w x w. If G has treewidth at least ¢ - [3wv/k], then it has

[3wVk] J ) [ [3uwVk] J
+1

a grid minor of size at least [3wv/k]. This minor can be decomposed into [ - P

[3w\/E1J _

vertex disjoint grid minors, each of size at least (w + 1) X (w + 1). Notice that L o1

[3wVk|
w41
where no vertex has been deleted. This intact grid minor has treewidth at least w + 1, which

contradicts our assumptions. O

>k + 1 for k,w > 1 integers, thus there is at least one (w + 1) x (w + 1) grid minor

We are now ready to prove Theorem 1.8.

Proof of Theorem 1.8. Consider an input (G, T, D). By Lemma 3.2, we can find a set of (30c +
29)k vertices in H whose deletion results in a graph of treewidth at most 2. Lemma 3.3 then
bounds the treewidth of H as tw(H) < 3-2-/(30c + 29)k < 47+/ck = O(Vk). This concludes
the proof. O

3.2 A tree of segments

We begin the proof of Theorem 1.9 by supposing that D is a class that is closed under identifi-
cation, but it is not c-bounded. The goal is now to show that D has a pattern with a t-tough
pair for all positive integers t. Consider an instance where G and D are acyclic.

First, we show that it sufficient to consider a weakly connected acyclic solution H where all
vertices have undirected degree at least 3. To show the minimum degree bound, we contract all
edges uv of H (and G) where u or v has undirected degree at most 2. If at least one of u and v
is a non-terminal, then such contractions do not influence the feasibility and edge minimality of
H, and it also does not change the total branch degree of H. If both v and v are terminals, then
let H' denote the new graph after the contraction, and let us identify u and v in D, resulting in
the graph D’. Since |D'| = k—1 and H and H' have the same total branch-degree, we have that
if H has total branch degree at least ck, then also H' has total branch degree at least ¢- (k—1).
It is therefore sufficient to consider graphs H where all vertices of the undirected graph H have
degree at least 3. (Throughout this section, the notation X refers to the undirected graph given
by the edges of the graph X, where X may be a directed graph or mixed graph.)

Suppose now that H is disconnected, and let H; be the connected components of H (i =
1,2,...). For each H; let D; be the subgraph of D induced by TNV (H;). Notice that the graphs
D; are a partition of the edges of D, where each connected component of D is contained in a single
graph D;. Observe that each H; is an edge-minimal solution for the instance (G, TNV (H;), D;).
Moreover, if H has branch-degree at least ck, than at least one among the H; has branch degree
at least ¢- |T'NV(H;)|. Therefore we can restrict our attention to weakly connected graphs H.

Defining a tree of segments. The skeleton S is a 2-connected mixed graph that we will
build based on an optimum solution H of the instance (G, T, D) of PLANAR D-SN where G and
D are acyclic. Suppose now that H is a solution to (G, T, D) that is a connected acyclic graph
of minimum degree at least 3. We fix a plane embedding of H, and add undirected edges to H in
a greedy manner to create a triangulation of the plane with vertex set V(H); let Ha denote the
resulting mixed graph, where the edges of H are directed, and the newly added triangulation
edges are undirected.

A long segment is a directed path of length at least L in Ha. A short segment is a path
of Ha (i.e., of arbitrary orientation edges in Ha) that consists of at most L edges. A pair of
segments A, B are distant if for any pair of vertices a € A and b € B the distance of a and b in
H is at least L. Our goal is to create a skeleton where the boundary of the so-called relevant
face consists of O(k) (long and short) segments where the long segments are pairwise distant.
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Next, we construct a tree R in Ha consisting of O(k) segments that contains all terminals.

Lemma 3.4. There is a tree R in Ha that contains all terminals and consists of O(k) segments,
such that any pair of long segments of R are distant.

Proof. Initially, we set R to be the edgeless forest with vertex set T. We add segments to R
using the following insertions, until it becomes connected.

Insertion 1. Let C and C’ be the closest components of the current graph R, that is, the
pair of components where §(C,C") := min,cy () vev(cr) distg, (u,v) is minimized. If
6(C,C") < 2L, then let P be a shortest path connecting C' and C” in Ha. Since |P| < 2L,
we can decompose P into at most two segments, which we add to R, connecting C' and C"’.

Insertion 2. Suppose that R is not connected, but Insertion 1 can no longer be applied. A
vertex v is a collaborator of a component C' of R if there is an edge e incident to v that
is essential for some demand ¢’ where ¢t € V(C) or ¢ € V(C). Let v be a vertex that
collaborates with at least two distinct components. Let P, and P, be directed paths
connecting v to these two components. We shortcut the loops of P, U P/, to find a path
P whose internal vertices are outside Ny that connects two distinct neighborhoods Ng
and N¢. Note that P is the concatenation of at most two directed paths, thus it can be
decomposed into at most two short or long segments. If we have two long segments, we
also need to separate these with a short segment: let u be the first vertex on the first long
segment that is within H-distance L to the other long segment. We connect u to the last
vertex v of the other long segment to which it has distance L using a short segment, and
remove the parts of the long segments that fall between u and v. Let P be the final path,
which now consists of at most 3 segments, and if it has two long segments, then those are
distant. Connecting the endpoints of P to C and C’ with short segments, we are able to
add at most five segments to R that connect C' and C’.

We claim that applying the above insertions exhaustively leads to a tree that contains all
terminals. Observe that after each successful insertion the number of connected components of
R decreases by at least one (and no cycles can be created), thus after at most k£ — 1 insertions we
get a connected tree R. In order to show this, we need to show that as long as R is disconnected,
there is an insertion that we can apply.

Claim 3.5. If R is disconnected, then at least one of the insertions can be applied.

Proof. Suppose for the sake of contradiction that Insertion 1 and 2 cannot be applied, but R is
still disconnected. It follows that each vertex collaborates with at most one component. If some
edge e is essential for demand ¢;t; and the terminals ¢;,¢; lie in different connected components
of R, then Insertion 2 can be applied, so suppose that no such edge exists, i.e., for each edge
the corresponding demand terminals fall into the same component. Since all edges e of H are
essential and H has no isolated vertices, we have that all vertices of H collaborate with at least
one component of R.

Let Py be a path in H connecting the distinct components C' and C’ of R whose internal
vertices are disjoint from V(R): such a path exists because R is a disconnected subgraph of
the connected graph H. The starting vertex of Py collaborates with C, and its ending vertex
collaborates with C’, so there must be an edge e along this path whose endpoints collaborate
with distinct components. But this contradicts the definition of collaboration, which implies that
adjacent vertices collaborate with all components for which the connecting edge is essential.

Notice that each insertion adds at most 5 new segments to R, and we can do at most k — 1
insertions to reach the final tree R, thus the final tree R consists of at most 5k — 5 segments.
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Moreover, long segments can only be added with Insertion 2 and 3, and each of them adds a
long segment outside the current Ng, thus the newly added long segments are distant from all
earlier long segments. Thus insertions preserve the property that long segments are pairwise
distant. This concludes the proof. O

3.3 Region slicing

We will now slice the plane into smaller regions using segments. We say that a closed region
(some connected union of faces of Ha) in the plane is relevant if it is interior-disjoint from the
plane tree R. We work towards the following lemma.

Lemma 3.6 (Skeleton Lemma). There is a subgraph Skel C Ha consisting of O(k) segments
where the faces of Skel are relevant and they partition the plane, each face of Skel has at most
35 segments on its boundary, and within the subgraph of H induced by each face of Skel any
pair of long segments on the face boundary are either subpaths of the same directed path of H,
or they are distant.

The proof of the lemma requires a good separation, which we will prove next. The separator
that we prove relies on Sperner’s lemma, which can be phrased as follows.

Theorem 3.7 (Sperner’s lemma). Let G be an undirected simple plane graph where the vertices
are assigned one of three colors (red, green, or blue). Suppose that other than the outer face, the
rest of the graph is triangulated. Moreover, suppose that the boundary of the outer face has three
marked vertices, vi,va,v3 colored with 1,2,3, and that each vertex on the boundary is assigned
one of the colors of the two marked vertices that enclose it on the boundary. Then G has a
triangle whose vertices have three different colors.

If F is a relevant region bounded by some cycle of Ha, then let H” and H f denote the
subgraph of H and Ha consisting of the edges in F (including edges on the boundary of F),
respectively.

Lemma 3.8 (Separator). Let F be relevant region of H that is bounded by a cycle F of Ha
which consists of s > 36 segments, where long segments are distant in H” . Then there is a path
P in F that splits F into two regions, F1 and Fo with boundary cycles F1 and Fy consisting of
s1 and sy segments, so that

e [ong segments in F'U P = Fy U Fy are distant,

® 51 +59< s+ 12,

e and 13 < 51,89 < s —4.

Proof. We will assign colors to the vertices of Ha that fall in F. First, we split the boundary
cycle F into three paths Py, P, P3 of almost equal number of segments, i.e., so that the number
of segments on each of these paths have a difference of at most 1. We color the endpoints of
the paths with 1,2 and 3 so that P; goes from the point of color i to the point of color ¢ + 1,
where indices are defined modulo 3. Next, all internal vertices of P; will be colored by ¢ for each
1 =1,2,3, see Figure 7.

To color the vertices in the interior of F, let v be an arbitrary vertex there. Since v is not in
R, it cannot be a terminal, so it has an essential edge incident to it, which is on some terminal-to
terminal path. Let P, be this directed path connecting two terminals that contains v. Since
there are no terminals in the interior of F, going forward on the path we will eventually exit
F. Before this point, there will be a first vertex w of P after v that is of distance at most L
to some point b € V(F), that is, either distH¥ (v,b) < L and v = w, or dist = (w,b) = L and
MaX,c ply,w) dist Hf(“r’ V(F)) > L. (If there are multiple vertices b € V(F') at minimum distance
to w in H £ , then we choose an arbitrary such vertex b). We assign to v the color that we have
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(i) (i)

Figure 7: (i) Coloring segments on the boundary of the region F. Long segments are denoted
with an arrow. The color of vertex v is defined using a path P, that arrives in the L-neighborhood
of OF. (ii) Applying Sperner’s lemma in the coloring. Two of the landing vertices in OF (denoted
by empty squares) will be from distant segments along OF.

assigned to b. Notice that we have a path ) consisting of a directed path (a subpath of P,) and
a short segment that connects v to b, and @ is distant from all long segments of V(F).

By Sperner’s lemma there is a triangle ujugus in this coloring where u; has color i. Let Q;
be the path from u; to the boundary point b; € V(P;) that we used to assign color i to u;. Since
the paths P; have at least | s/3]| segments, we have that there is a pair o/, b” among by, b9, bs such
that along F' there are at least |s/3] complete segments between them (and up to two partial
segments). Let v/, u” € {u1,u2,us} and Q', Q" € {Q1,Q2,Q3} be the starting points and paths
corresponding to ¥’ and b”. Consider the path that is the concatenation of @', the edge b'd”,
and Q". If both ' and Q" contain long segments attached to u’ and u”, then the path can be
shortcut in the middle with a short segment to ensure that they remain distant from each other:
let u be the first vertex on the first long segment that is within H-distance L to the other long
segment. We connect u to the last vertex v of the other long segment to which it has distance
L using a short segment, and remove the parts of the long segments that fall between u and v.

Let P be the resulting path connecting b’ and b”, and let F; and F, be the regions that we
get by splitting F with P. By construction, the resulting path consists of at most 5 segments,
and long segments in F'UP are pairwise distant. Note that the vertices b’ and " may be internal
vertices of some segment of F', and in such a case the corresponding segment will be counted
both in F} and F,. We are also counting the at most 5 segments of P both times. Thus we
have that s; +s9 < s+242-5 = s+ 12. Since P has at least one segment, we have that
min(sy, s2) > [s/3] +1 > 13 since s > 36. Taking into account the partial segments, the upper
bound can be written as max(sy,s2) <s—|s/3] +24+5<25/34+8 <s—4, since s >36. [

We can use this separator to prove Lemma 3.6, but first let us consider a walk along the
boundary of the unbounded face of the plane tree R. Notice that the walk uses each edge of R
twice, once in each direction. Additionally, whenever we encounter a branching vertex (a vertex
of degree at least 3) of R that is an interior vertex of the segment we have been walking along,
then we slice the current segment into two smaller segments at v, resulting in two (short or
long) segments. As a result, we end up with a walk that consists of the original O(k) segments,
plus at most the number of branching vertices of R, which is at most O(k), as there are at most
O(k) leaves in R. Consequently, the walk has at most O(k) segments.

Proof of Lemma 3.6. If the walk around R consists of at most 35 segments, then we set Skel = R;
this has all the desired properties. Otherwise, we recursively slice the region outside R into
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smaller regions using Lemma 3.8, until all regions have at most 35 segments on their boundary,
using the following procedure.

For a partition P = {Fi,...,F} of the plane where each F; is a non-empty union of faces
of Ha and where F; has s; boundary segments, we define the potential function

t

F(P) =Y si—13t.

i=1

Notice that the contribution of region F; to f(P) is s; — 13. By Lemma 3.8, for any region
F; appearing throughout the slicing we have s; > 13, therefore each region contributes a non-
negative integer to f. It follows that f(P) > 0 for all partitions P that appear in the slicing.

If F' is the region boundary of an element of P with s > 36 segments on its boundary, then
by Lemma 3.8, after the slicing it will be replaced by two regions, and the total number of
segments on region boundaries increase by at most 12. Therefore in the potential function f
the number ¢ increases by one, while the segment sum increases by at most 12. Thus if P’ is
the new partition we get by applying Lemma 3.8 on F', then we have

F(P) < f(P)+12-13= f(P) - L.

Thus the potential is decreasing in each step. Initially we have a singleton partition with value
O(k), and we know that the potential remains non-negative, thus there can be at most O(k)
steps. It follows that Skel consists of O(k) regions, each of which has O(1) segments on their
boundary. The long segments of any of the faces F in Skel are either on the same directed path
of the original solution H, or they are distant inside H i: . Indeed, this property is true for the
initial singleton partition, the distances are preserved by the slicing, and the distance is not
shortened when restricting to a subgraph defined by some region F. 0

3.4 Finding a t-tough pair

Let F be a relevant face of the skeleton Skel given by Lemma 3.6. If F' is the unbounded face
of Skel, then we change the embedding of Ha so that F is not the outer face. Let H” denote
the subgraph of H induced by the vertices in F, and let B denote the vertices that are on the
boundary of F. We denote by OF the edges of H” that are on the boundary of F, and let intF
denote the edge set E(H”)\ 0F. (Note that F may contain undirected triangulation edges
that are not contained in F or intF.) By Lemma 3.6 we know that F consists of cgkes = O(1)
segments. Observe that if we decompose the short segments on the boundary 0.F into length-0
paths, then we can think of it as a collection of at most L - cgye directed paths (where the long
segments appear as themselves, and vertices only incident to short segments as singletons).

Given an (essential) edge e in intF (i.e., not on the boundary F), there exists a directed
path in H” connecting two distinct vertices of B using e to satisfy the demand for which e is
essential. Note that the edges of this path are all in intF. Such a path is called an essential
path through e.

Lemma 3.9. For each v € B we have that degyr(v) < 2L - cggel + 2.

Proof. Let vu be an edge where v € B and u ¢ B. Since vu is essential for some demand, there
is some essential path P through vu; let v’ be the other endpoint of P. Suppose that w’ € B is
reachable from v along F. Then there can be no essential path from v to w’ that avoids vu, as
the connection is already established by P and the path along OF from v’ to w’. In particular,
there can be at most one edge leaving v where the corresponding essential path ends on a given
directed path of OF. Since OF consists of at most L - cge directed paths, we have that there
are at most L - cgel inner edges leaving v. An analogous argument for the incoming edges plus
the at most two boundary edges proves the desired upper bound on the degree of v. O
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We will now consider the number of demands for which the edges of H” are essential. In
what follows, let k be the number of such demands, i.e., suppose that H \ intF fails to satisfy
K of the demands.

Lemma 3.10. If H \ intF fails k demands, then the total branching degree of H” is at most
k(k —1).

Proof. First we show that the internal vertices of H” have bounded total branching degree. To
do so, we first bound the number of intersections between paths satisfying different demands.

We claim that there can be at most one intersection point where there are incoming edges
of H” essential for a given pair of demands. Suppose the contrary: that v,w € V(H7) are
distinct vertices such that both of them have an incoming edge essential for demand edge d
(denoted by e(d,v) and e(d,w) and an incoming edge essential for demand edge d’, denoted by
e(d’,v) and e(d',w). Note that either v is reachable form w or vice versa, as otherwise we could
remove one of e(d, v) and maintain the connection of d via w. Assume without loss of generality
that there is a path P from v to w. Note that P cannot use both e(d,w) and e(d’, w); suppose
that it does not use e(d,w). Since e(d,w) is essential for d, there is a directed path Q ¢ E(H”)
through it! satisfying the demand d. Note that @ must also pass through the edge e(d, v), and
in particular, contains vertex v.

We can therefore use an initial part of () to get to v: note that this part of @) is disjoint
from P as otherwise there would be a closed walk and thus a cycle in H. We use P to go from
v to w, and continue on @ after w; as @ goes through e(d, w), it can be continued from w. The
resulting path Q' essentially replaces Q[v, w] with P, and has the same endpoints as @), making
e(d, w) non-essential for d, a contradiction.

The analogous argument for outgoing edges gives the same bound. Imagine labeling each
unordered pair of edges that have the same head with an unordered pair of demands, such that
one edge is essential for one demand and the other edge is essential for the other. The above
argument implies that these labels must be distinct for all pairs of edges sharing the same head.
The analogous can be done for edge pairs that share the same tail. Consequently, the vertices

of H” satisfy
5, (1))

veV (HF)

> (7)=0)

veV(HT)

where p(v) and §(v) denote the in- and outdegree of v in H”, respectively. On the other hand,
observe that (” (2”)) + (5(;)) > d*(v), thus we have that the total branching degree is at most
2(5) = k(k—1). O

Lemma 3.11. If for each relevant face F of Skel we have that H\ F fails at most k demands,
then, then the total branch degree of H is at most O(k?) - k.

Proof. By Lemma 3.10, we have that each relevant face F has total branch degree at most
#(x —1). Since each vertex of H has degree at least 3, the same holds for the vertices of H”
that are in intF. Thus all of the inner vertices contribute at least 1 to the branch degree of H” ;
it follows that there are at most xk(x — 1) inner vertices. It follows that the total degree of the
inner vertices is at most k(k — 1) + 2k(k — 1), since the degree and branch degree differs by at
most 2. Let Br denote the vertices of 9.F, and let B + denote those vertices that are adjacent

"Here Q may use boundary edges of H”, i.e., it is not necessarily an essential path.
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to some inner vertex of F in H”. Since the total degree of inner vertices is at most 3x(x — 1),
this also bounds the number of vertices in Br: we have |Br| < 3k(x — 1).

By Lemma 3.6 we know that Skel has O(k) faces, thus the sum of the branch degrees of all
relevant faces is m = O(k%k). We claim that the total branch degree of H is at most O(k) larger
than 3m. Notice that the difference between the two amounts is due to the vertices of H that
lie on the shared boundary of some relevant faces of Skel. Suppose now that v has degree 2 in
Skel with neighboring relevant faces 7 and F'. Then d};(v) < d};7(v) + d}, 5 (v) +2. Therefore,
the total contribution from vertices in B is at most 2k(k — 1), and all other vertices have all
adjacent edges in the other face, so they satisfy d%,(v) = dj;(v).

Suppose now that v has degree d, > 3 in Skel, with neighboring faces Fi,...F4, and
corresponding branch degrees dj(v),...,d; (v). Then we have

dy
dy(v) < 3 dF (v) +2(d, - 1).
=1

Consequently, the branch degree of A differs by at most 2" (d, — 1), where the sum goes over
vertices of Skel of degree at least 3. Note that Skel is a plane graph with O(k) faces, thus the
sum is at most O(k), concluding the proof. O

We say that a directed edge uv enters (resp. exits) a path P if u € V(P) and v € P (resp.
u € V(P) and v € V(P)).

Lemma 3.12. Suppose that P and P’ are essential paths for the edges e, e’ respectively, and
that the directed paths Qs, Q,Q: do not contain these edges. Suppose that P and P’ exit the
directed path Qs before e and €' respectively, and the edges e, e’ enter the same directed path Q).
Alternatively, suppose that e, e’ exit the same directed path @Q, and after them P and P’ enter
the same directed path Q¢. Then P and P' are vertez-disjoint, and the paths Qs, Q (respectively,
Q, Q) have the same “direction”, that is, their intersections with P and P’ appear in the same
order.

Proof. Let e = uv and f = v/v’, and let P and P’ be essential paths through e and f respectively,
and suppose that uv and u/v’ both enter a directed path. Let () denote the directed path from
v tov'. Let s,t and ', ¢ denote the start- and endpoints of P and P’, respectively. We observe

that the directed path Qs must be oriented from s to s’: indeed, if it is oriented the other way,

then P’ cannot be an essential path for u/v’, as we can use the path s’ = s Ly v 2 o instead

of P'[s',v'], and we claim that this path avoids u/v’. In case of Qs and @ do not contain u'v’,
so one only needs to check P. But if v'v' € P[s,v], then we could create closed walk together
with ) and contradict acyclicity.

Now suppose for the sake of contradiction that P and P’ intersect at some vertex p. We
distinguish three cases:

Case 1: p occurs after the edge uv on P.

This contradicts the essentiality of uv, as one can use s & s 2 p instead of P[s,p].

Case 2: p occurs before the edge uv on P, and before the edge u/v' on P’.

This contradicts the essentiality of u/v’, as one can use p Ly v & o instead of P/ [p, v'].

Case 3: p occurs before the edge uv on P, but after the edge /v’ on P’.

This contradicts the acyclicity of H, as p L & o 2 p is a closed walk.

Suppose now that uv and «'v’ both exit a directed path. Let @) denote the directed path
from u to u/. We observe that the directed path @; must be oriented from ¢ to t': indeed,
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if it is oriented the other way, then P cannot be an essential path for uv, as we can use the

path u O w Fov 2t instead of Plu,t]. Again this path avoids uv as if uv € P'[v/,t'] then

together with ¢ we would get a closed walk.
Now suppose for the sake of contradiction that P and P’ intersect at some vertex p. We
distinguish three cases:

Case 1: p occurs before the edge u'v’ on P’.

This contradicts the essentiality of u’v’, as one can use p Lyt 24 ¢ instead of P’ [p,t'].

Case 2: p occurs after the edge u/v' on P’, and after the edge uv on P.

This contradicts the essentiality of uv, as one can use u & o p instead of Plu, p.

Case 3: p occurs after the edge u/v' on P’, but before the edge uv on P.

This contradicts the acyclicity of H, as p LY % o p is a closed walk.

This concludes the proof. O

A bundle is a collection of pairwise vertex-disjoint essential paths of f that exit a directed
path Ps of OF and enter a directed path P; of 0F. For a cycle C' in H K let HC denote the
edges of H that are inside? C or on C.

Definition 3.13 (Grid structure). A grid structure of size ) is a cycle C' in H{ and a pair of
directed path sets Bp = {P,..., Py} and Bg = {Q1,...,Qx}, where the paths are in H®, and
the following properties hold. See Figure 8 for an illustration.

(i) Path P; starts at s© € V(C) and ends at tf € V(C). Similarly, path Q; starts at some

SJQ € V(C) and ends at t? € V(C). Apart from their start- and endpoints, each P; and
Qj is vertex-disjoint from C. The paths of Bp are pairwise vertex-disjoint, and the paths
of By are pairwise vertex disjoint.

(ii) The cycle C contains the vertices

P P P ,Q ,Q Q 4P P P Q Q Q
13525+ -38h, Tty by, Ity sl1y SyaSx_1r---5 8]

s
in this cyclic order, or reversed.

(iii) There is a directed path Qs C C through s¥ sf’ ... s{. Similarly, the directed path
Q¢ C C goes through I & ... ,tf, the path P; C C goes through 5(1‘?, szQ, e s?, and the
path P, C C goes through t?, tg, e ,tf\g.

(iv) Each P; intersects each @); in some non-empty connected subpath.

(v) Each P; is a subpath of an essential path for some edge e; € P;, and each Q); is a subpath of
an essential path for some edge €} € Q;. Moreover, ¢; ¢ Q; and ¢} ¢ Q; for any 4, j € [A].

(vi) For each 1 < iy < iy < X the head of e;, is reachable from the tail of e;, within H¢ using
a path that avoids e;, or e;,. Similarly, the head of e;, is reachable from the tail of e;

within H¢ using a path that avoids e, Or €.
Let us fix a vertex z; ; € P;NQ; for each 4, j € [A\]. The embedding ensures that x;1,...,x;
appear in this order on P;, and 1 j, ..., x) j appear in this order on @);. Observe that contracting

2That is, in the fixed embedding, these edges lie entirely in the bounded region defined by C. Recall that all
relevant faces of Skel are bounded.
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Figure 8: A grid structure with cycle C' and path sets Bp,Bg. Thick edges are the defining
essential edges.

the edges of P; N (Q; as well as all edges that have an incident degree-2 edge results in a plane
grid with grid lines P; and Q).

Our task now is to find a large grid structure. Consider a bundle B consisting of paths
Py, ..., P, from long segment A to long segment B where the indices are according to the order
of starting points on A. Suppose that P, starts at a; € A and ends in by € B, and that Py /4
starts at ag € A and ends in by € B. The spread of B is defined as dist 5(a1, az) + dist 5(b1, b2).

Lemma 3.14. Suppose that & > L* and that L is large enough. If H \ intF fails k demands,
then H” has a grid structure of size Q(L).

Proof. By Lemma 3.9 we have that each vertex on 0F has degree O(Lcggel). Since there are at
most Lcskel vertices on OF that are on some short segment, we have that at least kK — O(L2cgkel)

demands whose essential paths go through long segments. Consequently, there exists a long
N—O(L%%kel)
CSkel

segment S that has demands going through it. At least half of these demands

" . . —O(L2c2
are exiting S or entering S; suppose the former, i.e., there are at least % demands

exiting S (the entering case can be handled analogously). Since vertices of segment S have
degree at most O(Lcggel), we have that among these demands exiting S, there must be at least
%&%‘;ﬁ) = Q(k/L) demands exiting S that have pairwise distinct starting vertices.

Each of these demands have some edge exiting S, and for each of these edges let us fix a
corresponding essential path. Among these essential paths, at most O(chgkel) of them end on
short segments, and among the rest, at least ﬁ proportion of them end on the same long
Q(k/L)—O(L3c3, )

CSkel

that also end on the same long segment of dF. Among these paths, at least m proportion

of them have pairwise distinct ending points. Thus, there exists a bundle of size at least Q(x/L?)
where either all defining essential edges exit a long segment of 0.F, or all defining essential edges
enter a long segment of 0F. We fix a constant ¢* such that there exists a bundle of size at least
c*r/L?. Let B be the bundle of minimum spread that has exactly A := |L/(4c2, )] and where
the defining edges are all entering or all exiting a long segment. Since L is large enough, we
may assume L > 1/c*, so ¢*k/L? > r/L? > L > ), so such a bundle B exists.
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By Lemma 3.12, we have that the paths of B are pairwise vertex-disjoint. Moreover, by the
same lemma, we can index the paths of B by the order in which their starting points occur in
OF as Pp,..., Py. By the essentiality of the defining edges of B, we know that the target of
a path cannot be reachable from its source, thus the starting and ending long segments of B
are distinct and they cannot be subpaths of the same directed path of H. Thus Lemma 3.6
implies that the starting and ending long segment of B are distant, therefore there are at least
L vertices on the middle path P, of B, where we set m = [A/2]. Note that each vertex of P,
has degree at least 3, thus each of these vertices has an incident edge that is not on P,,. At
least half of these edges are on the same side of P, in the embedding, and at least half of them
are all entering or all exiting P,,. Consider now the essential paths of the L/4 edges selected
this way. At least 1/ C%kel proportion of them have the same starting and ending segment, thus
there are at least A = |L/(4cZ)] paths all entering or all exiting P, in the same direction.
Let B’ be this size-\ collection of essential paths.

We can index the paths of B’ by the order in which their essential edge occur on P, as
P[,..., Py. Let ¢} the essential edge of P;.

Let Sg, T, Sy, Tj be starting and ending segments of B and B’, respectively. We denote by
e; and €} the essential edge of P; and P/. Suppose now that P; and P]’ intersect more than once,
and let  and 2’ be the first and last intersection along P;. By acyclicity of H, we know that x
and 2 are also the first and last intersection along P;j. Observe that the e; and €; cannot occur
between z and 2/, as that would allow us to circumnavigate an essential edge using a portion
of the other path. Consequently, we can change P} by exchanging Pj[z, '] with [z, z']; the
result is still an essential path for the edge e;-. By making such changes exhaustively, we can
ensure that for each ¢,j € [A] if P; intersects Pj, then their intersection is a connected (possibly
one-vertex) subpath.

We now distinguish several cases based on what segment B’ starts and ends on. Note that
Sp # Tp and S # T; by essentiality of e; and €}, and acyclicity. Assume without loss of
generality that B goes from bottom to top, with both Sp and T oriented left to right. See
Figure 9 for an illustration.

Case 1. S; & {SB,Tp} (or symmetrically, Tj & {Sp,T5}). First we show that the paths of
B’ are pairwise disjoint. Suppose that the edges eg- are entering P, from the left. Then we
can apply Lemma 3.12 with P, playing the role of Qs and P, playing the role of Q. If they
are exiting P, on the right, and Tj ¢ {Si,T5}, then Lemma 3.12 is applied with Q = Py,
and Q; = Py. If T, € {SB, T}, then Lemma 3.12 is applied with Q = P, and Q; = Tj. All
remaining cases can be handled with analogous invocations of Lemma 3.12.

Suppose that the edges e} enter P, from the left or exit it on the right. Because of the
embedding it follows that all paths of B’ intersect P, Ps, ..., P,,. We claim that if the edges €}
exit P, then the paths P/ also intersect the path Z = Sg[m, m+1]U Py, 11, where Sg[m, m+1]
denotes the portion of Sp between the starting point of P, and P, 1. Note that P/ enters the
inside of the closed curve P, U Sg[m,m + 1] U Py, 41 UTg[m, m + 1], so P/ must intersect Z or
Tp[m, m+ 1] after passing e} (because of the earlier simplifaction it cannot intersect P, again).
If P! enters Tg[m,m + 1], then its portion containing €; can be curcumnavigated on a directed
subpath of P,, UTg[m,m + 1], contradicting the essentaility of é;.

If e, enters P,,, then we set Z = P,,.

Consider the cycle C of H formed by Py, P],P',Z (Since P;,Z and P|, P}, are vertex-
disjoint, and the other pairs have a connected intersection, there is a unique cycle in the union
PLUP/UP/, UZ.) One can verify that C, {P|c,..., Pn-1lc}, and {Pj|c,..., P, _|c} form
a grid structure, where P|c denotes the portion of the path P that falls in the interior of the
bounded region of C.

The case when the edges B’ enter P, from the right or exit it to the left can be handled
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Figure 9: Finding a grid structure based on a bundle B (orange). The edges e; exit the middle
path P, on the right. The bundle B’ (red) has a distinct starting segment Sy, as in Case 1.
The directed path Z is depicted with dashed line, and the cycle C' around the found grid is the
boundary of the gray shaded region.

analogously, using the paths P, ..., Py instead of Py,..., P,,, and setting Z = P,,_1 UTg[m —
1,m] or Z = P, for entering/exiting edges e;. The cycle C is defined by Z, Py, P;,, P, and the
grid is given by C, {Pny1lc, ..., Px—1lc}, and {P},  |c,..., Pi_4|c}. In all cases the grid has
size at least [A/2] — 2.

Case 2. S = S% and Ty = Tzls' We claim that this case cannot occur. If €] exits P, on
the right, then we can exchange the portion of P/ starting at e} with a part of P, and T,
contradicting the essentiality of e}. If e, enters P,, from the left, then we can exchange the
portion of P! ending at €] with a part of Sg and P,,, contradicting the essentiality of é.

If e, exits P, on the left, or enters P, from the right, then we can exchange the portion of

P, starting at e,, with a part of Sp and P , contradicting the essentiality of e,,.

Case 3. Sp =T} and Tp = Sp. First we note that e cannot enter P, from the right or exit
it on the left, as both would create a cycle. We can invoke Lemma 3.12 on any pair of paths
of B’ with Q = P, and either Q; = S; or Q; = Tj to prove that the paths of B’ are pairwise
vertex-disjoint.

Since B has minimum spread, we have that B’ has a spread at least as big. Recall that if B
goes from A = Sp to B =T, then P, /4 starts at a; € A and ends in by € B, while P34 starts
at as € A and ends in by € B. Now B’ goes from B to A, so we set the start and endpoint of
P/’\/4 as b] € B and a] € A, and similarly, the start and end of P:,’))\/4 as b, € B and a, € A. Now
dist 5(a1, az) + dist 5(b1, b2) < dist 5(a], ay) + dist (b}, b)), thus at least one of the inequalities
dist 5(a1,az) < dist 5(b], b5) and dist (b1, b2) < distz(a}, a)) holds.

Suppose that the latter inequality holds. Then because of the embedding we have that
Pl ... ’P(/\/le all intersect Pry/47,- .., P|x/2). We can then define a grid for these two smaller
bundles of size at least A\/4 — 2 as seen in Case 1 by imagining that the path Tp is split
into two shorter paths, the first part containing the endpoints of Pj,..., Pi)\ /4]0 and the sec-
ond containing the starting points of Pry/41,...,Px/2). Similarly, if the former inequality
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Figure 10: (i) Proving weak independence: a demand v; up leads to the path Q)2 being avoidable,
contradicting essentiality of €}. (ii) Proving strong 1ndependence A demand uP uQ leads to the
edge e; being avoidable on P{*, contradicting its essentiality for u; vP In both 31des the path

P* is represented as the concatenation of the path(s) with orange background and the blue
path P,.

(dist5(b1,b2) < distjz(al,dl)) holds, then P[3)\/4],...,P>’\ all intersect Pry/a),-- -, Pl3r/a), and
the grid can again be defined analogously to Case 1.

In all possible cases we have shown that a grid of size Q(\) = Q(L) exists which completes
the proof. O

The usefulness of the grid structure is demonstrated by the following lemma.

Lemma 3.15. If C,B, and B’ form a grid structure of size A, then the demands corresponding
to a subset of their essential paths form a (A — 2)-tough pair.

Proof. First we show that the demands corresponding to the essential paths Bp = {Py,..., Py}
are pairwise weakly independent. For a path P; let dP = u v be the corresponding mmlmal
demand, which is served by some path Pf* that is an extension of P;. (Similarly, the minimal
demand of Q; is dQ = u?vj , and it is served by the path Qez ) See Figure 10 for an illustration.

Suppose now that df) and df are not weakly independent, where ¢ < j. There cannot be
a demand vfuf, as a path satisfying this demand together with P& [ul’ z;1] U Q1[zi1,251] U
i EZRE JP | forms a closed walk, i.e., contradicts acyclicity. Thus weak independence must be

Vlolated by a demand v u ; let Py be the path corresponding to this demand. We claim that
this contradicts the essentlahty of €5, as Q* = Q2]s5 ,t?] can be exchanged with the path

P PE P Py
P = Q—5>33Q&>m13—>vp—d>up—>x]1&>tQ tQ

Unless P* also contains €}, this exchange contradicts the essentiality of e}. Suppose now
that P* does contain €f; by the properties of the grid we know that e}, cannot lie on any of
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P, Qs, P77, Pe‘” ,Q1, Py, thus it could only be contained in P;. Notice that if €} is not essential
for the demand of Py, then we can change Py to exclude €), and get a contradiction as above.
Thus in what follows, we assume that €/, is an essential edge for P;.

Notice that the same argument can be repeated for e}, thus P; must contain €4 as an essential
edge. By Property (vi) of grid structures, the head of e} is reachable from the tail of e}. It
follows that e, e, must appear in this order on Py, as otherwise we could create a closed walk

(tail(eh) — head(e}) La, tail(e})), contradicting acyclicity. Consequently, Py has a subpath

tail(e)) 2> head(e)) % tail(e}) =2 head(e}),

which we could replace with the guaranteed path tail(e}) — head(ef) from the grid structure
that avoids €, or ej, contradicting the essentiality of either e} or €4 for P;. The weak indepen-
dence of the paths @; can be proven symmetrically (by switching the role of P and Q).

Next we show strong independence of df and d? for all i,5 € {2,3,...,A — 1}. Notice that

this is sufficient, as it shows that the demands d¥,...,d% | and dQ df\g , form a (A —2)-

tough pair. Observe that having a demand quP or v; uQ for any 7,j would create a closed

walk:

QET pex pex Q
T j —H)Q—)uP—HUU and  x;; —)UP—>’LLQ—>$ZJ,

Q

respectively, contradicting acychc1ty Suppose now that there is a demand u u; served by a

path Py, where i,j € {2,3,.. — 1}. Then the path P& [uf’ tF] can be replaced by

Z’Z

P QE.’IJ
P*—uP—d>uQ—>x1j —>tP @ tP
Similarly to earlier, the existence of such a path contradicts the essentiality of e;, unless P*
passes through e;. The grid properties imply that e; cannot lie on any of Q5*, P1, @y, thus it
must lie on P;, and moreover, that it must be essential for P;. We now distinguish two cases
based on the location of e; on P;.

Case 1. Edge e; comes before z; ; on P;. Then e; is inside the bounded region of the non-
directed cycle

' P Qs p Py Qj P
C'=s 1—>sl+1—>xz+1d%xz 13%% 15

see Figure 11 for an illustration. We claim that after P; passes through e;, it is “trapped” inside
(', i.e., it cannot pass through any vertex of C’.
Entering some vertex z of Qj[xi—1;,iy1,;] after e; is not possible since it creates a closed

Q 9" @,

walk % u; — . Entering Qs[s¥ |, sF] at vertex z would also create a closed walk: x —

P —> head(e;) —> z. Entering some vertex x of P# .= sP Q—> sfjrl —> x;41,j contradicts the

#
essentiality of e; for Py, as we can exchange Py [u , x] with u —> 8 2, . Thus P; has to
enter some vertex = of P;_1[s f_l, xi—14]. If x appears before e;_; on P,_l, then we get a closed

Pi_ ) . . .
walk heade; La o 01y tail(e;—1) — head(e;), where the last portion of the walk is supplied
by Property (vi) of grids. This contradicts acyclicity. If x appears after e;_ 1, then e;_1 is non-

. . . P
essential for P;_q, as Pi_l[sﬁl,a:] can be circumnavigated on slp_l Q—> S; RN head(e;) —% .

Thus no vertex of C’ can be entered by Py after passing through e;.

Case 2. Edge e; comes after z; ; on P;. Then e; is inside the bounded region of the non-directed
cycle

, Q; P Q p P
C' = Ti—1,5 = Titlj S t2+1 S S S Ti—1-
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Figure 11: (i) The demand path Py is trapped in the shaded region after passing through e;,
as entering its boundary is not possible. (ii) The demand path P; cannot exit the boundary of
the shaded region before it passes through e;.

We claim that after P; exits C”, it cannot pass through e;. The case can be handled analogously
to Case 1: If P; exits from Q;[zi—1j, zit1], Q° [tl ,tfil] or P11 after e;11, then it creates a
closed walk, contradicting acyclicity. Exiting at vertex x of P,y before e;11 contradicts the es-
sentiality of e;y; for Pi11, as Piyi[x, tﬁrl] can be exchanged with x L, head(e;) B, tP % terl
Exiting from vertex = of P# := x;_ g i——> tP Q tP

Piefll [

contradicts essentiality of e; for P*, as

tf’] can be exchanged with u? Fa, , P, tf

AR

QP

The non-existence of a demand u; can be proven as above by exchanging the role of P;

and @;. If a demand vP UQ could exist, then in the reversed orientation graph it would be a valid
demand uP jQ contradlctmg the above arguments. The non-existence of demands of the form

v; vz- then follows by exchanging the role of P; and @); again. This concludes the proof. O
We are now ready to prove the Structure Theorem (Theorem 1.9).

Proof of Theorem 1.9. Suppose that D is not c-bounded, that is, for any positive real number ~,
there exists an instance (G, Ty, D,) of PLANAR D-SN and an optimum solution H := H,, such
that the total branch degree of H is more than vk, where k = |T,|.

We say that a quantity p is y-tied if it can be lower bounded by 1 > f(7) where lim_,o f(7) =
0o. We need to show that H contains a tough pair whose size is y-tied. This implies that we
can find a sequence of patterns that have tough pairs whose size goes to infinity. We can use
vertex identifications in these patterns on the tough pairs to get patterns with ¢-tough pairs for
all positive integers ¢.

As discussed in the beginning of Section 3.2, we may assume without loss of generality that
H is acyclic, weakly connected, and the vertices of H have undirected degree at least 3.

Note that if for each face F of Skel we have that H \ intF fails at most x demands for some
absolute constant #, then each H” has total branch degree at most O(x?)k by Lemma 3.11, thus
we have a face F where H\int.F fails at least £ = Q(v'/?) demands. Weset L = [s'/3] = Q(+/6)
(in particular, both x and L are v-tied). Now we invoke Lemma 3.14, which gives us a grid
structure of size A = Q(L), i.e., a grid structure whose size is v-tied. Finally, we use Lemma 3.15
on this grid: we get a (A — 2)-tough pair. Since A is y-tied, this concludes the proof. O
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4 Cleaning: Identifying to a t-hard-pattern

The goal of this section is to prove Theorem 1.10.

Theorem 1.10. Let D be a class of graphs closed under transitive equivalence and identifying
vertices. The following two are equivalent:

1. For every t, there is a D € D that has a t-tough pair.
2. C; €D for some i € [K].

Towards the proof of Theorem 1.10, we first prove Lemma 4.1.

Lemma 4.1 (Identifying to a t-hard-pattern). Let D be a class of graphs that is closed under
transitive equivalence and identifying vertices. Let D € D and let t be a positive integer. Then
there exists t' that depends only on t, such that if D contains a t'-tough-pair then there exists
D’ € D that is a t-hard-pattern.

From Lemma 4.1, the proof of Theorem 1.10 follows easily. We give this proof before proving
Lemma 4.1.

Proof of Theorem 1.10. We first prove the forward direction. From Lemma 4.1, for every pos-
itive integer ¢, D contains a digraph from some t-hard-pattern, that is, D contains a digraph
from some C;. Since k is finite, there exists i € [k] such that infinitely many digraphs of C;
belong to D. Further, since D is closed under vertex identifications and from any member of C;
every smaller member can be obtained by vertex identifications, we conclude that C; C D.

For the backward direction observe from the definitions of {Ci,...,Cs}, that each t-hard
digraph of each C; contains in fact a t-tough-pair. O

The remainder of this section is dedicated to the proof of Lemma 4.1 which is divided into
five separate steps presented in Sections 4.1, 4.2, 4.3.1, 4.3.2 and 4.4, respectively. Below we give
the main results of each of these sections and show how they together imply Lemma 4.1. Before
stating the results, we give some important definitions that are used throughout the section.

Definitions. For any digraph D, we denote by D* the transitive closure of D, that is D* is
obtained from D by repeatedly adding edges (u,v) whenever (u,v) is not already an edge but
there is a (u,v)-path in D.

For a digraph D and two ordered sets A = (a1,...,at), B = (b1,...,b:) C V(D) such that
|A| = |B|, we say that D has an (A, B)-matching if for each i € [t], (a;,b;) € E(D). We say that
D has an (A, B)-induced-matching if D has an (A, B)-matching, for each i # j, (a;,b;) € E(D),
(bj,a;) & E(D), (bj,a;) ¢ E(D) and A, B are independent sets in D.

We say that D has an (A, B)-biclique if for each 4,5 € [t], (a;,b;) € E(D) and (bj,a;) ¢
E(D). We say that D has an (A, B)-induced-biclique if D has an (A, B)-biclique and, A, B are
independent sets in D. We say that D has a t-biclique if there exists an (A, B)-biclique in D
for some A, B C V(D) and |A| = |B| = t. Similarly, we say that D has a t-induced-biclique if
there exists an (A, B)-induced-biclique in D for some A, B C V(D) and |A| = |B| = t. In all
these cases, we call the set of edges {(a;,b;) : i € [t]} as the matching edges of (A, B).

For positive integers i, j, let R(i,7) denote the minimum number of vertices such that any
R (i, j)-vertex complete graph whose edges are colored with j colors, contains a monochromatic
clique of size i. Let R'(i) denote the minimum integer such that any bipartite graph that has
a matching of size R'(i), either has an induced matching of size t or a t-induced-biclique. From
Ramsey Theorem, such numbers always exists and they depend only on ¢, j, or ¢, respectively.
Recall the definitions of weakly independence, strongly independence and t-tough-pair from
Section 2.
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Definition 4.2 (Ordered t-tough-pair). Given a digraph D, E;, Ey C E(D*), we say that
(E1, E») is an ordered t-tough-pair in D if

L |Ey| = [Ea| =1,
2. all edges in E; are pairwise weakly independent in D, for each i € {1,2}, and
3. for each e; € Ey and ey € Es, (e1,e2) are strongly independent in D, and

there exists an ordering of the sets head(F1) = (w1, ..., wy), tail(E1) = (x1,...,2¢), head(Fsy) =
(y1,...,y) and tail(Es) = (21, ..., z) such that

1. for any 1 <4 < j < t, there is no (wj, z;)-path, no (w;,w;)-path and no (x;,x;)-path in
D,
2. for any 1 <i < j <t, there is no (yj, z;)-path, no (y;, y;)-path and no (z;, z;)-path in D.

If (E1, E2) is an ordered t-tough-pair then we treat F7 and Fjy as ordered sets such that their
head sets and tail sets satisfies the above properties. We say ordered tough-pair to mean an
ordered t-tough-pair for some t.

Observe that, unlike the t-tough-pair, if (E;, Fs) is an ordered t-tough-pair in D, then the
edges of E1 and Fs may not be minimal in D.

Simplifying the t-tough-pair. In Section 4.1, using Ramsey arguments we show that it D
contains a t-tough-pair for a large enough ¢, then it contains one of the three structures described
in Lemma 4.3.

Lemma 4.3 (Hard sub-structures). Let D be a reachability-minimal digraph and t be a positive
integer. If D contains an R(2t,9)-tough-pair then one of the following holds.

1. D contains an ordered t-tough-pair or

2. D contains a t-biclique, or

3. there exist ordered sets A,B C V(D) such that |A| = |B| = t, D contains an (A, B)-
matching and D* contains an (A, B)-induced-biclique.

Note that if D is reachability-minimal and contains a t-biclique then it contains a t-induced-
biclique. From Lemma 4.3 one concludes that, in order to prove Lemma 4.1, it is enough to
identify one of the three structures defined in Lemma 4.3 to some t-hard-pattern. The first
outcome of Lemma 4.3 is handled in Section 4.3, the second outcome is handled in Section 4.4
and the third outcome is handled in Section 4.2.

Cleaning ordered t-tough-pair. In Section 4.3 we show that if the outcome of Lemma 4.3
is an ordered t-tough-pair, then one can identify D to either a t-hard-pattern or D* contains a
t’-induced-biclique whose edges are minimal in D. This is achieved by two rounds of cleaning: in
the first round the digraph is cleaned to an intermediate structure, called a semi-cleaned ordered
t-tough-pair (defined below), and in the second round this semi-cleaned ordered t-tough-pair is
either identified to obtain a t-hard-pattern, or it can be shown that it contains a t’-induced-
biclique whose edges are minimal. This is formalized in Lemmas 4.5 and 4.6 which are proved
in Section 4.3.1 and 4.3.1, respectively.

Definition 4.4 (Semi-cleaned ordered t-tough-pair). We say that a digraph D is a semi-cleaned
ordered t-tough-pair, if it contains an ordered ¢-tough-pair (A, B) such that the vertex set of D
contains at most two vertices, called a source s and a sink t, outside of the set V(AU B), and
Np(s),Np(t) = 0. (Note that from this definition (t,s) & E(D)).
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Lemma 4.5 (Semi-cleaning the ordered tough-pair). Let D be a digraph such that D contains
an ordered t*-tough-pair, then one can obtain D from D by identification, such that D is a
semi-cleaned t-ordered tough-pair, for some function g that depends only on t.

For any positive integer ¢, let h(t) = 2R(2R(2R (4t + 2,4),4),5).

Lemma 4.6 (Cleaning the semi-cleaned ordered tough-pair). If D is a semi-cleaned ordered
h(t)-tough-pair then either,
e D* contains a t-induced-biclique whose edges are minimal in D, or
e D can be identified to a digraph D such that D is transitively equivalent to a t-hard-
matching-pattern.

For any positive integer ¢, let cor(t) = (h(t))%2. Corollary 4.7 follows from Lemmas 4.5
and 4.6.

Corollary 4.7. If a digraph D contains an ordered cor(t)-tough-pair, then either D can be
identified to a t-hard-matching-pattern, or D* contains a t-induced-biclique whose edges are
mimemal in D.

If the outcome of Corollary 4.7 a t-hard-matching-pattern, then we are done. Otherwise, we
need to clean the t-induced-biclique whose edges are minimal, which is what is done next.

Cleaning a minimal induced-biclique. In Section 4.4 we show that if D contains a 9t-
induced-biclique whose edges are minimal, then D can be identified to a t-hard-biclique-pattern.
In this case, Lemma 4.1 is proved.

Lemma 4.8 (Cleaning minimal biclique). For a positive integer t and a digraph D, if D*
contains a 9t-induced-biclique whose edges are minimal in D, then D can be identified to digraph
that is transitively equivalent to a t-hard-biclique-pattern.

Simplifying the third outcome of Lemma 4.3. In Section 4.2, we show that if Lemma 4.3
outputs its third outcome, then one can contract some edges of the input digraph (and hence
obtain a digraph in the same pattern class as the input, since the pattern class is closed under
identification and contraction is a type of identification) such that the resulting digraph either
contains an ordered t'-tough-pair (which we know how to deal using Corollary 4.7), or it contains
a t'-biclique whose edges are minimal (which we also know to deal with because of Lemma 4.8).

For positive integers ¢, p, define f(t,p) = 2F'CY . f(t,p — 1) + R/(2t) when p > 1 and
f(t,1) =t.

Lemma 4.9 (Simplifying a biclique). Let D be a directed graph and t be a positive integer.
Suppose there exists ordered sets A, B C V(D) such that |A| = |B| > f(t,2t + 2), D* contains
an (A, B)-induced-biclique and the matching edges of (A, B) are minimal in D,. Then, one can
obtain D from D by contraction, such that either

1. D contains an ordered t-tough-pair, or
2. D* contains a t-induced-biclique whose edges are minimal in D.

Proof of Lemma 4.1. We now give a proof of Lemma 4.1 using the lemmas stated earlier. The
proofs of the those lemmas appear in their respective sections.

Set t1 = max{cor(9¢),9t}, to = max{f(t1,2t; + 2),cor(9t1),9¢:1} where f is defined as in
Lemma 4.9 and cor is defined in Corollary 4.7. Then, define t' = R(2t2,9). We will now show
that if D contains a t’-tough-pair, then there exists D’ € D that is a t-hard-pattern.

Given D, let (X,Y) be a t'-tough-pair in D. Let D; be a spanning subgraph of D such that
D; is reachability-minimal, Dy is transitively equivalent to D and (X,Y) is a t-tough-pair in
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D;. Observe that such a graph D; exists and can be obtained by starting with the edge set
Ep = X UY and adding an edge of D to Ey as long as D[Ep] remains reachability-minimal.

Using Lemma 4.3 on D, we conclude that either D; contains an ordered to-tough-pair,
or a to-biclique, or there exists A, B C V(D;) such that |A| = |B| = t2 and D; contains an
(A, B)-induced-matching and D7 contains an (A, B)-induced-biclique.

In the first case, by applying Corollary 4.7 on D7, we either get Dy € D such that Dy is
some t-hard-matching-pattern, or conclude that D7 contains a 9¢-induced-biclique whose edges
are minimal in D;. Then applying Lemma 4.8 to D; gives some t-hard-biclique-pattern in D.
In the second case, again by applying Lemma 4.8 to D; gives some t-hard-biclique-pattern in D.

In the third case, by applying Lemma 4.9 we conclude that there exists Do € D such that
either D5 contains an ordered t1-tough-pair, in which case a further application of Corollary 4.7
on D3 either yields a D3 € D which is a t-hard-matching-pattern, or we conclude that D3
contains a 9¢-induced-biclique whose edges are minimal in Ds. In the remaining cases, applying
Lemma 4.8 yields a Dy € D which is some t-hard-biclique-pattern. ]

Basic terminology for the remaining section. Throughout the remaining section, we use
the following basic notation. For two integers i, j, [i] denotes the set {1,...,4} and [¢, j] denotes
the set {i¢,7 4+ 1,...,7}. For any (di)graph D and sets S,7 C V(D), an (S,T)-path in D is a
path in D from some vertex of S to some vertex of T. If S or T is singleton, say S = {v},
then we use the notation (v, T)-path. Let e € E(D), let D/e represents the (di)graph obtained
after contracting e, that is, by deleting the endpoints of e and adding a new vertex x. such that
the set of in-neighbours (resp. out-neighbours) of x. is the union of the set of in-neighbours
(resp. out-neighbours) of the end points of e in D. For E' C E(D), V(E') C V(Q) is the set of
vertices that are endpoints of some edge in E’. If D is a digraph, the for any v € V/(D), N (v)
denotes the set of in-neighbours if v in D, Nj}(v) denotes the set of out-neighbours if v in D
and Np(v) denotes the set of in-neighbours and out-neighbours, called the neighbours, of v in
D. We say that a digraph D is connected if its underlying undirected graph is connected.

4.1 Simplifying the t-tough-pair
In this section we prove Lemma 4.3 restated below.

Lemma 4.3 (Hard sub-structures). Let D be a reachability-minimal digraph and t be a positive
integer. If D contains an R(2t,9)-tough-pair then one of the following holds.

1. D contains an ordered t-tough-pair or
2. D contains a t-biclique, or
3. there exist ordered sets A, B C V(D) such that |A| = |B| = t, D contains an (A, B)-

matching and D* contains an (A, B)-induced-biclique.

Proof. Let (E1, E2) be an R(2t,9s)-tough-pair in D. Let ¢’ = R(2t,9). Fix an arbitrary ordering
of the edges of Ey and Ey. Let Ey = (el,...,e},) and let By = (e2,...,€2). Fix i € [2]. We will
use Ramsey arguments to prove the lemma. Towards this, construct an auxiliary undirected,
complete, edge-colored graph Aux; as follows. The vertex set of Aux; corresponds to the edges
of E;, that is, for each e € E; there is a vertex corresponding to e. For the sake of simplicity we
denote the vertex of Aux; that correspond to the edge e of E;, by e itself. The coloring function
col; on the edges of Aux; (equivalently on the pair of distinct edges of E;) is defined based on
the following. Fix any two distinct edges e = (u,v),e¢’ = (v/,v') € E;. The coloring function
col;(e,€’) is defined based on the existence of the edges (u,v’) and (v/,v) in D and D*. Below
we describe col;(e,e’).

1. If (u,v") € E(D), and
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(u/,v) € E(D), then col;(e,e’) = (1,1),
(u',v) € E(D*)\ E(D), then col;(e,€') = (1,2),
(u',v) & E(D), (v',v) & E(D*), then col,(e,e') = (1, 3).

(
2. If (u,v") € E(D*)\ E(D), and
((a j ), then col;(e,€¢’) = (2,1),

(a
(b

(u',v) €
(u,v)
(

!/

E(D
E(
(c E(D), (v',v) ¢ E(D*), then col;(e,e’) = (2,3).
3. If (u,v') ¢ (D), (u,v") & E(D*), and
(a) (v E(D), then col;(e,e’) = (3,1),
(b) (v E(D*)\ E(D), then col;(e,e') = (3,2),
(c) (v E(D), (v,v) & E(D*), then col;(e,e’) = (3,3).

We now use a Ramsey argument on the t’-vertex graph Aux; with edge-coloring function
col; (that uses at most 9 different colors). Using Ramsey arguments, we conclude that there
exists a monochromatic clique in Aux; of size 2t. Below we show how one can get one of the
three outcomes in the lemma statement based of the color of the monochromatic clique. Say
edges of E; that correspond to this monochromatic clique in Aux; are E| = {eﬁ, F '7622
such that j; < ... < j; (recall we fixed an ordering of the edges of E;). For the ease of notation
later, we assume that the sets E! are ordered with the ordering as described in the previous
line.

)
)
)
)
b; D*)\ E(D), then col;(e,e’) = (2,2),
)
)
)

Claim 4.10. If for each i € [2], the color of the monochromatic clique in Aux; is (j,3) or (3,7)
for any j € [3], then (E{, Eb) form an ordered 2t-tough-pair in D.

Proof. Since (Ei, E2) is a tough-pair and E! C E;, (B}, E)) is also a tough-pair (of size t). If
col; colors the chque corresponding to the edges of E/ with the color (7,3), then consider the
ordering (€’ €y €y e ]t) of E, otherwise (when col; colors the monochromatic clique with
color (3,7)), then consider the ordering (e;'.t, e eé« ,) of Ei. Then from the description of the
definition of col; corresponding to the case when col; takes value (3, 7) or (j, 3), one concludes
that (Ef, E5) is indeed an ordered t-tough-pair with the ordering described above. 4

Note that if the graph has an ordered 2¢-tough-pair, then it also has an ordered t-tough-pair.

Observation 4.11. It is easy to observe that if the color of the monochromatic clique in Aux;
is (1,1), then (tail(EY), head(EY)) form a 2t-biclique in D. If the color is (2,2), then D contains
the (tail(E}), head(E}))-induced matching and D* contains the (tail(E}), head(E}))-biclique (thus,
the third outcome of the lemma holds).

Note that if the graph has 2t¢-biclique, then it also has an ordered t-biclique.

Claim 4.12. If there exists i € [2] such that the color of the monochromatic clique in Aux; is
(1,2) or (2,1), then H contains a t-biclique.

Proof. Suppose that the color of the monochromatic clique in Aux; is (1,2). Recall that E =

((ej1 , ej e ,e] )) is the ordered set of edges that correspond to the monochromatic clique. The
(tall({eﬂ, o€ head({ejtﬂ, cee jEt})) form a t-biclique in D.
Similarly, if the color of the monochromatic clique in Aux; is (2,1), then (tail({e! €Gprrr
el }),head({e} , ... €% })) form a t-biclique in H. g
Thus, from Claims 4.12 and 4.10, and Observation 4.11, the lemma follows. O
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4.2 Simplifying a biclique

In this section, we prove the following lemma. Recall that, from Section 4, for positive integer
t,p, R'(t) is the smallest positive integer such that any bipartite graph with a matching of size
R/(t) either has an induced matching of size ¢ or a t-induced-biclique. Furethermore f(t,p) =
RGO f(t,p — 1) + R'(2t) when p > 1 and f(t,1) = t.

Lemma 4.9 (Simplifying a biclique). Let D be a directed graph and t be a positive integer.
Suppose there exists ordered sets A, B C V(D) such that |A| = |B| > f(t,2t + 2), D* contains
an (A, B)-induced-biclique and the matching edges of (A, B) are minimal in D,. Then, one can
obtain D from D by contraction, such that either

1. D contains an ordered t-tough-pair, or
2. D* contains a t-induced-biclique whose edges are minimal in D.

The remainder of this section is dedicated to the proof of Lemma 4.9. Recall that A, B are
ordered sets. Let g(t) = f(t,R(2t,2)). Further let A = (a1,...,a44)) and B = (b1,...,by))-

We begin by showing that, one can assume without loss of generality that D is acyclic.
Suppose that D is not acyclic. First observe that for any a;,a; € A, such that i # j, a;
and a; belong to different strongly connected components of D. Similarly, each vertex of B
belongs to a distinct strongly connected component of D. Further, for any a;, b;, a; and b;
do not belong to the same strongly connected component of D. Indeed, as otherwise there
is a (bj, a;)-path in D contracting the definition of an (A, B)-biclique. Thus, each vertex in
{ai,... s Qg(t)s b1y ,bg(t)} belong to distinct strongly connected components of D. Let D’ be
obtained from D by contracting each strongly connected component of D into a single vertex.
That is, D’ has a vertex for each strongly connected component of D and for two vertices u, v
in D', there is an edge from u to v in D’ if there is vertex in the strongly connected component
of D which was contracted onto u, that has an edge in D to a vertex of the strongly connected
component of D which was contracted to v. Let us call a vertex of D’ a; if it is obtained by
contracting a strongly connected component containing a;. Similarly, let us call a vertex of D’
b; if it is obtained by contracting a strongly connected component containing b;. It is easy to
observe that D’ also contains an (A, B)-matching and D™ contains an (A, B)-induced-biclique.
Indeed, since an (a;, bj)-path in D implies an (a;, bj)-path in D’ and no (a;, a;)-path (resp. no
(b, bj)-path) in D implies no (a;, aj)-path (resp. no (b;, bj)-path) in D’. Further if D’ contains an
(ai, b;)-path of length strictly greater than 1 then so does D. Since D’ is obtained by contraction
operation from D, we conclude that without loss of generality, we can assume for the rest of the
section that the input graph D in Lemma 4.9 is acyclic.

We say that an edge e € E(D) \ E(A, B) is contraction-redundant with respect to (A, B) in
D if the following holds.

1. If D/e is acyclic,

2. all the edges in {(a;,b;) : 7 € [g(¢)]} (that is the matching edges of (A, B)) are minimal
edges in D/e, and

3. (D/e)* has an (A, B)-induced-biclique..

Let D¢onsr be the graph obtained from D by repeatedly contracting the contraction-redundant
edges with respect to (A, B) until D¢optr has no such edge. For the ease of notation by aa-path
we mean a path between two distinct vertices of A, by bb-path we mean a path between two
distinct vertices of B and by a.b.-path we mean a (a;, b;)-path for some i € [g(¢)]. We divide
the proof of Lemma 4.9 into two independent parts based on the length of a longest path in
D¢ontr- In Section 4.2.1, we consider the case when the length of a longest path in Dyns, is at
least 2t +2. In this case, we show that D¢ontr contains an ordered t-tough-pair. In Section 4.2.2,
we consider the case when the length of any longest path in D¢optr is at most 2¢ + 2. In this
case, we get one of the desired outputs.
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4.2.1 When D,y has a long path

In this section, we prove Lemma 4.9 when the length of a longest path in Dconer is at least
2t + 2. Let P = (v1,...,vp) be a directed longest path in Dgoner (then p > 2t +2). Recall that
none of the edges of Dcontr, and in particular, none of the edges of P, are contraction-redundant
with respect to (A, B).

Lemma 4.13. For each e € E(P), Dcontr/€ is acyclic.

Proof. Suppose, for the sake of contradiction, that there is a cycle in Deontr/e. Let e = (v;, viq1).
Then, either there is a (v, vit1)-path in Deoptr — {(vi, vi41)} or a (vit1, v;)-path in Deopgr. If
there exists a (vjt+1,v;)-path in Deoner then together with the edge e = (v, vi4+1), it creates a
directed closed walk in Dcoptr. This contradicts that Degper is acyclic.

In the other case, suppose there exists a (v;, v;1+1)-path, say P’ in Deontr — {(vi, vit1)}. We
first claim that the internal vertices of P’ are disjoint from P. Suppose not, let v; € V(P) be
the first internal vertex of P’ that belongs to P. Then there is a (v, Uj)—path in Deener and
(vj, Vig1)-path in Deoner. If j < @, then the (v;,v;)-path together with the (v;,v;)-subpath of
P, gives a closed walk in Dcoptr, contradicting its acyclicity. Otherwise, j > ¢+ 1. In this case,
the (v;, vi+1)-path together with the (vi11,v;)-subpath of P gives a closed walk in Dcontr, again
contradicting its acyclicity. O

Since each edge of Dconir, in particular, each edge of P, is not contraction-redundant, from
Lemma 4.13 and the definition of contraction-redundant, for each e € E(P) either

1. there exists an aa-path, or a bb-path in Deontr/€ (that is, (Deontr/€)* does not contain
the (A, B) -induced-biclique), or

2. there exists i € [g(t)] an a;b;-path in (Dcontr/€) — {(ai,b;)} ((as,b;) is not a minimal edge
in—-l)contr/e)~

Lemma 4.14. Let e = (v;,viq1) € E(P) such that Heonr/e has an (aj,bj)-path. Then there
exists an (aj, vit1)-path and a (v, bj)-path in Deongy.

If Deoner /e has a (aj,ap)-path, for some aj,ap € A, then there exists an (aj,vi+1)-path and
a (vi, ag)-path in Deoptr-

If Deontr/e has a (bj,be)-path, for some bj, by € B, then there exists an (bj,viy1)-path and
(vi, be)-path in Deonty -

Proof. Let e = (v;,vi41) € E(P) such that Deonsr/e has an (aj,bj)-path. Then either there
exists an (aj,v;)-path and a (viy1,bj)-path in Dconey, or there exists an (aj,vi11)-path and
(vs, bj)-path in Deoner. In the later case, we are done. The former case implies an (aj, bj)-path
in Deontr of length at least three (with at least three edges), which contradicts that (a;, ;) is a
minimal edge in De¢ontr-

If Deontr /€ has an (aj, ag)-path, then either there exists an (a;, v;)-path and a (vi11, ag)-path
in Dcontr, or there exists an (aj;,viy1)-path and (v, ag)-path in Deoner. In the later case, we
are done. The former case implies an (a;, ag)-path in Dconer which contradicts that (A, B) is

an induced biclique in D% .. (in particular, that A is an independent set in D}, .,). One

contr

can similarly show that if Deoner/e has a (bj, bg)-path, then there exists an (b;, vi41)-path and
(vi, be)-path in Deoptr- O

For each e = (vj, vi41) € E(P), we say that:

1. eis j-irredundant in Dconty, if there is an (aj, vi+1)-path and a (v;, b;j)-path in Deongr.
2. eis aa-irredundant in Deoner, if there exists aj, ap € A such that there is an (a;, vi41)-path
and a (v;, ag)-path in Deoptr-
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3. e is bb-irredundant in Deoner, if there exists b;, by € B such that there is an (bj, v;41)-path
and (v;, by)-path in Dcopty-

From Lemmas 4.13 and 4.18, for each e € E(P), either e is j-irredundant, for some j € [g(t)],
or is aa-irredundant or is bb-irredundant.

Lemma 4.15. Let e = (v;,v;41) € E(P) such that e is aa-irredundant in Deopty- Then i = 1.

Proof. For the sake of contradiction, suppose that i > 1. Let ¢/ = (v;_1,v;). If € is aa-
irredundant or €’ is j-irredundant for some j € [g(¢)], then there exists a path from some vertex
of A to v; in Deoper. Also since e is aa-irredundant, there exists a path from v; to some vertex
of A in Dcoptr. This implies either a directed closed walk in D¢onsr, contradicting its acyclicity,
or a path between two distinct vertices of A in D¢ontr, contradicting that A is an independent
set in DZgper

If ¢/ is bb-irredundant, then there exists a path from some vertex of B to v;. Also since e is
aa-irredundant, there exists a path from v; to some vertex of A. This implies a path from some
vertex of B to some vertex of A. Since (A, B) is an induced biclique in D7 .., that is there is a
path from every vertex of A to every vertex of B in Dcontr, this implies a directed closed walk

in Dcontr, contradicting its acyclicity. O
Lemma 4.16. Let e = (v;,vi+1) € E(P) such that e is bb-irredundant in Deopty. Theni+1 = p.

Proof. For the sake of contradiction, suppose that i + 1 < p. Let ¢ = (vj11,v42). If € is
bb-irredundant or ¢’ is j-irredundant for some j € [g(t)], then there exists a path from v;11 to
some vertex of B. Also since e is bb-irredundant, there exists a path from some vertex of B
to vi+1. This either implies a directed closed walk in D¢ontr, contradicting its acyclicity, or a
path between two distinct vertices of B in Dcontr, contradicting that B is an independent set
in D::(ontr'

If ¢ is aa-irredundant, then there exists a path from v;;1 to some vertex of A in D¢ongr-
Also since e is bb-irredundant, there exists a path from some vertex of B to v;41 in Decontr-
This implies a path from some vertex of B to some vertex of A in Dcopty. Since (A, B) is
an induced-biclique in D7 .., this implies a directed closed walk in Dcontr, contradicting its

acyclicity. O

Let P’ be a subpath obtained from P by without the first and last edge of P, that is
P" = (va,...,vp—1). From Lemmas 4.15 and 4.16, each edge e € E(P’) is j-irredundant for
some j € [g(t)].

Lemma 4.17. Let e, e’ be distinct edges of P’ such that e is q-irredundant in Deoper and €' is
r-irredundant in Deontr, for some q,r € [g(t)]. Then q # r.

Proof. For the sake of contradiction, suppose that ¢ = r. Without loss of generality, let e =
(vi,vi+1) and € = (vj,vj41) such that i < j. Then there exists an (aq, vi+1)-path and (v}, by)-
path in Dgoner. Since i < j, there exists a path from (v;,v;) (which is the the (v;41, v;)-subpath
of P') in Dgoney. This implies an (ag, by)-path of length strictly greater than one in Dgontr,
contradicting that (a4, by) is a minimal edge in Deontr. O

For each e = (v;,vi41) € E(P'), fix a p(i) € [g(t)], such e is p(i)-irredundant in Deopty. The
following observation follows from Lemma 4.17.

Observation 4.18. For cach v; € V(P'), i € [3,p — 2], there exists a (a,yi—1),vi)-path and a
(Uiabp(i))'path in Deontr. Also, fori,j € [3,p—2], i # j, p(i) # p(j)-
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For each i € [3,p — 2], let P? denote an (arbitrarily) fixed (a,(;—1),vi)-path in Deontr and
let PP denote an (arbitrarily) fixed (v;, bp(i))-path in Deoner. Let E1 = (vs,by(3)); (V4,002 - - -
(Vpj2—2:Dp(pj2—2)) and let Eo = ((ay(p/2—2)s Vp/2—1)s (Qp(p/2—1)5 Vp/2)s - - -5 (App—1), Vp—2). From
Observation 4.18, each edge of Ey U Ey is an edge in D}, ., and the endpoints of the edges
in By U Ey are distinct. We will now show that (Eq, E2) is an ordered (p/2 — 1)-tough-pair in
D% Since p > 2t + 2, this proves Lemma 4.9 in the case when the length of a longest path

contr*

in Dcoper 1S at least 2¢ + 2.

Lemma 4.19. (Ey, E3) is an ordered (p/2 — 1)-tough-pair in D

contr*
Proof. To prove the lemma, we prove the following claims.

Claim 4.20 (Weak independence of E; (resp. E2)). The edges in Ey are pairwise weakly inde-

pendent. Similarly, the edges in Ea are pairwise weakly independent in D} ...

Proof. Let (ay—1y,v:), (ayj—1),v5) € E1. For the sake of contradiction, say (vj,a,i-1)) €
Dioner- Then this implies a (a,(;—1, ay(i—1))-path in D, contradicting that A is an indepen-
dent set in D7 ... Using symmetric arguments one can show that all edges in E, are pairwise

weakly independent. a

Claim 4.21 (Orderedness on E; and Ep). For any i,j € [3,p — 2], i < j, (ay;—1),vi),
(ap(j—l)vap(i—l))a(vj7bp(z)) (UJ7U”L) ¢E< contr)

Proof. Since A is an independent set in D,ney, (@p(j—1),ap(i-1)) & E(Dionty)- Since Dione, is

acyclic and there is a (v;,vj)-path in Deontr, we conclude that (vj,vi) € E(DZgper)- 1f there
is an (a,(j_1),vi)-path in Dcontr, then this together with the (v;,v;—1)-subpath of P’ and the
(vie1,by(;—1y) path PP, implies a (ap(jfl),bp(jﬂ) )-path of length strictly greater than 1 in Deontr,
which is a contradiction. Using symmetric arguments, one can show that (vj,b,)), (vj,vi) &
E(Dzontr) -

Claim 4.22 (Weak independence between £y and Es). Let (vi,bys)) € E1 and (apj—1,vj) €
Ey. There is (Ujabp(i))a (bp( )s @p(i—1) ) g E( contr)

Proof. First observe from the construction of Ejp, Ep that i < j. If (vj,0,4)) € E(Dioper),
then the (a,(;), viy1)-path P, together with the (v;y1,v;)-subpath of P’, together with the
(vj, by(iy)-path, implies a (@, by())-path of length strictly greater than 1 in Dcontr, which is a
contradiction.

If (byiys ap(i—1)) € E(Dioper)s then the (a,po(i—1, bp(s))-path obtained by concatenating P?
and PP, together with the (b,(;), a,;—1))-path, implies a (a,(;_1), ap(j—1))-path in Deontr, which
contradicts that A is an independent set in Deonty. J

Claim 4.23 (Strong independence between Ey and FEa). Let (vi,by;)) € E1 and (a,;—1),v5) €
Es. Then (Ui,ap(j—l)’ (ap(j—l)avi)a (bp(i)avj) (UJ> ¢ ) ¢ E( contr)

Proof. Recall that i > j. If (vi,a,-1)) € E(DZope,), then together with P?, it contradicts
that A is independent in D Similarly, if (by,vj) € E(D then it contradicts the
independence of B in D} ,,.

If (ap(j—1),vi) € E(DZopsy), then this together with the (v;,v;_1)-subpath of P’, together
with the path Pb 1, implies a (a Ap(j—1)s bp(j,l)) -path of length strictly greater than 1 in D¢ontr,
which is a contrad1ct10n Similarly if, (v, b)) € E(Dgoner), then this implies a (a,;), by(;))-path

of length strictly greater than 1 in D¢optr, which is a contradiction. a

contr- contr)

This concludes the proof. ]
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4.2.2 No long path in D ¢y

In this section, we prove Lemma 4.9 in the case when the length of a longest path in D¢opgr is
p < 2t + 2. Recall that Deontr contains (A, B)-matching and D7 ., contains (A, B)-induced-
biclique. Also, the edges of AU B are minimal in Dcoptr. We prove Lemma 4.9 by induction on
the length of a longest (A, B)-path in D¢optr. For this purpose we essentially restate Lemma 4.9
in a form that is “induction-friendly”. Observe, as a base case, that when the length of a longest
(A, B)-path is 1, then since D}, ., contains (A, B)-induced-biclique, we conclude that Dcontr

contains (A, B)-induced-biclique and the edges of the (A, B)-induced-biclique are minimal. In
this case, we conclude that we get the second output of Lemma 4.9.

Lemma 4.24. Let A,B C V(Dcontr) be ordered sets such that the length of a longest (A, B)-
path in Deontr 1S p, |Al = |B| > f(t,p), D} contains an (A, B)-induced-biclique and the

contr
matching edges of (A, B) are minimal in Deontr, then either

1. there exist ordered sets A', B' C V(Dcontr) such that the length of a longest (A’, B')-path in
Decontr is at most p, |A'| = |B'| > f(t,p — 1), D}y contains an (A', B')-induced-biclique
and the matching edges of (A’, B') are minimal in Dcopty, o7

2. Dcontr contains an ordered t-tough-pair, or

3. D} .y contains a t-induced-biclique whose edges are minimal in Dcopty-

Proof. Let L be the set of vertices of Dcoptr that contains the first internal vertex on every
longest (A, B)-path in Deontr-

Claim 4.25. There is no (L, L)-path in Doty

Proof. For the sake of contradiction, suppose there exist z,y € L such that there this an (z,y)-
path in Deoner. Note that x # y, as otherwise, Deontr would contain a cycle. From the definition
of L, there exists a;,a; € L (i not necessarily distinct from j) such that x is the first internal
vertex on some (a;, B)-path, say P, of length p and y is the first internal vertex on some
(aj, B)-path, say P, of length p. Let P, be some (x,y)-path in Deoner. We first claim that the
set of internal vertices of P, , is disjoint from P,. Suppose not. Let z be some internal vertex
of P, that is also a vertex of P,. Since z € V(FP,), there exists a (y, z)-path in Dcongr. Also
since z € V (P, ), there exists a (z,y)-path in Dcontr. This implies a cycle in Deontr, which is a
contradiction. Thus, we conclude that the internal vertices of P, are disjoint from that of P,.
Then consider the (x, B)-path obtained by appending P,, and P,. Note that the length of P, is
p — 1 and the length of P, is at least 1. This (x, B)-path, together with the edge (a;, x), gives
an (a;, B)-path of length strictly greater than p in Dcopty, which contradicts that the length of
a longest (A, B)-path in Dcopty i p. J

Claim 4.26. For each (a,x) € E(Dcontr) such that a € A and x € L, (a,z) is a minimal edge
of Decontr-

Proof. For the sake of contradiction, say there exists an (a,x)-path in Dcopty of length at least
2. Let this path be P,,. Since x € L, there exists an (A, B)-path of length p whose first internal
vertex is x. Let this path be P4p. Then the internal vertices of P,, are disjoint from the
internal vertices of Psp, as otherwise there would be a cycle in D¢onsr- By appending the path
Py, (which is of length at least 2) with the subpath of P4ps starting from x (which is of length
p—1), we get an (A, B)-path in Dcontr of length at least p + 1, which is a contradiction. J

Claim 4.27. Let a € A and x € L, such that (a,z) &€ E(Dcontr). Then (a,z) & E(D}opey)-
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Proof. For the sake of contradiction, suppose there exists an (a, z)-path, say P, ; in Dconer of
length at least two. Since x € L, there exists a’ € A (a’ not necessarily distinct from a) such
that z is the first internal vertex of a (a’, T)-path, say P, g, of length p. First observe that the
internal vertices of P, , are disjoint from that of P, p, as otherwise there would be a cycle in
Decontr- The path P, ; appended with the (z, B)-subpath of P, p gives an (A, B)-path in Dcontr
of length strictly greater than p, which is a contradiction. J

Consider the bipartite graph Dyip = Dcontr[A U L]. Note, from Claim 4.26, that each edge
of Dy;p is a minimal edge in Dcontr. We now distinguish into two cases based on the size of the
matching in Dyjp.

Case 1: The size of a maximum matching in Dy is at least R'(2t). In this case, from
Ramsey’s Theorem, either there exists an induced matching of size 2t in Dy;p or a 2t-induced-
biclique. From Claim 4.26, each edge of Dy;p is a minimal edge of Dconiy-

In the first case, we get sets A* C A and B* C L such that there is an (A*, B*)-induced-
matching in Dyjp. Since A is an independent set in D7, .., so is A*. Since B* C L, from

Claim 4.26, B* is an independent set in DY Thus, (A*, B*) is an induced-matching in

contr-

Dcontr. Further, from Claim 4.27, (A*, B*) is in fact an induced matching in D% ... Observe
that if a digraph has an induced-matching of size 2t in its transitive closure, then it has a ordered
t-tough-pair. Thus, in this case we get the second outcome of the lemma.

In the second case, when Hpip contains a 2¢-induced-biclique, then this is also a 2¢-induced-
biclique in D¢ontr Where all edges of the biclique are minimal edges of D¢optr- Thus, in this case

we get the third outcome of the lemma.

Case 2: The size of a maximum matching in Dy;, is at most R’(2t). In this case, we
will find ordered sets A’, B’ C V(Dcontr) satisfies the properties stated in the first outcome of
the lemma.

Let Z be a minimum vertex cover of Dyip of size at most R/(2t). Let Z4 = ZN A and
Zp, = ZNL. Let A* = A\ Zg. Since Z4 U Zy, is a vertex cover of Dysp, for any a € A*,
Np(a) C Zp. For each subset L' C Zj, let Apy C A* such that for each vertex a € Ap/,
Nz, (a) = L' (and hence Np(a) = L').

Fix L' € Zp, such that |Sp/| is maximized. Recall that the sets A = (a1,...,aqyp)) and
T = (ty,... 7tf(t,p)) are ordered sets. Set A’ = A, and B’ be the corresponding vertices of B,
that is b; € B’ if and only if a; € A’. From the choice of L, |A'| = |B'| > (JA|—R/(2t)) /2R () =
f(t,p—1). We will now show that the length of a longest (A’, B)-path in Deonsr is at most
p— 1.

Claim 4.28. Let a; € A" and bj € B' such that i # j. Let P = (a;,x1,...,%q,bj) be a longest
(A, B")-path in Deopty. Then x1 & L.

Proof. Since b; € B, aj € A’ (from construction of B’). First observe that since b; € B’,
then a; € A’. For the sake of contradiction, suppose z1 € L. Since (aj,z) € E(Dcontr)
and all the vertices of A" have the same neighbourhood in Z7, and a; € A, we conclude that
(aj,z) € E(Dcontr). Thus, there is an (aj, bj)-path in Deoner of length strictly greater than one,
which contradicts that (a;,b;) is a minimal edge of Deontr- J

From Claim 4.28, the first internal vertex of every longest (A’, B')-path is not contained in
L. Now suppose that there exists an (A’, B')-path of length p. Then its first internal vertex
should be in L by the definition of L. This is a contradiction. O

Lemma 4.24 proves Lemma 4.9 when the length of the longest path p < 2t + 2.
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4.3 Cleaning the ordered tough-pair

The cleaning of ordered tough-pairs is done in two steps: we first show that an ordered tough-
pair can be identified to a so-called semi-cleaned ordered tough-pair (see Section 4.3.1) and show
thereafter how to further identify a semi-cleaned ordered tough-pair to a hard matching pattern
(see Section 4.3.2).

4.3.1 Semi-cleaning

Recall the definition of a semi-cleaned ordered t-tough-pair from Section 4. The goal of this
section is to prove Lemma 4.5 restated below.

Lemma 4.5 (Semi-cleaning the ordered tough—pAair). Let D be a digraph such that D contains
an ordered t*-tough-pair, then one can obtain D from D by identification, such that D is a
semi-cleaned t-ordered tough-pair, for some function g that depends only on t.

To prove Lemma 4.5, we first define a type of a vertex in D with respect to the ordered
t-tough-pair (A, B). This is based on the neighbourhoods of a vertex in the head sets and tail
sets of A and B. We then define a notion of a bad type. The vertices having a bad type hinder
the semi-cleaning procedure. To overcome this, we show that if a digraph D contains an ordered
t2-tough-pair then it also contains an ordered t-tough-pair (A’, B') such that there are no bad
vertices with respect to (A’, B'). We then show that given such an ordered tough-pair (A’, B')
we can identify the remaining vertices to one of the endpoints of A’ U B’.

Bad vertices with respect to the ordered tough-pair (A, B). Given an ordered tough-
pair (A, B) in a digraph D, we say that a vertex v € V(D) \ V(AU B) is bad with respect to
(A,B)ifv e Ng* (tail(A)) N Np. (head(A)) N Ng* (tail(B)) N Np. (head(B)).

Lemma 4.29 (Eliminating bad vertices). Let D be a digraph such that D contains an ordered
t2-tough-pair. Then D contains an ordered t-tough-pair (A', B') such that there is no bad vertex
in V(D) \ V(A"U B’") with respect to (A’, B").

Proof. Let (A, B) be an ordered t?-tough-pair in D and let ¢ = t2. Let A = (w1, z1), ..., (wy,xzy))
and B = ((y1,21),...,(yr,2¢)). For each vertex v € V(H) \ V(A U B) which is bad with re-
spect to (A, B), let W(v) be the largest index in [t'] such that (aw,,v) € E(D), X(v) be
the smallest index in [t'] such that (v,bx(,)) € E(D), Y (v) be the largest index in [t'] such
that (cy(,v) € E(D), and Z(v) be the smallest index in ['] such that (v,dy)) € E(D).
For every p,q € [V], let Vp,q be the set of bad vertices v with respect to (A, B) such that
W), X(w) e{(p— DVt +1,....,pVt'}, and Y (v), Z(v) € {(¢g — DVY,...,qVt'}.

If there exists p,q € [V/] such that Vpg = 0, then let A" = ((w(p_l)\/ﬂl,m(p_l)\/g +
1),..., (@, z,7)) and B = ((C(qfl)\/tiurl’ Z(qfl)\/til+1)’ -5 (¢, 24y7))- Then from the def-
inition of V, 4, (A’, B’) is an ordered Vt'-tough-pair such that there are no bad vertices with
respect to it.

Without loss of generality, assume that for each p,q € [V?/], Vpg # 0. Let vy, denote
an arbitrarily fixed vertex in Vg Let A" = ((wyw(yy,,v2,1)5 -+ (wW(v\/@l)’U\/ﬂl)) and B’ =
(Yy (w12)>V1,2)5 -+ -5 (yY(”ﬁ,1)’ v; 7). We will now show that (A’, B') is an ordered tough-pair
in D. Moreover, we will show that there is no (tail(B’), head(A’))-path in D, thereby concluding
that there is no bad vertex with respect to (A’, B’). Note that the edges of A’, B are minimal
edges because they belong to D which is a reachability minimal digraph.
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Weak independence of A’ (resp. B’). We show that there is no (head(A’), tail(A’)) path
(resp. no (head(B’), tail(B’)) path) in D. Recall that every vertex in head(A’) is a bad vertex
with respect to (A, B). Thus, each vertex of tail(A’) is an out-neighbour of some vertex of
tail(B’). Thus, a (head(A’), tail(A"))-path in D implies a (tail(B), tail(A’))-path in D. Since
tail(A’) C tail(A), this contradicts that every edge of A is strongly independent with every edge
of B. The other case is symmetric.

Weak independence between A’ and B’. We show that a pair of edges containing an edge
of A" and an edge of B’ is weakly independent. To see that there is no (head(B’), tail(A’))-path,
recall that every vertex of head(B’) is a bad vertex with respect to (A, B). Thus, each vertex
of head(B’) is an out-neighbour of some vertex of tail(B). Thus, a (head(B’), tail(A"))-path in
D implies a (tail(B), head(A’))-path in D. Since tail(A’) C tail(A), this is a contradiction. One
can symmetrically prove that there is no (head(A’), tail(B’))-path.

Strong independence of A" and B’. We prove the following three statements.

There is no (tail(A"), tail(B'))-path and no (tail(B’), tail(A’))-path. Since tail(A") C tail(A)
and tail(B’) C tail(B), and (A, B) is a tough-pair, we conclude that there is no (tail(A’),
tail(B’))-path and no (tail(B’), tail(A’))-path.

There is no (head(A’), head(B'))-path. For the sake of contradiction, suppose there exists
v;1 € head(B’) and vy ; € head(B’), i, # 1, such that there exists a (v;1,v1,;)-path in D. By
definition w(v;1) € {2V +1,...,¢'} and X (v1;) € {1,...,V¥'}. Also, (Ww (v;.1)> vi,1) € E(D)
and (v15,Zx (v, ;)) € E(D). Thus, a (v;,1,v1,5)-path in D implies a (wyy(y, ), Yy (v, ;))-Path in D.
Since X (v1,j) < W(v4,1), this is a contradiction.

There is no (head(B'), head(A’))-path. For the sake of contradiction, suppose there exists
v;1 € head(A’) and vy ; € head(B’), i,j # 1, such that there exists a (vi j,v;1)-path in D. By
definition Y (vy ;) € {2V¥ +1,...,¢'} and Z(v;1) € {1,...,V¥'}. Also, (Yy (v,.):v1,5) € E(D)
and (i1, 2z(v;,)) € E(D). Thus, a (v1,j,v;1)-path in D implies a (yy (v, ;) 22(v;,,))-Path in D.
Since Z(v;,1) < Y (v1), this is a contradiction.

Ordered condition on A’ (resp. B’). Consider vertices v;,1 and v;1 such that ¢ < j. Suppose
for the sake of contradiction that there exists a (vj1,v;1)-path in D. Recall (wy(y,,),vj1) €
E(D) and (vi1,Zx () € E(D). Thus, there exists a (wy (v, ,), Yy (v;,))-Path in D. Since i < j,
W(vj1) < X(vi1). This is a contradiction. The other case can be proved symmetrically.

There is no (tail(B’),head(A’))-path. For the sake of contradiction, let v;; € head(A’),
i # 1, and y; € tail(B’) such that there exists a (y;,v;1)-path in D. Since y; € tail(B’),
je{2Vt+1,...,t'}. Also Z(v;1) € {1,...,V/t}. Since (Vi1s 22(v;,)) € E(D), we conclude that
there is a (y;, zz(w’l))-path. This is a contradiction which concludes the proof. O

Lemma 4.30. Let D be a directed graph and let (A, B) be an ordered t-tough-pair in D such
that there are no bad vertices with respect to (A, B) in D. Then one can obtain a semi-cleaned
ordered t-tough-pair from D by identification.

The remainder of this section is devoted to the proof of Lemma 4.30. Note that Lemma 4.30,
together with Lemma 4.29, proves Lemma 4.5.

Recall that A, B are ordered sets. Let tail(A) = W = (wi,...,w;), head(4) = X =
(x1,...,m), tail(B) =Y = (y1,...,y:) and head(B) = Z = (21, ..., 2:). We will now describe a
procedure of identifying vertices in V(D)\V (AUB) onto the vertices of V(AUB), as long as there
is a vertex that has both an in-neighbour and an out-neighbour in V(AUB) = WUXUY UZ in
the graph D*, while maintaining the invariants that after the identification (A, B) remains an
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ordered tough-pair in the new graph, no vertex in the new graph is bad with respect to (AU B)
and the new graph is acyclic. We will apply these identification rules exhaustively, in order.

Invariants. IfD is the graph obtained after identification, then (A, B) is an ordered tough-pair
in D and there are no bad vertices with respect to (A, B) in D.

Identification Rule 1. If there exists v € V(D) \ (WUX UY UZ) such that Nj,. (v) "W # )
and Np.(v) N W # 0, then let i € [t] be the largest index such that (w;,v) € E(D*). Identify v
onto w;.

Lemma 4.31. Let D be the graph obtained after the application of Identification Rule 1. Then,
the invariants are satisfied.

Proof. Since N, (v) "W # 0 and N, (v) N W # (), there is a (v, W)-path, say Py, and a
(W, v)-path say Pj, in D.

Weak independence of A in D. For the sake of contradiction, say there is a (X, w;)-path in
D. Then there exists a (X, v)-path in D. This, together with the (v, W)-path Py, implies an
(X, W)-path in D, which is a contradiction to the weak independence of the edges of A in D.

Weak independence between A, B in D. TFor the sake of contradiction, say there is a
(Z,w;)-path in D. Then there exists a (Z,v)-path in D. This, together with (v, W)-path Py,
implies an (Z, W)-path in D, which is a contradiction to the weak independence between the
edges of A, B in D.

Strong independence between A, B in D. For the sake of contradiction, say there is a
(w;, Y)-path in D. Then there exists a (v, Y)-path in D. This, together with the (W, v-path
P;, in D, implies an (W,Y)-path in D, which is a contradiction to the strong independence
between the edges of A, B in D.

For the sake of contradiction, say there is a (Y,w;)-path in D. Then there exists a (Y, v)-
path in D. This, together with the (v, W)-path Py, implies an (Y, W)-path in D, which is a
contradiction to the strong independence between the edges of A, B in D.

Orderedness. Fix j <. Suppose, for the sake of contradiction, that there is a (w;, w;)-path
in D. Then, there is a (v, w;)-path in D. This, together with the (w;,v)-path in D, implies a
(ws, wj)-path in D, contradicting the ordered-ness condition on the edges of A.

For the sake of contradiction, for j < 4, say there is a (w;, x;)-path in D. Then there is a
(v,z;)-path in D, which together with the (w;,v)-path in D contradicts the ordered-ness con-
dition on the edges of A.

No bad vertices. For the sake of contradiction, say there exists a bad vertex u with respect to
(A,B) in ZA), that is, Ng* (u)NW, Ng* (u) N X, Ng*(u) ny, N[i;*(u) N Z # (. Then, considering
that D is obtained from D by only identifying v onto w;, we get that N, (u) N X, Np. (u) N
Y, Ng*(u) NZ # 0 and (v,u) € E(D*). The (v,u)-path, together with the (W,v)-path Pc,
implies a (W, u)-path in D, that is N, (u) N W # . That is, u is a bad vertex with respect to
(A, B) in D, which is a contradiction. O

Identification Rule 2 is the analogue of Identification Rule 1.

Identification Rule 2. If there exists v € V(D) \ (W UX UY U Z) such that N}, (v)NY # 0
and Np.(v) Y # 0, then let i € [t] be the largest index such that (y;,v) € E(D*). Identify v
onto y;.

Symmetrically to Lemma 4.31, the following holds.
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Lemma 4.32. Let D be the graph obtained after the application of Identification Rule 2. Then,
the invariants are satisfied.

Identification Rule 3. If there exists v € V(D)\ (WUXUY U Z) such that N, (v)NX # 0
and N7 (v) N X # 0, then let i € [t] be the largest index such that either (w;,v) € E(D*) or
(z5,v) € E(D*). Identify v onto x;.

Lemma 4.33. Let D be the graph obtained after the application of Identification Rule 3. Then,
the invariants are satisfied.

Proof. Since N, (v)N X # () and N7, (v) N X # (), here is a (X, v)-path, say Pi,, and a (v, X)-
path say Poyt in D.

Weak independence of A in D. For the sake of contradiction, say there is a (x;,w;)-path in
D. Then there exists a (v,wj)-path, say P, in D. From the choice of i and since N, (v)NX # 0,
there exists i’ < ¢, such that there is a (zy,v)-path in D. This implies a (z;, w;)-path in D.
Since i’ < 7 and A is weakly independent in D, j < 1.

From the choice of i, either (w;,v) € E(D*), in which case the existence of P implies a
(wj, wj)-path, j < i, in D, contradicting the weak independence of A in D. Or, (z;,v) € E(D*),
in which case P implies a (z;,w;)-path, ¢ < i in D, again contradicting the weak independence
of Ain D.

Weak independence between A, B in D. For the sake of contradiction, say there is a
(z4,Y)-path in D. Then there exists a (v,Y)-path in D. This, together with (X, v)-path Py,
implies an (X, Y)-path in D, which is a contradiction to the weak independence between the
edges of A, B in D.

Strong independence between A, B in D. Tor the sake of contradiction, say there is a
(Z, x;)-path in D. Then there exists a (Z,v)-path in D. This, together with the (v, X)-path
Pyt in D, implies an (Z, X)-path in D, which is a contradiction to the strong independence
between the edges of A, B in D.

For the sake of contradiction, say there is a (z;, Z)-path in D. Then there exists a (v, Z)-
path in D. This, together with the (X, v)-path Pip, implies an (X, Z)-path in D, which is a
contradiction to the strong independence between the edges of A, B in D.

Orderedness. Suppose, for the sake of contradiction, that there is a (wj,z;)-path in D for
j >i. Then, there is a (wj, v)-path in D. Since j > i, this contradicts the choice of i.

For the sake of contradiction, say there is a (z;, x;)-path in D for j > i. Then, there is a
(xj,v)-path in D. Since j > i, this contradicts the choice of 1.

For the sake of contradiction, say there is a (x;, ;)-path in D for j < i. Then, there is a
(v,z;)-path in D. This together with either the (x;,v)-path or the (w;,v)-path, implies either
a (4, z;)-path or a (w;, zj)-path in D, contradicting the ordered-ness condition on A.

No bad vertices. For the sake of contradiction, say there exists a bad vertex u with respect to
(A, B) in 13, that is, Ng* (u) N W, Ng* (u) N X, Nli)*(u) ny, Ng*(u) N Z # (). Then, considering
that D is obtained from D by only identifying v onto x;, we get that N, (u) N W, Ny.(u) N
Y,Ni.(u)NZ # 0 and (u,v) € E(D*). The (u,v)-path, together with the (v, X)-path Py,
implies a (u, X)-path in D, that is N, (u) N X # (. That is, u is a bad vertex with respect to
(A, B) in D, which is a contradiction. O

Identification Rule 4 is the analogue of Identification Rule 3.
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Identification Rule 4. If there exists v € V(D) \ (WUX UY UZ) such that N,.(v)NZ # 0
and Nj.(v) N Z # 0, then let i € [t] be the largest index such that either (y;,v) € E(D*) or
(zi,v) € E(D*). Identify v onto z;.

Symmetrically to Lemma 4.34, the following holds.

Lemma 4.34. Let D be the graph obtained after the application of Identification Rule 3. Then,
the invariants are satisfied.

The remaining identification rules are applied on a vertex v when the (in and out) neigh-
bourhood of v is empty in one of the sets W, X, Y or Z.

Identification Rule 5. If Np«(v)NW =0 and ) # N5 (0) N(X UW UY UZ)CY, then let
i € [t] be the largest integer such that (y;,v) € E(D*). Identify v onto y;.

Lemma 4.35. Let D be the graph obtained after the application of Identification 5. Then, D
satisfies the invariants.

Proof. Weak independence of B in D. For the sake of contradiction, say there is a (Z, y;)-
path in D. Then there exists a (Z,v)-path, in D, which is a contradiction (to the assumptions
of Identification Rule 5).

Weak independence between A, B in D. For the sake of contradiction, say there is a (X, y;)-
path in D. Then there exists a (X,v)-path in D, which is a contradiction (to the assumptions
of Identification Rule 5).

Strong independence between A, B in D. For the sake of contradiction, say there is a
(W, y;)-path in D. Then there exists a (W,v)-path in D, which is a contradiction (to the as-
sumptions of Identification Rule 5). Similarly, if there is a (y;, W)-path in D, then there exists
a (v, W)-path in D, which is again a contradiction.

Orderedness. Fix j < i. For the sake of contradiction,say there is a (y;, y;)-path in D. Then,
there is a (v,y;)-path in D. This together with the (y;,v)-path implies a (y;,y;)-path in D,
which contradicts the ordered-ness condition on B.

Similarly, if there is a (y;, zj)-path in ﬁ, then there is a (v, z;)-path in D. This, together with
the (y;, v)-path, implies a (y;, z;)-path in D, again contradicting the ordered-ness condition on B.

No bad vertices. For the sake of contradiction, say there exists a bad vertex u with respect to
(A, B) in D, that is, N3, (u) "W, Ng* (u) N X, Ng*(u) ny, Ng*(u) N Z # (. Then, considering

that D is obtained from D by only identifying v onto y;, we get that Np.(u) N W, N, (u) N
X, NE*(u) NZ # 0 and (v,u) € E(D*). The (v,u)-path, together with the (v, y;)-path, implies
a (u,Y)-path in D, that is Np.(u) NY # (. That is, u is a bad vertex with respect to (A, B)
in D, which is a contradiction. O

The following identification rule is symmetric to Identification Rule 5.

Identification Rule 6. If Np«(v)NY =0 and 0 # Ny (v) N (X UWUY UZ) C W, then let
i € [t] be the largest integer such that (z;,v) € E(D*). Identify v onto w;.

Similarly to Lemma 4.35, we can prove the following.

Lemma 4.36. Let D be the graph obtained after the application of Identification 6. Then, D
satisfies the invariants.
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Identification Rule 7. If Np«(v)NX =0 and § # N5, (v) N (XUWUY UZ) C Z, then let
i € [t] be the smallest integer such that (v, z;) € E(D*). Identify v onto z;.

Lemma 4.37. Let D be the graph obtained after the application of Identification 7. Then, D
satisfies the invariants.

Proof. Weak independence of B in D. For the sake of contradiction, say there is a (z;,Y)-
path in D. Then there exists a (v,Y)-path, in D, which is a contradiction (to the assumptions
of Identification Rule 7).

Weak independence between A B in D. For the sake of contradiction, say there is a
(2, W)-path in D. Then there exists a (v, W)-path in D, which is a contradiction (to the as-
sumptions of Identification Rule 7).

Strong independence between A, B in D. For the sake of contradiction, say there is a
(zi, X)-path in D. Then there exists a (v, X)-path in D, which is a contradiction (to the as-
sumptions of Identification Rule 7). Similarly, if there is a (X, z;)-path in D, then there exists
a (X,v)-path in D, which is again a contradiction.

Orderedness. For the sake of contradiction,say there is a (z;, zj)-path in D for jJ < i.. Then,
there is a (v, 2z;j)-path in D. This together with the (z;,v)-path implies a (z;, z;)-path in D,
which contradicts the ordered—neis condition on B.

If there is a (z;,y;j)-path in D, then there is a (v, y;)-path in D. This, together with the
(y4,v)-path, implies a (y;,y;)-path in D, again contradicting the ordered-ness condition on B.

No bad vertices. For the sake of contradiction, say there exists a bad vertex u with respect to
(A, B) in D, that is, Ng* (u)NW, Ng* (u) N X, Ng*(u) ny, Ng*(u) N Z # (. Then, considering

that D is obtained from D by only identifying v onto z;, we get that Np.(u) N W, N, (u) N
X,Np.(u)NY # 0 and (u,v) € E(D*). The (u,v)-path, together with the (v, z;)-path, implies
a (u, Z)-path in D, that is N, (u) N Z # (). That is, u is a bad vertex with respect to (4, B)
in D, which is a contradiction. O

The following identification rule is symmetric to Identification Rule 7.

Identification Rule 8. If Np«(v)NZ =0 and § # N, (v) N (XUWUY UZ) C X, then let
i € [t] be the smallest integer such that (v,z;) € E(D*). Identify v onto x;.

Similarly to Lemma 4.37, we can prove the following.

Lemma 4.38. Let D be the graph obtained after the application of Identification 8. Then, D
satisfies the invariants.

Lemma 4.39. When none of the Identification Rules 1-8 are applicable, for each vertex of
v € V(D) \ V(AU B) either N, (v) =0 or N (v) = 0.

Proof. To prove the lemma, we prove the following claims.

Claim 4.40. If Nb, (v) N W # 0, then N, (v)N(WUXUY UZ)CW.

Proof. If x; € Np,.(v) for some j € [t], then this implies a (X, W)-path in D, contradicting the
weak independence of A. If y; € Np.(v) for some j € [t], then this implies a (Y, W)-path in D,

contradicting the strong independence between A, B. If z; € N,.(v) for some j € [t], then this
implies a (Z, W)-path in D, contradicting the weak independence between A, B. J
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Symmetrically to Claim 4.40, the following holds.
Claim 4.41. If Nj,(v)NY # 0, then N, (v) N(WUXUY UZ)CY.
Claim 4.42. If N5, (v) N X # 0, then N, (v)n(WUXUYUZ) C X.

Proof. If w; € Nj.(v) for some j € [t], then this implies a (X, W)-path in D, contradicting the
weak independence of A. If y; € N, (v) for some j € [t], then this implies a (X,Y)-path in D,
contradicting the weak independence between A, B. If z; € Nz)ﬂ(v) for some j € [t], then this
implies a (X, Z)-path in D, contradicting the strong independence between A, B. J

Symmetrically to Claim 4.42, the following holds.
Claim 4.43. If N5, (v) N Z # 0, then N, (v)N(WUXUY UZ)C Z.

From Claims 4.40 and 4.43, if Identification Rules 1-4 are not applicable and there exists
v € WUXUYUZ such that N, (v)N(WUXUYUZ) # 0 and N5, (v)N(WUXUY UZ) # 0, then
since there are no bad vertices with respect to (A, B), we conclude that either Np«(v) "W = ()
or Np«(v)NX =0 or Np«(v)NY =0 or Np+(v) N Z = . Thus, Claims 4.44-4.47 prove the
lemma.

Claim 4.44. If Identification Rules 1-4 are no longer applicable, Np«(v)NW = 0 and N, (v)N
(XUYUZ)#0, then Np,(v) N(XUYUZ)CY.

Proof. We first show that that N,. (v)NX = 0. For the sake of contradiction, say Ny, (v)NX #
(). Then, since Identification Rule 2 is not applicable, N, (v) N X = 0. Also, Nj.(v) NY = 0,
as otherwise there is a (X,Y)-path in D, contradicting the weak independence between A, B.
Further, Nj. (v) N Z = 0, as otherwise there is a (X, Z)-path in D, contradicting the strong
independence between A, B.

Similarly, if Nj,.(v)NZ # (). Then, since Identification Rule 2 is not applicable, N, (v)NZ =
0. Also, NZS* (v) N X = 0, as otherwise there is a (Z, X)-path in D, contradicting the strong
independence between A, B. Further, N, (v) NY = (), as otherwise there is a (Z,Y)-path in
D, contradicting the weak independence of B. a

Similarly to Claim 4.44, we can prove the following.

Claim 4.45. If Identification Rules 1-4 are no longer applicable, Np+(v)NY = 0 and N3, (v)N
(XUWUZ)#0D, then N, (v)N(WUXUZ)CW.

Claim 4.46. If Identification Rules 1-/ are no longer applicable, Np«(v)NX =0 and N, (v)N
(XUYUZ)#0, then Ni, (o) n(WUY UZ) C Z.

Proof. We first show that that N, (v)NW = ). For the sake of contradiction, say N, (v)NW #
(). Then, since Identification Rule 2 is not applicable, N, (v) N W = (). Also, Npo.(v)NY =0,
as otherwise there is a (Y, W)-path in D, contradicting the strong independence between A, B.
Further, N,.(v) N Z = 0, as otherwise there is a (Z,W)-path in D, contradicting the weak
independence between A, B.

Similarly, if N, (v)NY # 0, then since Identification Rule 2 is not applicable, N, (v)NY =
0. Also, Np.(v) N W = 0, as otherwise there is a (W, Z)-path in D, contradicting the strong
independence between A, B. Further, N, (v)NZ = (), as otherwise there is a (Z,Y)-path in D,
contradicting the weak independence of B. J

Similarly to Claim 4.46, we can prove the following.

Claim 4.47. If Identification Rules 1-4 are no longer applicable, Np«(v)NZ =0 and N, (v)N
(XUYUZ)#0, then Nj,(v)N(WUXUY) C X.
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Figure 12: The graphs of Definition 4.49 for ¢t = 4.

This concludes the proof of Lemma 4.39. O

Now suppose that Identification Rules 1-8 are no longer applicable. From Lemma 4.39, each
vertex of V(D) \ (WU X UY U Z) either has only in-neighbours or only out-neighbours in
D*. Let Ve ={v:v e V(D)\(WUXUYUZ)and Nj.(v) N (WUXUY UZ) # 0} and
Ve =V(D)\(WUXUY UZUV;). Then identify all the vertices of V5 onto a new vertex s
and all the vertices of V; onto a new vertex t. The resulting graph is a semi-cleaned ordered
t-tough-pair.

4.3.2 From semi-cleaned ordered tough-pair to hard-pattern

The aim of this section is to prove Lemma 4.6. We first introduce the almost t-hard matching
patterns which differ from the ¢-hard matching patterns in that the source and sink vertices of
items 3 and 4, respectively, in Definition 1.4 may not have ”full” neighborhoods (recall that an
S-source is a source vertex s such that N*(s) = S and that an S-sink is a sink vertex such that
N=(s) =19).

Definition 4.48 (almost ¢-hard matching pattern). An almost t-hard matching pattern is an
(acyclic) digraph D constructed the following way. We start with disjoint vertex sets W =
{wy,...,w}, X ={z1,...,2¢}, Y ={y1,...,u} and Z = {z1,..., 2} and introduce the edges
(wi, x;) and (y;, 2;) for every ¢ € [t]. Furthermore, we introduce into D any combination of the
following items:

1. either the directed path wi; — wo — ... = wy = 21 — 20 — ... — 2z, or any of the
directed paths wi — w9y — ... > wr and z1 = 20 — ... = 24;
2. either the directed path y; — y9 — ... = ¥+ = 1 — 2 — ... — x4, or any of the

directed paths 1 > 29 — ... >z and y1 = y2 = ... = Y43

a vertex s such that N~ (s) =0 and N*(s) CWUX UY U Z;
a vertex t such that NT(¢) =0 and N~ (t) CWUXUY UZ;
a vertex ry 7z such that N™(ryyz) = W and Nt (ryz) = Z;

a vertex ryx such that N~ (ryx) =Y and NT(ryx) = X.

S oW

We further introduce the four canonical graphs below corresponding to "half” a hard match-
ing pattern (see Figure 12 for an illustration).

Definition 4.49. Let U = {uy,...,u;} and V = {vy,...,v:}. We define the following four
reachability-minimal acyclic digraphs on vertex set U U V.
e The digraph O! is a (U, V)-induced-matching.
e The digraph O} is a (U, V)-matching which further contains the directed path on U from
Uy 1O Uyg.
e The digraph O} is a (U, V)-matching which further contains the directed path on V from
v1 to vt
e The digraph O} is a (U, V)-matching which further contains the directed path on U from
u1 to uy and the directed path on V from v; to v;.

Lemma 4.6 (Cleaning the semi-cleaned ordered tough-pair). If D is a semi-cleaned ordered
h(t)-tough-pair then either,
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o D* contains a t-induced-biclique whose edges are minimal in D, or
e D can be identified to a digraph D such that D is transitively equivalent to a t-hard-
matching-pattern.

Proof. For every p > 1 and j > 1, let ¢;(p) be an integer such that p > R(¢;(p),j). For
notational convenience, we show, instead of the above statement, that if D is a semi-cleaned
ordered t-tough-pair then either D* contains a g(t)-induced-biclique whose edges are minimal
in D, or D can be identified to a digraph D such that D is transitively equivalent to a g(t)-hard
matching pattern, where g(t) = (4(€4(¢5(t))/2) — 4)/8 (equivalently, h(t) = R(2R(2R(8t +
4,4),4),5)).

Let D be a semi-cleaned ordered t-tough-pair and let (A, B) be the ordered t-tough-pair
contained in D, where A = ((w1,x1),...,(w,2z¢)) and B = ((y1,21),- -+, (Yt, 2t)). Denote by
W=Aw; |ielt]}, X={x; |ielt]},)Y ={y; | i €[t]} and Z = {z; | i € [t]}. Given a digraph
H, we denote by H the underlying undirected graph and by H* the transitive closure of H.
Before turning to the proof of the lemma, we first show the following claims.

Claim 4.50. One of the following holds.
(1) There exist subsets X' C X and W' C W such that |X'| = |[W'| = |45(t)/2] and D
contains a (W', X")-induced-biclique.
(2) There exist a set I C [t] of size U5(t) such that D[{z;,w; | i € I}] is transitively equivalent
to one of O?(t), Ogs(t)’ 055( ) and 045( )

Proof. Consider the edge-coloring of the complete undirected graph G on vertex set {1,...,t}
defined as follows: for every i,j € [t] where ¢ < j, the edge ij € E(G) receives

e color 1 if (wj, wj), (zi, x;), (wi, z;) ¢ E(D*);

e color 2 if (w;, w;) € E(D) and (z;,z;) ¢ E(D*);

e color 3 if (w;, w;) ¢ E(D) and (x;,2;) € E(D*);

e color 4 if (wy, w;), (x;,x;) € E(D*); and

e color 5 if (w;, wj), (zi,x;) ¢ E(D*) and (w;, x;) € E(D).
Note that for any 1 <14 < j <t, if D* contains one of (w;,w;) and (z;, ;) then D* also contains
(wj, z;) and thus, each edge of E(G) receives a color in the above coloring. Now by Ramsey’s
Theorem, G contains a monochromatic clique of size £5(t): let 1 < iy < ... <y <t be a set
of ¢5(t) vertices inducing a monochromatic clique in G. Since (A4, B) is an ordered t-tough-pair,
for every 1 < p < q < 45(t), there is no (w;,, w;,)-path, no (w;,, z;,)-path and no (x;,, x;,)-path.
It follows that if the clique in G on vertex set {i1,..., i, } has

e color 1 then D[{w;,,x;; | j € [¢5(t)]}] is transitively equivalent to 065(25)

e color 2 then D[{w;;,z;, | j € [¢5(t) és(t)

[ [
[ [05( is transitively equivalent to O,
e color 3 then D[{w;,, ;, | j € [£5(t) ‘s m
[ [£5(
|

]

3]

]}] is transitively equivalent to O3’

e color 4 then D[{w;,,x;; | j € [¢5(t)]}] is transitively equivalent to 0125(t)

e color 5 then D contains a ({ws; | j € [[45(t)/2]1} {@i |, 1) 0)1; | T € [L€5( )/2]]})-induced-

J

biclique.
Thus, if the clique in G on vertex set {ig,... ,%(t)} does not have color 5 then we may take
I ={i1,...,ig} to prove our claim. J

Symmetrically to Claim 4.50, we have the following.

Claim 4.51. One of the following holds.
(1) There exist subsets Y' CY and Z' C Z such that |Y'| = |Z'| = |45(t)/2] and D contains
a (Y', Z")-induced-biclique.
(2) There exist a set I C [t] of size €5(t) such that D[{y;,z | i € I}] is transitively equivalent
to one ofOf*S(t),Ogs(t),O["’( ) dOeE’(t)
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Claim 4.52. For any subsets W' C W and Z' C Z where |W'| = |Z'| = p, there exist subsets
W" CW' and Z" C Z" such that |W"| = |Z"| = [L4(p)/2] and

e cither there is no edge in D from a vertex of W" to a vertex of Z”,

e or D* contains a (W", Z")-biclique (not necessarily induced).

Proof. Let W/ C W and Z’ C Z be two subsets of size p. We distinguish two cases depending
on whether the bipartite graph D[W’, Z'] has a matching of size at least p/2 or not.

Case 1. The bipartite graph D[W’, Z’] has a matching of size at least p/2. Let M be a
matching in D[W’, Z'] of size |p/2| and let e1, ..., e, /2| be an arbitrary ordering of the edges in
M. Consider the edge-coloring of the complete undirected graph G on vertex set {1,...,[p/2]}
defined as follows: for every 1 <i < j < |p/2], the edge ij € E(G) receives
e color 1 if (tail(e;), head(e;)), (tail(e;), head(e;)) ¢ E(D*);
e color 2 if (tail(e;), head(e;)) € E(D*) and (tail(e;), head(e;)) ¢ E(D*);
e color 3 if (tail(e;), head(e;)) ¢ E(D*) and (tail(e;), head(e;)) € E(D*); and
e color 4 if (tail(e;), head(e;)), (tail(e;), head(e;)) € E(D*);
Then by Ramsey’s Theorem, G contains a monochromatic clique of size f4(p): let 1 < i3 <
oo <ligyp) < p/2 be a set of £4(p) vertices inducing a monochromatic clique in G. Now if this
clique has
e color 1 then by taking W” = {tail(e;,) | j € [[a(p)/2]]} and Z" = {head(e;;) | j €
[[44(p)/2]]}, there is no edge from W” to Y” in D* (and a fortiori in D);
e color 2 then by taking W" = {tail(e;,) | j € [[£4(p)/2]]} and Z" = {head(
[[44(p)/2]]}, D* contains a (W”, Z")-biclique;
e color 3 then by taking W" = {tail(e; , ., » ;) | j € [[€a(p)/2]]} and Z" = {head(e;;) | j €
[[£4(p)/2]]}, D* contains a (W”, Z")-biclique;
e color 4 then by taking W” = {tail(e;,) | j € [[a(p)/2]]} and Z" = {head(e;;) | j €
[[44(p)/2]]}, D* contains a (W”, Z")-biclique.

eit£4(p)/2j+j) ’.7 €

Case 2. The bipartite graph D[IW’, Z’] has no matching of size at least p/2. Then by
Koénig’s Theorem, D[W’, Z] has, in this case, a vertex cover at size at most p/2: let V.C WU Z’
be a minimum vertex cover of D[W’ Z']. Since then, min{W’\ V,Z' \ V} > |ls(p)/2] >
|£4(p)/2], we may take any subsets W” C W'\ V and Z” C Z'\ V of size [£4(p)/2] to prove
the claim, as there are surely no edges from W” to Z” in D. 4

Symmetrically to Claim 4.52, we have the following.

Claim 4.53. For any subsets Y' CY and X' C X where |Y'| = |X'| = p, there exist subsets
YY" CY' and X" C X' such that |Y"| = |X"| = |ls(p)/2] and

e cither there is no edge in D from a vertex of Y to a vertex of X",

e or D* contains a (Y", X")-biclique (not necessarily induced).

We next define partitions with respect to a set and prove thereafter useful properties of these
partitions.

Definition 4.54. For any V € {W, XY, Z} and any U C V, the partition of V w.r.t. U is the
partition of V' \ U into four sets V*, V°, V* and V= such that the following hold.

e For every v € V*, N, (v) NU # 0 and Np.(v) N U # 0.

e For every v € V°, (NJ. (v) UNp.(v))NU = 0.

e For every v € VT N, (v)NU # ) and Np.(v) N U = 0.

e For every v € V=, Ni.(v)NU =0 and Np.(v) NU # 0.

Note that since (A, B) is an ordered tough-pair, for any V € {W, X,Y, Z} and any v € V,
o if u € N,.(v) then u has a smaller index than that of v, and
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e if u € N, (v) then u has a larger index than that of v.

Claim 4.55. For any V € {W,X,Y,Z} and any U C V, the following hold. Let V*,V°, VT
and V'~ be the partition of V w.r.t U. Then there is no edge in D*
(1) from a vertex of V* to a vertex of VUV,
(ii) from a vertexr of V™~ to a vertex of V*UV°UV™, and
(iii) from a vertex of V° to a vertex of VT U V™.
Furthermore, if D*[U] has no edge then V* = ).

Proof. Consider u € V*. If there exists v € V°UV ™ such that (u,v) € F(D*) then in particular
0 # Ny (u) NU C Np.(v), a contradiction to the fact that v € V* U V°. Similarly, there
is no edge in D* from a vertex of V™~ to a vertex of V™ U V*: indeed, if there exist u € V—
and v € VT U V* such that (u,v) € E(D*) then in particular § # Np.(u) NU C Np.(v), a
contradiction to the fact that v € V. Furthermore, there is no edge from a vertex of V=~ to a
vertex of V° for if there exist u € V™~ and v € V° such that (u,v) € E(D*), then in particular
0 # Np.(u)NU C Np.(v), a contradiction to the fact that v € V°. Finally, if there exist u € V°
and v € VT U V* such that (u,v) € E(D*) then in particular § # N.(v) N U C Np.(u), a
contradiction to the fact that w € V°. Now assume that D*[U] has no edge and suppose for a
contradiction that there exists u € V' \ U such that both Np.(u) NU # ) and N, (u) N U # 0.
Then for any € N5.(u) N U and y € N3, (u) N U, (z,y) € E(D*), a contradiction to the fact
that U is an independent set of D*. J

Claim 4.56. For any V € {W,Y} and any U C V, the following hold:

e if there existu € WU X UY UZ and v € VT such that (u,v) € E(D*) thenu € V*;

e if there existu € WUX UY UZ and v € V° such that (u,v) € E(D*) thenu € VOUVT,
where V*,V°, VT V= is the partition of V w.r.t U.

Proof. Suppose that there exist v € WU X UY U Z and v € V7T such that (u,v) € E(D*).
Observe first that since V' € {W,Y} and (A, B) is an ordered tough-pair, necessarily u € V.
Now since v € V*, u ¢ U by definition and since by Claim 4.55, u ¢ V*UV° U V™, we
conclude that u € V. Suppose next that there exist u € WU X UY U Z and v € V° such that
(u,v) € E(D*). Then as previously u € V. Now since v € V°, u ¢ U by definition and since by
Claim 4.55, u ¢ V* UV ™, we conclude that v € VUV ™. 2

Claim 4.57. For any V € {X,Z} and any U C V, the following hold:

o if there existu € V™ andv € WU X UY U Z such that (u,v) € E(D*) thenv € V—;

o if there existv € V° and v € WU X UY UZ such that (u,v) € E(D*) thenu € VUV,
where V*,V°, VT V™ is the partition of V w.r.t U.

Proof. Suppose that there exist w € V~ and v € WU X UY U Z such that (u,v) € E(D*).
Observe first that since V € {X, Z} and (A, B) is an ordered tough-pair, necessarily v € V. Now
since u € V~, v ¢ U by definition and since by Claim 4.55, v ¢ V*UV°UV ™, we conclude that
v € V7. Suppose next that there exist v € V° and v € WU X UY U Z such that (u,v) € E(D*)
then u € V°UV ™. Then as previously v € V. Now since u € V°, v ¢ U by definition and since
by Claim 4.55, v ¢ V' UV*, we conclude that v € VUV ™. J

We now turn to the proof of the lemma. We assume henceforth that D contains no g(t)-
induced-biclique (we are done otherwise). We first prove that D can be identified to a digraph
which is transitively equivalent to an almost 4¢g(t)-hard matching pattern and then show how
to obtain a g(t)-hard matching pattern from an almost 4¢(t)-hard matching pattern.

By Claim 4.50, there exists a set Iy C [t] of size ¢5(t) such that D[{w;,x; | i € I14}] is
transitively equivalent to one of O?(t),OgS(t), Ogs(t) and OiS(t); and similarly, by Claim 4.51,
there exists a set Ip C [t] of size ¢5(t) such that D[{y;,z; | i € Ig}] is transitively equivalent
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to one of Ofs(t), 055@)7 055@ and Off’(t). Now by Claim 4.52 there exist subsets I} C I, and
IL C Ip such that [I}]| = |I}| = £4(¢5(t))/2 and there is either no edge or every edge in D from
{w; | i €I} to{z | i€ I} By Claim 4.53, there further exist subsets 15 C I} and I3 C I}
such that |I3| = |I3] = €4(€4(¢5(1))/2))/2 = 4g(t) + 2 and there is either no edge or every edge
in D from {y; | i € I3} to {=; | i € I%}.

Now let W*, W, W+, W~ be the partition of W w.r.t. {w; |i€ I3}, X*, X°, X+, X~ be the
partition of X w.r.t {z; | i € I3}, Y*,Y°, YT, Y~ be the partition of Y w.r.t {y; | i € I%} and
Z*,7°,Z%, Z~ be the partition of Z w.r.t {2z | i € I%}. We devise the following identification
rules.

Identification Rule 9. Proceed as follows.
1. Identify every vertex in We UWTUY°UY ™ (together with the source vertex s of D when
it exists) to a single vertez s.

2. If D{wj,x; | i € 14}] is transitively equivalent to O?(t), further identity every vertex in
XT tos.

3. If D[{y;,z; | i € Ip}] is transitively equivalent to Ois(t), further identity every vertex in
Z% to s.

Identification Rule 10. Proceed as follows.
1. Identify every vertex in X°U X~ U Z°UZ~ (together with the sink vertex t of D when it
exists) to a single vertex t.

2. If D{wj,x; | i € 14}] is transitively equivalent to O?(t), further identity every vertex in

W= tot.
3. If D{yi,zi | i € Ig}] is transitively equivalent to Ofs(t), further identity every vertex in
Y~ tot.

Identification Rule 11. For every consecutive i < i’ € I3U{1,t} (that is, (I3U{1,t})N[i,'] =
{i,i'}) and every j € [i,7'], proceed as follows.
1. D[{wj,z; | i € I4}] is transitively equivalent to OSE’(t) sifw; € WXUWT then identify w;
to w; and if x; € X then identify x; to wy .
2. D[{wj,x; | i € 14}] is transitively equivalent to O§5(t) cifw; € W then identify w; to x;
and if z; € X*U X" then identify x; to xy.
3. D{w;,x; | i € 1a}] is transitively equivalent to Oﬁs(t) sifw; € WXUWT then identify w;
to w; and if x; € X* U X" then identify x; to zy.

Identification Rule 12. For every consecutive i < i’ € I5U{1,t} and every j € [i,i], proceed
as follows.
1. D[{yi,z | i € Ig}] is transitively equivalent to 055(” sify; € YXUYT then identify y; to
yi and if zj € ZT then identify z; to y;.
2. D{yi,x; | i € Ig}] is transitively equivalent to O§5(t) cify; € Y7 then identify y; to z;
and if zj € Z* U Z™ then identify zj to zy.
3. D[{yi, zi | i € Ig}] is transitively equivalent to Off’(t) cify; € YXUY T then identify y; to
yi and if zj € Z* U ZT then identify z; to zy.

Let Dy be the digraph resulting from an exhaustive application of Identification Rules 9-12.
We aim to show that Dj can be identified to a digraph which is transitively equivalent to an
almost 4¢(t)-hard matching pattern. To this end, we first prove the following claims and then
distinguish cases depending on the graphs to which D[{w;,z; | i € I4}] and D[{yi, 2 | i € Ig}]
are transitively equivalent, and whether there is no edge or every edge in D from {w; | i € Ii}
to {z | i € I3} (from {y; | i € I3} to {z; | i € I3}, respectively).
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Claim 4.58. The vertex set of Dy consists of {w;,x; | i € I3} U{yi, 2 | i € I%} together with
possibly s or t.

Proof. We first prove that V(D;) N W = {w; | i € I4}. Clearly, after Identification Rule 9.1
has been applied, there are no more vertices from W° U W left. Now if D[{w;,z; | i € I4}] is
transitively equivalent to Off’(t) then W* = () by Claim 4.55 and once Identification Rule 10.2
has been applied, there are no more vertices from W~ left. Similarly, if D[{w;,z; | i € I4}] is
transitively equivalent to Ogs(t) then W* = () by Claim 4.55 and once Identification Rule 11.2 has
been exhaustively applied, there are no more vertices from W~ left. Otherwise, D[{w;,z; | i €
I4}] is transitively equivalent to either Ogs(t) or Ois ® in which case, an exhaustive application
of Identification Rule 11.1 and Identification Rule 11.3, respectively, leaves no vertex from
W* U W~. We conclude symmetrically that V(D) NY = {y; | i € I%}.

Second, let us show that V(D;) N X = {z; | i € I3}. Clearly, after Identification Rule 10.1
has been applied, there are no more vertices from X° U X~ left. Now if D[{w;,z; | i € 14}]
is transitively equivalent to Of5(t) then X* = () by Claim 4.55 and once Identification Rule 9.2
has been applied, there are no more vertices from X left. Similarly, if D[{w;, x; | i € I4}] is
transitively equivalent to Ogs(t) then X* = () by Claim 4.55 and once Identification Rule 11.1 has
been exhaustively applied, there are no more vertices from X+ left. Otherwise, D[{w;,z; | i €
I4}] is transitively equivalent to either Ogs(t) or Off’ ® in which case, an exhaustive application
of Identification Rule 11.2 and Identification Rule 11.3, respectively, leaves no vertex from
X*UX™T. We conclude symmetrically that V(D;) N Z = {z | i € I3}. 4

Claim 4.59. If s exists then dp, (s) =0 and if t exists then dJlgz (t)=0.

Proof. Assume that s exists and suppose to the contrary that there exists u € V(Dy) such that
u € NBI(S). Then there exist vs, v, € V(D) such that vs has been identified to s, v, has been
identified to u and (v, vs) € E(D). Since the source vertex s of D (if any) has in-degree zero in
D, necessarily vy, # s. Furthermore, v cannot belong to W° U W T UY° U Y ™: indeed, if, say,
vs € WPUW™ (the case where vs € YUY is symmetric) then by Claim 4.56, v, € WeUW ™, a
contradiction as v,, is not identified to s. Thus, it must be that D[{w;,z; | i € I4}] is transitively
equivalent to Ofm) and vs € X+, or D[{y;,x; | i € Ig}] is transitively equivalent to O?m and
vs € Z1. Assume without loss of generality that the latter holds (the other case is symmetric).
Then since (A, B) is an ordered tough-pair, necessarily v, € Y U Z. However, since v, is not
identified to s, v, ¢ Y°UY ™ and since D * [{y;| i € Ig}] has no edge, Y* = () by Claim 4.55.
Furthermore, v, cannot belong to {y; | i € I3} UY ™ for otherwise, since vs € ZT and (4, B) is
an ordered tough-pair, there exist i, € I3 such that i < j and (y;, 2;) € E(D*), a contradiction

to the fact that D[{y;,z; | i € Ig}] is transitively equivalent to Of‘r’(t). Thus, it must be that
vy € Z. However, since vs € Z+, v, ¢ Z* U Z~ U Z° by Claim 4.55 and v, ¢ {z; | i € I3} by
definition of Z*. Thus, we conclude that v, € Z', a contradiction since v, is not identified
to s.

Assume now that ¢ exists and suppose to the contrary that there exists u € V(Dy) such that
u € NZSI (t). Then there exist v, v, € V(D) such that v, is identified to t, v, is identified to u
and (v, v,,) € E(D). Since the sink vertex t of D (if any) has outOdegree zero in D, necessarily
vy # t. Furthermore, v; cannot belong to X°UX~UZ°UZ™: indeed, if, say, v; € X°UX~ (the
case where v; € Z°UZ™ is symmetric) then by Claim 4.57, v,, € X°U X, a contradiction since
vy, is not identified to t. Thus, it must be that D[{w;,z; | i € I4}] is transitively equivalent
to 055@) and v, € W, or D[{y;,z | i € Ip}] is transitively equivalent to Of5(t) and v, € Y.
Assume without loss of generality that the latter holds (the other case is symmetric). Then
since (A, B) is an ordered tough-pair, necessarily v,, € Y UZ. However, since v, is not identified
to t, v, ¢ Z°UZ~ and since D x [{z;] i € Ip}] has no edge, Z* = () by Claim 4.55. Furthermore,
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vy, cannot belong to {z; | i € I3} U Z* for otherwise, since v; € Y~ and (4, B) is an ordered
tough-pair, there exist i,j € I% such that i < j and (y;,2;) € E(D*), a contradiction to the

fact that D[{y;, z; | ¢ € Ig}] is transitively equivalent to Ofs(t). Thus, it must be that v, € Y.
However, since v; € Y™, v, ¢ Y*UY°UY T by Claim 4.55 and v, ¢ {y; | i € I3} by definition
of Y~. Thus, we conclude that v, € Y, a contradiction since v, is not identified to ¢. J

Claim 4.60. For any i € [4], if D{wj,z; | j € Ia}] is transitively equivalent to Of5<t) then
Dil{wj,z; | j € I3}] is transitively equivalent to O?g(t)H.

Proof. Let us first show that if D[{w; | i € I4}] has no edge then D;[{w; | i € I%}] has
no edge as well. Assume that D[{w; | i € I4}] has no edge, that is, D[{w;,z; | i € I4}]
is transitively equivalent to Of"’(t) or 055(t). Then by Claim 4.55, W* = (). Suppose first that
D[{w;,x; | i € I4}]is transitively equivalent to O?’(t). Then every vertex in WeUW T is identified
to s and every vertex in W™ is identified to ¢ where df, (s) = da (t) = 0 by Claim 4.59. Since,
in this case, every vertex in X is identified either to s, ¢ or itself and no other identification
may create an edge between two vertices of {w; | i € I3}, we conclude that D;[{w; | i € I3}]

has no edge. Suppose second that D[{w;,x; | i € I4}] is transitively equivalent to Ogs(t). Then
every vertex in W° U W™ is identified to s and every vertex in X° U X~ is identified to ¢t where
dp,(s) = dEI (t) = 0 by Claim 4.59. Since every vertex in W~ U X* U X is identified to a
vertex in {x; | i € I4} and no other identification may create an edge between two vertices of
{w; | i € I4}, we conclude that D;[{w; | i € I4}] has no edge.

Second, let us show that if D[{w; | i € I4}] is transitively equivalent to the directed path
WminI, — Wminls4+1 — - —> Wmax1, then Dr[{w; | i € Izl}] is transitively equivalent to the
directed path wy,, ;2 — w 41w Assume that D[{w; | i € I4}] is transitively

equivalent to this directed path, that is, D[{w;,x; | i € I4}] is transitively equivalent to 055(t) or

min 1124 max 1124'
Oif’(t). Note that since I3 C 14, it is enough to show that no edge from a vertex in {w; | i € I3}
to a vertex in {w; | i € I3} of smaller index is created (we refer to such an edge as a bad
edge in the following). First, since every vertex w; € W* U W™ is identified to the vertex
wj € {w; | i € I3} such that j/ = max{i € I3 : i < j}, no bad edge is created here. Now
if D[{w;,z; | i € I4}] is transitively equivalent to 055@) (note that, in this case, X* = ) by
Claim 4.55), then every vertex z; € X1 is identified to the vertex w; € {w; | i € I3} such
that 5/ = min{i € I3 : j < i} and so, no bad edge is created here; and if D[{w;,z; | i € I4}]
is transitively equivalent to Off(t), then every vertex in X* U X is identified to a vertex in
{z; | i € I3} and thus, no bad edge is created here as well. Since every vertex in W° U W+
is identified to s and every vertex in X°U X~ is identified to ¢ where dp, (s) = da (t) =0 by
Claim 4.59, no bad edge is created with these identifications; and since no other identification
may create a bad edge, we conclude that Dy[{w; | i € I3}] is indeed transitively equivalent to
the directed path w,,;, 15 T Wi 2

Consider next X. As in the case of W, let us first show that if D[{x; | ¢ € I4}] has no edge
then Dy[{z; | i € I4}] has no edge as well. Assume that D[{z; | i € I4}] has no edge, that is,

D[{w;,z; | i € I4}] is transitively equivalent to O?(t) or ng). Then by Claim 4.55, X* = (.
Now if D[{wj,x; | i € Ia}] is transitively equivalent to Of")(t), we conclude, symmetrically to
the case of W, that Dr[{z; | i € I3}] has no edge. Suppose therefore that D[{w;,z; | i € I4}]

is transitively equivalent to 055 @ Since then, every vertex in X° U X~ is identified to ¢, every
vertex in W°UW™ is identified to s where d, (s) = dj{)] (t) = 0 by Claim 4.59, and every vertex

in XTUW*UW- is identified to a vertex in {w; | i € I3}, no edge between two vertices in
{z; | i € I3} is created with these identifications. Since no other identification may create an
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edge between two vertices in {z; | i € 14}, we conclude that Dy[{z; | i € I4}] has no edge in
this case as well.

Let us next show that if D[{z; | i« € I4}] is transitively equivalent to the directed path
Tminl, — Tminls+1 —> --- — Tmax1, then Di[{x; | i € I%}] is transitively equivalent to the
directed path =, 12 = T2 41 = -0 @ Assume that D[{z; | i € I4}] is transitively

equivalent to this directed path, that is, D[{w;,x; | i € I4}] is transitively equivalent to O§5(t) or

2.
max [

Oif’(t). Note that since I3 C I, it is enough to show that no edge from a vertex in {z; | i € I3}
to a vertex in {z; | i € I4} of smaller index is created (we refer to such an edge as a bad
edge in the following). First, since every vertex z; € X* U X is identified to the vertex
zj € {w; | i € I3} such that j/ = min{i € I3 : j < i}, no bad edge is created here. Now
if D[{w;,z; | i € I4}] is transitively equivalent to ng(t) (note that, in this case, W* = () by
Claim 4.55), then every vertex w; € W~ is identified to the vertex z; € {x; | i € I3} such
that j' = max{i € I% : i < j} and so, no bad edge is created here; and if D[{w;,x; | i € I4}]
is transitively equivalent to Off(t), then every vertex in W* U W™ is identified to a vertex in
{w; | i € I3} and thus, no bad edge is created here as well. Since every vertex in X° U X~ is
identified to ¢ and every vertex in W°U W+ is identified to s where dp, (s) = dBI (t) = 0 by
Claim 4.59, no bad edge is created with these identifications; and since no other identification
may create a bad edge, we conclude that D;[{x; | i € I4}] is indeed transitively equivalent to
the directed path @, 12 = ... =2

By combining the above four properties, we conclude that if D[{w;,z; | j € I4}] is transi-
(®)

2.
max [4

for some i € [4], then Dr[{w;,z; | j € I3}] is transitively equivalent
2
to OLIA‘; and since |I%] = 4g(t) + 2, the claims follows. 4

tively equivalent to 055

Symmetrically to Claim 4.60, we have the following.
5(t)

Claim 4.61. For any i € [4], if D[{y;,2; | j € Ip}] is transitively equivalent to O;>"" then

Dil{yj, zj | j € I%}] is transitively equivalent to O?g(t)ﬂ.

Now note that since every vertex in A (B, respectively) is identified either to s, ¢ or a
vertex in A (B, respectively) and dp, (s) = dBI (t) = 0 by Claim 4.59, no edge between A
and B is created by these identifications that didn’t already exist. This implies in particular
that if there is no edge in D from {w; | i € I3} to {z | i € I3} and from {y; | i € I%} to
{x; | i € I3} then by Claims 4.60 and 4.61, Dy — {s,t} is transitively equivalent to the disjoint

union of O?g(t)w and O;Lg(t)“, where Ofg(tHQ (O4g(t)+2,

respectively) is the digraph to which
D{wa,xq | a € I4}] (D[{Ya,za | @ € I%}], respectively) is transitively equivalent. Thus, since
we may safely identify, e.g., the two first edges of D[{w;,z; | i € I4}] (that is, (wp;, %5 Tmin 12 )
and (w,,;, If,+17xminlf,+1)) to the third edge of D[{w;,z; | i € I3}] and proceed similarly with
D[{yi,z | i € I%}], we conclude that, in this case, Dy can be identified to an almost 4¢(t)-hard
matching pattern. Note that, more generally, if there is no edge in D from {w; | i € I} to
{2 | i € I3} then Dr[{w; | i € I3} U{z | i € I3}] is transitively equivalent to the disjoint
union of Dr[{w; | i € I3}] and Dr[{z; | i € I3}] (in particular, no vertex ryz may be created
by identifications); and the same holds for {y; | i € I3} and {z; | i € I4}.

Assume henceforth that there is every edge either from {w; | i € 14} to {z; | i € I3}, from
{yi |i € I%} to {x; | i € I3}, or both. Note that since we assume D not to contain a g(t)-induced-
biclique, if there is every edge from {w; | i € I3} to {z; | i € I3} then at least one of Dy[{w; | i €
I2}] and Dy[{z; | i € I%}] has edges (in fact, is transitively equivalent to a directed path by
Claims 4.60 and 4.61); and the same holds for {y; | i € I3} and {x; | i € I%}. Now if there is every
edge in D from {w; | i € I3} to {2; | i € I3} and both D;[{w; | i € I3}] and D[{z; | i € I3}]
are transitively equivalent to a directed path, then D{w; | i € I3}U{z; | i € I%}] is transitively
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equivalent to the directed path wy, ;2 = o = Wiay 12 = Zmin1z = -+ = Zmax sz 0 Which

case we need not introduce the vertex 7y z; and we conclude symmetrically with {y; | i € I3}
and {z; | i € I3}

By the above discussion, there remains to consider the case where every edge in D from
{w; | i€ I3} to {2 |ieI%} (or from {y; | i € I%} to {; | i € I}) exist and exactly one of
Dil{w; | i € I3}] and Dr[{z | i € I3}) (Dr[{y: | i € I3}] and D[{x; | i € I3}], respectively)
has no edge. In this case, we devise the following identification rules (for simplicity, we still call
Dy the graph resulting from these identifications).

max max

Identification Rule 13. If there is every edge from {w; | i € I3} to {z; | i € I3} in Dy and
ezactly one of Di[{w; | i € I3}] and D}[{z; | i € I%}] has no edge, then proceed as follows.

1. If Di[{w; | i € I3}] has no edge then identify Ymin 12, L0 § and rename Zy, r2 as rwz.

2. If D3[{z | i € I%}] has no edge then identify Tmax 2 t0 T and rename w2 as rwz.

Claim 4.62. If Identification Rule 13 has been applied then it still holds that d, (s) = dJ]{)I (t) =
0. Purthermore, Np, (rwz)\{s} = {wi | i € I3} and N, (rwz)\{t} = {2 | i € I§\{minI3}}.

Proof. Assume that Identification Rule 13 has been applied and that D}[{w; | i € I4}] has
no edge (the case where Dj[{z; | @ € I%}] has no edge is symmetric). Then, by assumption,
D3[{z | i € I%}] must have edges; and in fact, by Claim 4.61 and definition of I3, D}[{z; | i €
I2}] must be transitively equivalent to the directed path z,;, 12 7 Zmin %41 7 o 7 Zmax 13
It follows that NBI(Twz) \ {t} = Ngl(zmin%) \{t} = {2z | i € I3\ {minI%}} and since,
by assumption, there is every from {w; | i € I3} to {z; | i € I3} in Dy, we conclude that
Np, (rwz) \ {s} =A{w; |1 € I3}. Finally to see that dp,(s) = di’;l(t) = 0, note that by
construction, the only possible in-neighbor for y,_;, , is s and the only possible out-neighbor
for Tmax I3, is ¢. a

Identification Rule 14. If there is every edge from {y; | i € I%} to {z; | i € I3} in Dy and
exactly one of Di[{yi | i € I3}] and D}[{z; | i € I3}] has no edge, then proceed as follows.

1. If D¥[{y: | i € I%}] has no edge then identify w
2. If Di[{x; | i € I3}] has no edge then identify Zmax 12, L0 T and rename Yy, 12 as Ty x.

minI% 10 8 and rename T, 12 asTyx-

Symmetrically to Claim 4.62, we have the following.

Claim 4.63. If Identification Rule 1/ has been applied then it still holds that dp, (s) = dJ]{)I (t) =
0. Furthermore, Np, (ryx)\{s} ={yi [ i € IZ\{maxI%}} and Ngl (ryx)\{t} = {z; | i € I3}.

Note finally that Identification Rule 13 reduces the size of E(Dy — {s,t}) by one as does
Identification Rule 14 (it may be that the size of {(w;,x;) | i € I4} reduces by two while
the size of {(yi,2i) | i € I3} remains the same if Identification Rule 13.2 and Identification
Rule 14.1 are applied, and vice-versa). Since we may always safely identify consecutive edges in
{(w;, ;) | i € I3} or {(yi,2i) | @ € I%} to reduce their size to 4g(t) (as done above), we conclude
that D can be identified to a digraph transitively equivalent to an almost 4¢(¢)-hard matching
pattern.

There remains to show how to obtain a g(¢)-hard matching pattern from an almost 4g(t)-
hard matching pattern. To this end, let H be an almost 4¢(t)-hard matching pattern. We first
show how to handle the source vertex from item 3 in Definition 4.48 and then how to handle
the sink vertex from item 4 in Definition 4.48.

Let s be the vertex of H such that N~ (s) = () and N (s) C WUXUY UZ. Suppose first that
N*t(s)NW # 0 and let I C [4g(t)] be the set of indices such that N*(s)NW = {w; | i € I }.
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By the pigeonhole principle, either (1) [I1]| > 4g(t)/2 or (2) |[4g(t)] \ 1] > 4g(t)/2. If (1) holds
then we proceed as follows.

e For every j < min Iy, we identify w; and x; to Wmyin 7, and Zmin 1,, respectively.

e For every consecutive i < i’ € I and for every j €]i, [, we identify w; and z; with w;

and x;, respectively.

e For every j > max I, we identify w; and z; to Wyaxy, and Tmax 1, , respectively.

Suppose next that (2) holds. If H contains the path wi — wa — ... — wyy then we simply
identify s to wy. Let us therefore assume that H does not contain this path. If H contains the
path 1 = x2 — ... = x4y then for every i € I1, we identify w; to z; and further identify s to
x1. Finally, if H does not contain this path then we identify every vertex in {w;, z; | i € I }U{s}
to wy.

Now suppose that N*(s) "W = () and N*(s)NX # 0. Let I C [4g(¢)] be the set of indices
such that NT(s) "W = {w; | i € I;}. By the pigeonhole principle, either (1) |I;| > 4¢(t)/2 or
(2) |[4g(®)] \ I1| > 4g(t)/2. If (1) holds then we proceed as follows.

e For every j < min I, we identify w; and x; to Wyin 7, and @nin 1, , respectively.

e For every consecutive ¢ < i’ € I (that is, I; N [i,)i] = {4,7'}) and for every j €]i, [, we

identify w; and x; with w; and z;, respectively.

e For every j > max I, we identify w; and 2; to Wmax 1, and Tmax 1,, respectively.

Suppose next that (2) holds. If H contains the path x1 — z9 — ... — 244 then we simply
identify s to x1. Let us therefore assume that H does not contain this path. If H contains the
path wy — wy — ... = wyy(y) then for every i € I, we identify x; to w; and further identify s to
wy. Finally, if H does not contain this path then we identify every vertex in {w;, x; | i € I; }U{s}
to wi.

By proceeding symmetrically with Y and Z, we may identify H to an almost 2¢(t)-hard
matching pattern H; in which s satisfies item 3 of Definition 1.5. Now let ¢ be the vertex of H
(and of Hy) such that NT(¢) =0 and N~ (t) C WU X UY U Z. Then using similar arguments,
we may further identify H; to an almost g(¢)-hard matching pattern Hy in which s still satisfies
item 3 of Definition 1.5 and ¢ satisfies item 4 of Definition 1.5, that is, Hs is a g(t)-hard matching
pattern which concludes the proof. O

4.4 Cleaning the induced-biclique with minimal edges

In this section, we prove Lemma 4.8 restated below.

Lemma 4.8 (Cleaning minimal biclique). For a positive integer t and a digraph D, if D*
contains a 9t-induced-biclique whose edges are minimal in D, then D can be identified to digraph
that is transitively equivalent to a t-hard-biclique-pattern.

Proof. Let (A, B) be a 9t-biclique in D such the edges of AU B are minimal edges of D, and
such that (A, B) is a 9¢-induced-biclique in D*. Then A, B are independent sets in D*.

We first claim that for any v € V(D)\ (AUB), it is not the case that Np. (v)N(AUB) # () and
Np. (v)N(AUB) # (. For the sake of contradiction, say it is the case. Let 2 € Np. (v) N (AUB)
and let y € N, (v)N(AUB). Then there exists an (z, y)-path in D of length strictly greater than
1. If z,y € A (resp. x,y € B), then this contradicts that A (resp. B) is an independent set in
D*. If z € A and y € B, then this contradicts the minimality of the edges of the (A, B)-biclique.
If x € B and y € A, then this contradicts the definition of an (A, B)-biclique.

Let Vs C V(D) \ (AU B) such that for each v € V5, Nj. (v) # 0 and Np. (v) N (AU B) = 0.
Let V; = V(D) \ (AU BUYVy). Then from the claim in the above paragraph, for each v € V%,
Np.(v)N (AU B) = 0. Observe that Vg & V4 partition the vertex set V(D) \ (AU B). If Vg # 0,
then identify the vertices of Vg into s, if V; # (), then identify the vertices of V; into t. Let
D be the resulting digraph. We now show that E(V;,Vs) = (. For the sake of contradiction,
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say u € V; and v € Vg such that (u,v) € E(D*). Then N/, (u) N (AU B) # 0. Since u & V5,
Np.(u) # 0. But this contradicts the claim in the second paragraph. Thus, we conclude that
Ng(s), Ng(t) = 0.

Now let ¢’ = 9¢. Recall that A, B are ordered sets, say A = (a1, ...,ay) and B = (by,...,by).

~

Let I; C [t’l such that for i € Iy, (s,a;) € E(D). Let Iy C [t'] such that for each i € Iy,
(s,a;) € E(D) and (s,b;) € E(D). Let I3 C [t/] such that for each i € I3, (s,a;), (s,b;) € E(D).
Observe that [t'] = I & I, W I3. Let Ji C [t'] such that for each j € Ji, (bj,t) € E(D). Let
Jo C [t'] such that for each j € Jo, (bj,t) & E(D) and (aj,t) € E(D). Let Js C [t'] such that
for each j € Js, (bj,t),(a;,t) & E(D). Observe that [t'] = J, & Jo & J3.

By the pigeon-hole principle, either |I;| > ¢//3 or |I2| > t//3 or |I3] > t'/3. We consider
these three cases separately.

Case 1. |I1] > '/3. Suppose first that |J; N I1| > |I1]/3. Let A’ ={a;:i€ N1} and B’ =
{b; :i € JiNI1}. Observe that |A’| = |B’| > t'/3. Identify the vertices of (A\ A")U(B\ B’) with
s. Let the resulting digraph be D’. Observe that A’ C th,(s), B' C Nz, (t) and (t,s) ¢ E(D)).

Suppose next that |Jo N 11| > |[I1]/3. Let A’ ={a;:i€ Jon} and B'={b;:i € JoNI}.
Observe that |A’| = |B’| > t'/3. Identify the vertices of (A \ A’) U (B \ B’) with s. Let the
resulting digraph be D’. Observe that A’ C Ng\/(s),A’ = Ng\,(t) and (t,s) & E(Z/)\’)

Suppose finally that |J3sN 11| > |I1|/3. Let A’ ={a;:i € JsNLi} and B' = {b; : i € JsNI;}.
Observe that |A’| = |B’| > ¢'/3. Identify the vertices of (A \ A’) U (B\ B’) Ut with s. Let the
resulting digraph be D’. Observe that A’ C Nl%(s).

Case 2. |Iy]| > t//3. Suppose first that |J; N Ia| > |I2]/3. Let A’ ={a; :i € Ji NIy} and B =
{b; : i € J1NI2}. Observe that |A’| = |B’| > t'/3. Identify the vertices of (A\ A")U(B\ B’) with
s. Let the resulting digraph be I’. Observe that B/ = N5(8)7 B' C Nz%(t) and (t,s) ¢ E(I?\’)

Suppose next that |Jo N Io| > |I2|/3. Let A’ ={a;:i € JoN Iz} and B’ ={b; : i € JoN I1}.
Observe that |A’'| = |B’| > t//3. Identify the vertices of (A\ A’) U (B \ B’) with s. Let the
resulting digraph be D’. Observe that B/ = th,(s),A/ = Nb_\/(t) and (t,s) & E(I?\’)

Suppose finally that |J3NIo| > |I2|/3. Let A" ={a; :i € JsNIy} and B’ = {b; : i € JsNI}.
Observe that |A'| = |B’| > t//3. Identify the vertices of (A\ A") U (B \ B’) Ut with s. Let the
resulting digraph be D'. Observe that B’ = Ng\/(s).

Case 3. |I3| > t’/3. Suppose first that |J; N I3] > |I3|/3. Let A" = {a; : i € Jy N I3} and
B' = {b; : i € JiNI3}. Observe that |A’| = |B’| > t'/3. Identify the vertices of (A\ A")U(B\B’),
if any, with s. Let the resulting digraph be D’. Observe that if (A\ A’) U (B \ B') = 0, then
then s ¢ V(b\’) and B C Nl%(t). Otherwise, additionally, s € V(D) and since (A4, B) is an
induced biclique, B’ = Ng\,(s). Moreover, (t,s) & E(b\’)

Suppose next that |Jo N I3| > |I3|/3. Let A" ={a;:i € JoN I3} and B’ ={b; : i € Jo N I3}.
Observe that |A’'| = |B’| > ¢'/3. Identify the vertices of (A\ A")U(B\ B’), if any, with s. Let the
resulting digraph be D' If (A\A"YU(B\B') =0, then s ¢ V(b\’) and A = N, (t). Otherwise,
additionally s € V(I)\’) and since (A, B) is an induced biclique, B = N]%(s). Moreover, (t,s) &
ED).

Suppose finally that |J3N1I3| > |I3]/3. Let A’ ={a;:i € JsNIs} and B’ = {b; : i € J3NI3}.
Observe that |A'| = |B'| > t//3 and (A\ A") U(B\ B’) # 0 since D is connected (without loss
of generality). Identify the vertices of (A\ A’) U (B \ B’)Ut with s . Let the resulting digraph
be D'. Since (4, B) is an induced biclique and (A \ A) U (B\ B') # 0, B' = N (s). O
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5 Hardness proofs and lower bounds

This section is devoted to presenting the lower bounds on the complexity of PLANAR D-SN for
various classes D. First we prove the combinatorial result Lemma 1.6 that implies that there are
no nontrivial class with subexponential FPT algorithms on planar graphs (Section 5.1). Then
we present reductions from GRID TILING to PLANAR D-SN where D is the class of diamonds
(Section 5.2), hard matching patterns (Section 5.3.1), or hard biclique patterns (Section 5.3.2).

5.1 Finding a star

We present here a short proof that every nontrivial class D in our setting contains either all
cycles, all in-stars, or all out-stars.

Proof (of Lemma 1.6). Suppose that there is an integer « such that D does not contain a cycle,
in-star, or out-star on « vertices. This means in particular that a graph D cannot have a strongly
connected component with « vertices. Indeed, by selecting « vertices of the component and
identifying every other vertex of the graph with one of these vertices, we would obtain a strongly
connected graph on « vertices, which is transitively equivalent to a cycle on « vertices. It also
follows that a graph D € D has less than « strongly connected components of size larger than
1: otherwise, identifying one vertex from each such component to a single vertex would create
a strongly connected component of size larger than a.

This bound on the size of the strongly connected components implies that identifying the
vertex set of each strongly connected component of some D € D to a single vertex results in an
acyclic graph whose size is at most a factor of « smaller. Therefore, the fact that D contains
arbitrarily large graphs implies that D contains arbitrary large acyclic graphs. Furthermore, D
contains arbitrarily large graphs without isolated vertices: if we have a graph with ¢ edges and
identify every isolated vertex with some vertex v, then we get a graph without isolated vertices
and exactly ¢ edges. If we identify the strongly connected components of such a graph to single
vertices, then less than « isolated vertices can be created (as there are less than ov components
of size larger than 1). It follows that D contains arbitrarily large acyclic graphs with less than
« isolated vertices.

Observe that D € D cannot have a path longer than « 4 1: otherwise, identifying the first
and last vertices of the path would create a member of D € D that has a strongly connected
component larger than «. This means that every acyclic D € D can be partitioned into a + 2
levels, that is, D has a topological ordering with blocks By, ..., By with £ < a + 2 such that
each block B; is an independent set. If an acyclic graph D, has at least (a + 2)c vertices, then
one such block B; has size at least c¢. Let D} be obtained by identifying the blocks By, ..., B;_1
to a single vertex x, and the blocks B;1, ..., By to a single vertex y. If there are a vertices in
B; adjacent to both z and y, then identifying x and y creates a strongly connected component,
a contradiction. If there is a set I C B; of « vertices that is adjacent only to x, then identifying
(B \ I) U{z,y} to a single vertex results in an out-star on « + 1 vertices. Similarly, if there
is a set I C B; of « vertices that is adjacent only to y, then identifying (B; \ I) U {z,y} to a
single vertex results in an in-star on a + 1 vertices. Finally, I cannot have « vertices that are
adjacent to neither x or y, because they would be isolated vertices. Therefore, if ¢ > 4a, then
we arrive to a contradiction in one of the three cases. O

5.2 Diamonds

The aim of this section is to prove the following.
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Theorem 5.1. For any ¢ € [4], PLANAR Ay-STEINER NETWORK is W[1]|-hard parameterized

by the number k of terminals and does not admit an f(k) - po(Vk) algorithm for any computable
function f, unless ETH fails.

We only formally prove the statement for pure out-diamonds as it will become clear from
the proof that to handle

1. flawed out-diamonds, it suffices to add a vertex s and edges (s,r1) and (s,r2) in the
construction below;

2. pure in-diamonds, it suffices to reverse the direction of every edge in the construction
below; and

3. flawed in-diamonds, it suffices to add a vertex t and edges (r1,t) and (re,t), and addition-
ally reverse the direction of every edge in the construction below.

In the following, we assume that the class of all pure out-diamonds is A;. To prove the state-
ment, we first introduce the & x k-GRID TILING problem, formally defined below.

k x k-GRID TILING
Input: Integers k,n and k% nonempty set S;; C [n] x [n] where i, € [k].
Question: For each i, j € [k], does there exist an entry (z;,v; ;) € S;; such that
o for every i € [k], i1 =x;2=... = ;) and
o forevery j € k], yij;=v2=-... = Y "

Throughout the paper, we assume that whenever given a set S C [n] x [n], 1 < z,y < n
holds for every (z,y) € S: it suffices to increase n by two and replace (z,y) by (x + 1,y + 1)
otherwise.

It was shown [9, Theorem 14.28] that, under ETH, k& x k-GRID TILING does not admit an
algorithm running in time f(k) - n°® for any computable function f. To prove Theorem 5.1
for pure out-diamonds, we give a reduction which transforms an instance of k x k-GRID TILING
into an instance of (edge-weighted)® PLANAR A;-STEINER NETWORK with O(k?) terminals.
To this end, we design three types of gadgets: the connector gadget, the down main gadget and
the up main gadget. The reduction represents each set of the k x k-GRID TILING instance with
a copy of the up or down main gadget, and uses the connector gadgets to further connect these
gadgets (see Figure 16). The remainder of this section is organized as follows. We first intro-
duce the connector gadget and prove in Lemma 5.2 that it satisfies several desired properties.
We then introduce the down main gadget and prove in Lemma 5.7 that it also satisfies several
desired properties. The up main gadget is introduced thereafter together with its symmetrical
Lemma 5.24. We end the section with the precise description of the reduction and a proof of
its correctness.

Connector gadget. Given an integer n > 0, the connector gadget C'G,, is an edge-weighted
planar digraph consisting of n x n grid, where the vertex lying at the intersection of column
t and row j is denoted by x;;, and 2n + 2 additional vertices p1,...,pn,q1,...,qn,p,q. The
adjacencies and edge weights are defined as follows (we fix N = 3n).
o Left source edges: for every j € [n], there is an edge (pj;,x1;). Together these edges are
called left source edges. The weight of each such edge is set to N2.
e Right source edges: for every j € [n], there is an edge (g;, ;). Together these edges are
called right source edges. The weight of each such edge is set to N2.

3We argue at the end of the section that with polynomially bounded integer weights, the edge-weighted version
of the problem reduces to its unweighted version.
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Figure 13: The connector gadget for n = 4. A set of edges representing 2 is highlighted.

e Top sink edges: for every i € [n], there is an edge (z;,,p). Together these edges are called
top sink edges. The weight of each such edge is set to N2.

e Bottom sink edges: for every i € [n], there is an edge (z;1,¢). Together these edges are
called bottom sink edges. The weight of each such edge is set to N2.

e The n x n grid is divided in two according to the diagonal j =n + 1 — i: the vertices on
the top-right part (that is, the vertices z; ; such that j+¢ > n 4 1) are connected with <
and T edges, and the vertices of the bottom-left part (that is, the vertices x;; such that
j+i < n+1) are connected with — and | edges. More specifically, we define the following
edges.

— Up edges: for every i € [n] and every j € [n — 1] such that j +4 > n + 1, there is an
edge (z;j, % j+1). Together these edges are called up edges.
— Down edges: for every i € [n] and every j € [n] \ {1} such that j +i < n + 1, there
is an edge (x; j,x;j—1). Together these edges are called down edges.
We set the weight of every up/down edge to N.
— Left edges: for every i € [n]\ {1} and every j € [n] such that j +i > n + 1, there is
an edge (x;;,x;—1,). Together these edges are called left edges.
— Right edges: for every i € [n — 1] and every j € [n] such that j +1i < n+ 1, there is
an edge (x;j,xi41,j). Together these edges are called right edges.
We set the weight of every left /right edge to 1.
This concludes the construction of the connector gadget CG), (see Figure 13 for an illustration
of the connector gadget for n = 4). In the following, we call the vertices p1,...,p, the left
vertices, the vertices qi, ..., q, the right vertices and the vertices p, g the terminal vertices. We
further set
C*=4N?+ (n—1)N +n — 1.

A set E C E(CG),) satisfies the connectedness property if the following hold in E:

e p can be reached from some right vertex and from some left vertex;

e ¢ can be reached from some right vertex and from some left vertex.
A set E C E(CG,,) satisfying the connectedness property represents an integer j € [n] if the
only left source edge in E is the one incident to p; and the only right source edge in £ is the
one incident to g; (see Figure 13 for a set of edges representing 2).

Lemma 5.2. For any integer n > 0, the connector gadget CG,, satisfies the following properties.
(1) For every j € [n], there exists a set E; C E(CG),,) of weight C}; representing j.

61



(2) If there exists a set E C E(CG,) of weight at most C}; satisfying the connectedness
property, then E has weight exactly C}; and represents some integer j € [n].

Proof. To prove (1), it suffices to take E; to be the union of the following sets of edges:
{(pj; ij)a (Qj; xn,j)7 (xn—&-l—j,n:p)7 (xn+1—j,17 Q>};

{(zijwit1y) |1 <i<n—jk

{(@ij,wic1g) In+2—j<i<n}

{(@ng1—j0 Tnr1—jer1) | J <€ <n—1} and

{(Tnt1-j.0 Tn1—je—1) | 2 < L < g}

It is not difficult to see that E; represents j and has weight C},.

Next, suppose that £ C E(CG,,) is a set of weight at most C}; satisfying the connectedness
property. Let us show that F has weight exactly C;; and represents some integer j € [n]. To
this end, we prove the following claims.

Claim 5.3. E contains exactly one left source edge, one right source edge, one top sink edge
and one bottom sink edge.

Proof. Since E satisfies the connectedness property, it contains at least one left source edge, one
right source edge, one top sink edge and one bottom sink edge. Now if E contains at least two
left source edges (the other cases are symmetric), then the weight of E is at least 5N?; however,
by definition,

Cr=4N?+(n—1)N+n—1<4N? + nN +nN < 5N?

as N = 3n > 2n, a contradiction. J

In the following, we let p;, be the left vertex incident to the left source edge in E and gj,
be the right vertex incident to the right source edge in E.

Claim 5.4. For every j € [n—1], E contains ezxactly one (up or down) edge with one endvertex
on row j and one endvertexr one row j + 1. In particular, E contains exactly n — 1 up/down
edges.

Proof. First note that if there exists j € [n — 1] such that E contains no (up or down) edge
with one endvertex on row j and the other endvertex on row j + 1, then either j; < j in which
case pj, cannot reach p in F, or j; > j in which case p;, cannot reach ¢ in F, a contradiction in
both cases to the connectedness of E. Thus, for every j € [n — 1], E contains at least one (up
or down) edge with one endvertex on row j and the other endvertex on row j + 1; in particular,
E contains at least n — 1 up/down edges. Now if E contains at least n up/down edges then by
Claim 5.3, the weight of E is at least 4N? + n.N; however, by definition,

Cr=4N?*+(n—1)N+n—1<4N?+ (n—1)N +n <4N? 4 nN
as N = 3n > n, a contradiction. J
Claim 5.5. E contains exactly n — 1 left/right edges.

Proof. Observe first that for every i € [n — 1], E contains at least one (left or right) edge with
one endvertex on column ¢ and the other endvertex on column ¢ 4+ 1: indeed, if this were not
the case for some i € [n — 1], then every path in CG,[E] from p;, to p would be edge-disjoint
from every path in CG,[E] from g, to p and thus, £ would contain at least two top sink edges,
a contradiction to Claim 5.3. Hence, for every i € [n — 1], E contains at least one (left or right)
edge with one endvertex on column 7 and the other endvertex on column ¢ + 1; in particular,
E contains at least n — 1 left /right edges. Now if E contains at least n left /right edges then by
Claims 5.3 and 5.4, the weight of E is at least 4N2 + (n — 1)N +n > C, a contradiction.
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Now by Claims 5.3, 5.4 and 5.5, X has weight exactly C}; we next show that j; = j2 which
would imply that E represents j;. Suppose to the contrary that jo < j; (the case where jo > j;
is symmetric). By Claim 5.4, E contains exactly one edge e with one endvertex on row js and
one endvertex on row jp + 1; but then, either e is an up edge in which case p;, cannot reach
q in E, or e is a down edge and gj, cannot reach p in F, a contradiction in both cases to the
connectedness of £ which concludes the proof. O

Down Main Gadget. Given an integer n > 0, the down main gadget dM Gg represents a set
S C [n] x [n]* and is constructed as follows. It is an edge-weighted planar digraph consisting of a
2n x n? grid, where the vertex lying at the intersection of column i and row j is denoted by Tijs
and 6n additional vertices f1,...,0n, 04, .. 0L 11, oo Ty Ty Tyt ooty b1y .. by The
adjacencies and edge weights are defined as follows (we fix M = 13n?).

e Source edges: for every i € [n], there is an edge (t;,%;,2). Together these edges are called
source edges. The weight of each such edge is set to M?>.

e Bottom sink edges: for every i € [n], there is an edge (2,+i1,b;). Together these edges
are called bottom sink edges. The weight of each such edge is set to M?°.

o Left sink edges: for every j € [n], there is an edge (5;-,6]-) whose weight is set to Mj.
Together these edges are called left sink edges.

e Right sink edges: for every j € [n], there is an edge (r;-, r;) whose weight is set to M2 — M.
Together these edges are called right sink edges.

o Left internal sink edges: for every j € [n] and every (j —1)n+1 < p < jn, there is an edge
(x1,p, €;) whose weight is set to p — (j — 1)n. For every fixed j € [n], these edges together
are called the j¥ left internal sink edges.

e Right internal sink edges: for every j € [n] and every (j — 1)n+ 1 < p < jn, there is an
edge (w2n,p, ;) whose weight is set to n+1— (p— (j — 1)n). For every fixed j € [n], these
edges together are called the j* right internal sink edges.

e Right bridge edges: for every j € [n] and every (j — 1)n+ 1 < p < jn, there is an edge
(Tnp, Tni1p)- For every fixed j € [n], these edges together are called the j right bridge
edges. The weight of each j** right bridge edge is set to M*.

e Downward bridge edges: for every j € {pn+1 | p € [n — 1]} and every i € [2n], there is
an edge (z;,xi;—1). For every fixed j € {pn+1 | p € [n — 1]}, these edges together are
called the j** downward bridge edges. The weight of each j** downward bridge edge is set
to M3.

e Down edges: for every i € [2n], every j € [n] and every (j — 1)n+2 < p < jn, there is an
edge (zip, xip—1). Together these edges are called down edges. The weight of each such
edge is set to 4.

e Right edges: for every j € [n], every (j—1)n+1 < p < jnand every jn+1—p < g <2n—1
such that ¢ # n, there is an edge (4, g+1,p). Together these edges are called right edges.
The weight of each such edge is set to 4.

o Left edges: for every j € [n], every (j—1)n+1<p<jn—1andevery 2 <gq < jn+1—p,
there is an edge (2qyp,zq—1,p). Together these edges are called left edges. The weight of
each such edge is set to 4.

e Shortcut edges: for every s = (i,7) € S, we introduce two shortcut edges e, e’ as follows.
Set p = jn + 1, then

— subdivide the edge (2; p+1-4, Tip—i) by adding a vertex y; ; and the edge (2; p4+1—i, ¥i ;)
(of weight 3) with the edge (v, ;, Zip—i) (of weight 1);
— subdivide the edge (244 p—i, Tntip—1—i) by adding a vertex z; ; and the edge (xn+ip—i,
zi ;) (of weight 3) with the edge (z; j, Zn4ip—1-i) (of weight 1).
The introduced edges are called down subdivided edges. Then

“Recall that, by assumption, 1 < z,y < n holds for every (z,y) € S.
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— el = (Yi,j, xi—1,p—i) and its weight is set to 2;
T

— e} = (2ij, Tnyit1,p—i) and its weight is set to 2.

The edges €’ are called left shortcut edges and the edges e are called right shortcut edges.
This concludes the construction of the down main gadget dM G (see Figure 14 for an illustration
of the down main gadget with n = 4 representing S = {(2,2),(2,3),(3,2)}). In the following, we
call the vertices ¢1, ..., £, the left vertices, the vertices r1,...,r, the right vertices, the vertices

t1,...,t, the top vertices and the vertices by, ..., b, the bottom vertices. Furthermore, we set
M} =2M° + M* + (n — 1)M3 + M? + (4n + 1)(n + 1) — 12.

We further let V; = {z;; | 1 <i<nand1<j<n?}U{y,;| (i,5) €S}, Vi={zij|n+1<
i <2nandl < j < n?tU{z; | (i,j) € S} and for every j € [n], V; = {;p, | 1 < i <
2n and (j — 1)n+ 1 < p < jn}. Note that, by construction, the following holds.

Observation 5.6. For every j € [n| and every x;, € V; NV, the following holds.
o Ifn+1—i>p—(j—1)n then ;) cannot reach a vertex xy y € Vi such thatn+1—1i' <
f .
p =0 —1n
o Ifn+1—i<p—(j—1)n then x;, cannot reach a vertex x; , € V; such that i’ <i and
P—G-—-1n>n+1—i.

A set E C E(dMGyg) satisfies the connectedness property if the following hold in E:

e a top vertex can reach a bottom vertex;

e a top vertex can reach a right vertex;

e a top vertex can reach a left vertex.
A set E C E(dMGg) satisfying the connectedness property represents a pair (i, ) € [n] x [n] if
the only source edge in F is the one incident to t;, the only bottom sink edge in E is the one
incident to b;, the only left sink edge in £ is the one incident to ¢; and the only right sink edge
in E is the one incident to 7; (see Figure 14 for a set of edges representing (2, 2)).

Lemma 5.7. For anyn > 0 and any S C [n]| X [n], the down main gadget AMGg satisfies the
following properties.
(1) For every (i,j) € S, there exists a set E; ; C E(dMGg) of weight M representing (i, 7).
(2) If there exists a set E C E(dMGg) of weight at most M} satisfying the connectedness
property, then E has weight exactly M and represents a pair (i,7) € S.

Proof. To prove (1), it suffices to take E; ; to be the union of the following set of edges:
o {(tisTim2), (Tntin, 0i), (w0 gnt1-is £5)s (55 45)s (T2n41,jnt1—i575), (75 75) 15
b {(xi,pyxi,p—l) ’ Jjn+2—-1<p< TLQ} U {(xn—l-i,paxn—i-i,p—l) ‘ 2<p<jn+1- Z}a
o {(@pgnri-isTp-1gnr1-i) | 1< p<i—11U{e ks
o {(zpjn+1-isTprijn+1—i) | i <p<2nandp#n+i}U {ezz‘,j)}‘
It is not difficult to see that E; ; represents (4, j) and has weight M.

Next, suppose that E C E(dMGg) is a set of weight at most M* satisfying the connectedness
property. Let us show that E has weight exactly M, and represents some (i,5) € S. To this
end, we first prove the following claims.

Claim 5.8. E contains exactly one source edge and one bottom sink edge.
Proof. Since F satisfies the connectedness property, it contains at least one source edge and one

bottom sink edge. Now if E contains at least two source edges, then the weight of F is at least
3M?°; however, by definition,

M} =2M° + M* + (n — 1)M? + M* + (dn+ 1)(n + 1) — 12
< 2MP + n M 4+ n?M* + n?M* + 90’ M* < 3M°P
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Figure 14: The down main gadget dM Gg with n = 4 representing S = {(2,2),(2,3),(3,2)} (the
red edges are the shortcut edges). A set of edges representing (2,2) is highlighted.
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as M = 13n? > 12n?, a contradiction. We conclude similarly if £ contains at least two bottom
sink edges. r

In the following, we let ¢;, be the top vertex incident to the source edge in E and b;, be the
bottom vertex incident to the bottom sink edge in E.

Claim 5.9. E contains exactly one right bridge edge.

Proof. Since t;, can reach b;, in E/, E/ contains at least one right bridge edge. Now if E contains
at least two right bridge edges then by Claim 5.8, the weight of E is at least 2M° + 2M*;
however, by definition,

M} =2M° + M*+ (n — 1)M? + M* + (dn+ 1)(n + 1) — 12
< 2MP 4+ M* + n’M* + n?M* + on?M*
< 2M° + 2M*

as M = 13n? > 11n2, a contradiction. J

Claim 5.10. For every j € [n — 1], E contains exactly one j" downward bridge edge. In
particular, E contains exactly n — 1 downward bridge edges.

Proof. Since t;, can reach b;, in E, E contains at least one j** downward bridge edge for every
j € [n—1]. Now if E contains at least n downward bridge edges then by Claims 5.8 and 5.9,
the weight of F is at least 2M° 4+ M* + nM?3; however, by definition,

M} =2M° + M*+ (n— 1)M> + M* 4 (4n + 1)(n + 1) — 12
< 2MP 4+ M* + (n — 1) M3 + n*>M? + 9n>M?
< 2MP + M* + nM3
as M = 13n? > 10n?, a contradiction. g

Since F satisfies the connectedness property, it contains at least one left sink edge (4‘1»@‘1)
and at least one right sink edge (T;Q,rh); we next show that E contains in fact no other left or
right sink edge.

Claim 5.11. It holds that j1 = jo. Furthermore, E contains a j{h right bridge edge.

Proof. Towards a contradiction, suppose that j; # jo. Assume first that j; < jo and let P be
a path from t;, to rj, in dMGg[E]. Then P must contain a j* right bridge edge e for some
J > j2, and since E contains exactly one right bridge edge by Claim 5.9, it follows that every
path in dMGs[E] from t;, to b;, contains e. But t;, can reach ¢;, in E as well and so, E must
contain at least n — j downward bridge edges for ¢;, to reach the tail of e, plus j — 1 downward
bridge edges for the head of e to then reach b;,, plus j — j; downward bridge edges for ¢;, to also
reach /;,, a contradiction to Claim 5.10. Suppose next that jo < ji. Then since F contains the
edge (£}, ¢;,) and the edge (r7,,75,), it follows from Claims 5.8, 5.9 and 5.10 that the weight of
E is at least 2M° + M* + (n — 1) M3 + Mj1 + M? — Mjo > 2M> + M* + (n — 1)M3 + M? + M.
However, by definition,

M} =2M° + M*+ (n — 1)M? + M* + (dn+1)(n + 1) — 12
< 2M5 + M* + (n — 1)M® 4+ M? 4 9n?
<2MP 4+ MY+ (n—1)M> + M?> + M

as M = 13n% > 9n?, a contradiction. Thus, j; = jo and by arguing as above, we can show that
F must then contain a jfh right bridge edge. a
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In the following, we say that a path P in dMGg crosses a row j it V(P)N{x; ;| i € 2n]} # 0
and that P crosses a column i if V(P) N {x;; | j € [n?]} # 0. Furthermore, we define
e a 2d-move to be the union of two down subdivided edges e, ¢’ such that the head of e
coincides with the tail of €;
e a dl-move to be the union of a down subdivided edge e and a left shortcut edge ¢’ such
that the head of e coincides with the tail of €;
e a dr-move to be the union of a down subdivided edge e and a right shortcut edge €’ such
that the head of e coincides with the tail of €.
For convenience, we also call
e a right edge an r-mowve,
e a left edge an ¢-movwe,
e a down edge a d-move and
e a downward bridge edge a Db-mowve.
Note that no dr-move is possible in dMGg[V;] and that no z-move with = € {d/, ¢} is pos-
sible in dMGg[V,;]. Furthermore, for any = € {2d,r,¢,d}, the weight of an x-move is 4
and for any = € {dr,dl}, the weight of an z-move is 5. Given a path P of dMGg and
x €{2d,dl,dr,r,¢,d, Db}, we let m(P,x) be the number of z-moves in P.

Let (x1,y,£5,) be a jih left internal sink edge contained in E (recall that ¢; € V(E)).
Further let x;, j,, be the head of the jfh downward bridge in E if j; < n — 1 (recall that by
Claim 5.10, E contains exactly one such edge) and the head of the source edge in E otherwise

(note that in this case ig = 41). Since x;, j,n can reach xy j,, the following holds.
Observation 5.12. jo— (j1 — 1)n < n+ 1 — 1.

Now by connectedness of E, there exists a path P! in dMGg[E] from the head of the source
edge in E to z;, j,n; we next lower bound the weight of P?.

Claim 5.13. The weight of P! is at least (n — j1)M3 + 4(n — 1)(n — j1) + |i1 — o]

Proof. Observe first that since by Claims 5.9 and 5.11, E contains one jfh right bridge edge and
no other right bridge edge, necessarily iy < n. Now P! must cross every row jin < j < n? and
thus,

m(Pt, Db) + m(P*,d) + m(P!,2d) + m(P*,dl) = n? — jin.

By Claim 5.10, P! contains exactly n — j; downward bridge edges, that is, m(P!, Db) = n — jj.
We next distinguish cases depending on whether i1 < iy or i1 > ig. Suppose first that i; < 4.
Then since P! must cross every column iy < i < ig, m(P?,r) > ig—iy. It follows that the weight
of P! is at least

M3m(Pt, Db) + 4m(P*,d) + 4m(P?,2d) + 5m(P*,dl) + 4m(P,r)

(
(

= (n — j1)M?> + 4m(P*,d) + 4m(P?*,2d) + 5m(P*,dl) + 4m(P*,r)
> (n— j1) M3 + 4(m(P*,d) + m(P!,2d) + m(P*,dt)) + 4(ip — i1)
> (n— ji)M® +4(n* — jin — (n — j1)) + 4(io — i1)

> (n—j1)M® +4(n — 1)(n — j1) + (io — i1)

Second, suppose that i; > ig. Then since P! must cross every column ig < i < i1,
pp Yy

m(P,0) + m(Pt, dl) = m(Pt,r) + i1 — ig
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and so, the weight of P? is at least

M3m(P*, Db) + 4m(P',d) + 4m(P",2d) + 5m(P", dt) + 4m(P', £) + 4m(P',r)
= (n — j1)M?> + 4m(P*,d) + 4m(P?,2d) + 5m(P*,dl) + 4m(Pt, £) 4+ 4m(P*,r)
> (n—j1) M3 +4(n* — jin — (n — j1)) + m(Pt, d0) + 4m(Pt, ) + 4(m(P*, ¢)
+m(P*,dl) — (iy —ip))

> (n — j1)M? +4(n — 1)(n — j1) + 5m(P', dl) + 8m(P", £) — 4(i1 — io)
> (n— j1)M? +4(n — 1)(n — j1) + 5(m(P",dl) +m(P',£)) — 4(i1 — io)
> (n— ji)M?® +4(n — 1)(n — j1) + (i1 — io)
as m(Pt, dl) + m(P* £) > iy — ip which proves our claim. 4

Let (o, r7,) be a jih right internal sink edge contained in E (recall that r;, € V(E) and

jo = j1 by Claim 5.11). Further let Tyt (j1—1)n+1 e the tail of the (j1 — 1)"" downward bridge
in E if j; > 1 (recall that by Claim 5.10, E contains exactly one such edge) and the tail of
the bottom sink edge contained in F otherwise (note that in this case i(, = n + i2). Then by
connectedness of E, there exists a path P in dMGg[E] from T (j1-1)nt1 to the tail of the

bottom sink edge in F; we next lower bound the weight of P?.
Claim 5.14. The weight of P® is at least (j1 — 1)M3 +4(n — 1)(j1 — 1) + 4(n + iz — i).
Proof. Observe first that since by Claims 5.9 and 5.11, E contains a j{h right bridge edge and

no other right bridge edge, necessarily i(, > n + 1. Furthermore, since dMGg[V;] contains no
edge r-move, the following holds.

Observation 5.15. ij < n + is.

Now PP must cross every column i6 < i <n+izand every row 1 < j < (51 — 1)n + 1; thus
m(P?, Db) +m(P°,d) + m(P° 2d) = (j1 — 1)n and m(P® r) + m(P°,dr) = n + iy — ij.

Since by Claim 5.10, P’ contains exactly j; — 1 downward bridge edges, it follows that the
weight of PP is at least

M3m(PP, Db) + 4m(PP, d) + 4m(P°,2d) + 4m(P®,r) + 5m(P®, dr)
= (j1 — D)M? + 4(m(P°,d) + m(P®,2d)) + 4m(P° r) + 5m(P°, dr)
(1 = DM? +4((G1 — Dn = (1 — 1)) + 4(m(P",7) + m(P, dr))

>
> (1 — )M +4(j1 — 1)(n — 1) + 4(n + iz — if)

which proves our claim. N

Let z,41,; be the head of the 4" right bridge edge in E (recall that by Claims 5.9 and
5.11, E contains exactly one jfh right bridge edge and no other right bridge edge). Then by
connectedness of E, there exist in dMGg[E] a path P and a path P’ from z;, j,» to z1, and
from z; j,n to x, s respectively; we next lower bound the weight of P U P’. To this end, denote
by x;p the last vertex in V(P) belonging to V/(P’) N'V},.

Observation 5.16. max{t,jo} <t andn+1—1¢ <t' — (j1 — 1)n.

Indeed, since ¢ can reach both z1;, and x4, t' > jo and t' > t. Now if n +1—4¢ >
t" — (j1 — 1)n then by Observation 5.6, z;  cannot reach zp,¢ ast— (j1 —1)n >1=n+1—mn,
a contradiction.
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Observation 5.17. ig < ¢'.

Indeed, if ig > ¢’ then, in particular, 79 > 1 and so, n +1 —ig < n = j1n — (41 — D)n; but
then, by Observation 5.6, ;, j,» cannot reach x; p asn+1—ig <n+1—14i <t'—(j;1 —1)n by
Observation 5.16, a contradiction.

Claim 5.18. The weight of P U P’ is at least
A(n — 1) +4(t" —t) +4(j1n — jo) + 4(i" —io) — 3(p1 +m(P,d¢))
where

by — { 1 if (i',j1) €8, e, € E(P) and w1 € V(P')

0 otherwise.

Proof. Denote by e the down or down subdivided edge with tail x; ; (note that e is a down
subdivided edge if and only if (i,j1) € S). Then by definition of zy 4, the weight of P U P’
is at least the sum of the weights of P’ and P[z; y, 1 ,] minus the weight of e whenever
(¢',71) € S and e € E(P') N E(P[zy y,x1,j,]). Let us therefore lower bound the weights of P’
and P[.%'i/,t/, ml,jo]'

First note that since for any left shortcut edge f with head z, 4 € Vj, it holds that n+1—p >
q— (j — 1)n, zp4 cannot reach any vertex x, o € Vj such that n+1—p' < ¢ — (j —1)n by
Observation 5.6. Further note that since the tail of f can only be reached through x,_1,-1
where n+1—(p—1) < (¢g—1)—(j —1)n, no vertex o € Vj such that n+1—p' > ¢ —(j—1)n
can reach the tail of f by Observation 5.6. It follows that P’ and P|z;, j n,Zi ] contain no left
shortcut edge (recall that n+1—1¢ <t' — (j1 — 1)n by Observation 5.16) and that Plz; 4, 1 j,)
contains at most one left shortcut edge, that is, the following holds.

Observation 5.19. m(P’,dl) = m(P|xiy j,n, Ti ¢],dl) = 0 and m(P,dl) € {0,1}.
Now P’ must cross every row t < j < jin and Pz y,z1 ] must cross every row jo < j <t/
(recall that max{t, jo} <t by Observation 5.16); thus
m(P’,d) +m(P',2d) = jin — t and
m(Plxi p.214o), d) + m(Plzy p .1 o], 2d) + m(Plzy p .14, ], dl) =t — jo.
Similarly, P’ must cross every column iy < ¢ < n and Plxy ¢, 1 j,] must cross every column
1 < <4 (recall that ig < ¢ by Observation 5.17); thus
m(P' 0) +m(P',r) > n — iy and
m(Plzi p.214o), £) + m(Plzy p.1 ], dl) > i — 1.
Now note that p; = 1 if and only if (¢/, j1) € S and e belongs to both P and P[z; , 1 j,]: indeed,
if p; = 1 then clearly (i/,j1) € S and e € E(P)NE(P[zy v, x1,,)). Conversely, if (7', j1) € S and
e belongs to both P and P[z; v, x1 j,] then since by definition of x; y, ;7 p_1 cannot belong to

both P’ and Plx; y,x1j,], and P’ contains no left shortcut edge by Observation 5.19, it must
be that P’ contains xy p—1 while Play y, 1 4,] contains the left shortcut edge e‘(zi, 1) that is,

p1 = 1. It follows that the weight of P U P’ is at least
( ( ) -+ m(P’, 2d)) + 4(m(P’, 6) + m(P’, 7’)) + 4(m(P[xi/’t/.x1’j0], d) + m(P[a:,y’t/.:cho], Qd))
+ 5(m(P [iUz' v-215o], db) = p1) + 2p1 + Am(Plzy v .21 5], €)
> 4(jin —t) + 4(n —io) + 4" — jo) + m(Plzy p.21,5), dl) — 3p1
+ 4 -1 - m( Pz p.1 4], dl))
> 4(n—1)+ 4 —t) + 4(jin — jo) + 4(7" — i0) — 3(p1 + m(Pzy p.21j, ), dl))
which proves our claim as m(P[zy .21, dl) = m(P,dl) by Observation 5.19. 4
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Note that if p; = 1 then, since zy_1 1 € V(P) can reach xy, and zypy_1 € V(P') can
reach x, ¢, the following holds.

Observation 5.20. Ifp; =1 then jo <t' —1 and t <t — 1.

Now by connectedness of E, there exist in M Gg[E] a path @ and a path Q' from z, 41 to
Ty (j1-1)nt1 and from 41, to Ton,j;, respectively; we next lower bound the weight of QUQ .
To this end, denote by x;»» the last vertex in V(Q’) belonging to V(Q) N'Vj,.

Claim 5.21. The weight of Q U Q' is at least
A(n —2) +4(ig — ") + 4" — jo) +4(t — (j1 — 1)n) — 2po

where
1 Zf (Z’” - n, ]1) S S (I’I”Ld Eg//_nj S E(Q/),
p2 = . 1
0 otherwise.

Proof. First note that since 41, can reach x;» 4, and x;» ;» can reach both Top g, and Ty () —1)n+1,
the following holds.

Observation 5.22. jj <" <t andi" <.

Now denote by e the down or down subdivided edge with tail z;» s+ (note that e is a down
subdivided edge if and only if (i —n, j1) € S). Then by definition of z;» 4, the weight of QU Q’
is at least the sum of the weights of @ and Q' [.ﬁi//’t//,xgn’jé] minus the weight of e whenever
(" —mn,j1) € S and e € E(Q) N E(Q'[xir 1, ¥anj1]). Let us therefore lower bound the weights
of @ and Q/[ﬂfz‘”,t’u@n,g‘g]-

Since @ must cross every row (j1 —1)n+1 < j <t and Q’'[z;» 4, $2n’j6] must cross every
row ji < j < t” (recall that jj < ¢” <t by Observation 5.22), it follows that

m(Q,d) +m(Q,2d) =t — ((j1 — 1)n+ 1) and

m(Q'[wir v, T ji |, d) +m(Q' [wim pr, Tap 1], 2d) =" — jg.
Similarly, @ must cross every column n + 1 < i < i and Q' [a;iu’tu,x%,jé] must cross every
column 7" < i < 2n (recall that i < i by Observation 5.22); thus

m(Q,r) +m(Q,dr) =ij — (n+ 1) and

m(Q'[wim g, Top o], 7) + m(Q [wim v, oy ], drr) = 20 — "
Now note that p, = 1 if and only if (i” — n,j1) € S and e belongs to both @ and @Q’: indeed,
if po = 1 then by definition (i —n,ji1) € S, e € E(Q’) and 11 € V(Q') which implies,
by definition of x;» ,, that x; 41, ¢ V(Q) and so, e € E(Q). Conversely, if (i —n,ji1) € S
and e belongs to both @ and @’ then, by definition of z;» 4, it must be that x;» ;»_; belongs to
one of @ and Q" while x;»;1 4~ belongs to the other. However, if ;71 4# belongs to @ (and so,

xin 1 € V(Q')) then, since @ crosses row (j; —1)n+ 1 and Q' crosses column 2n, necessarily

Qlxiny1 ., xié,(jl,l)nﬂ] NQ [wim 1, LL‘QTLJB] NVj, # 0, a contradiction to the definition of @ 4.

Thus, z;414 € V(Q') and so, e&,,_nyt,,) € E(Q’), that is, po = 1. It follows that the weight of
QU@ is at least
4(m(Q, d) + m(Q,2d)) + 4m(Q,r) + 5m(Q, dr) + 4(m(Q'[x» 4, xQn,j{)], d)

+ m(Q' [y, wap gy, 2d)) +4m(Q [wir g, o iy, 7) + B(M(Q [ g, T gy ), drr) — p2) + 2po

> 4t — (1 — 1)n + 1)) + 40m(Q 1) + m(Q,dr)) + 4(¢" — j§) +4(2n — )

+ m(Q,[$i”,t”,$2n7j()]v dr) — 3pz

> 4t — ((j1 — Dn+1)) +4(if — (n + 1)) + 4(¢" — jo) + 4(2n — ")

+ m(Q’[xiu,tu,:z:Qn,jé], dr) — 3pa

> A(n — 2) + Ay — ") + A" — j) + 4t — (j1 — )n) — 2po
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which proves our claim. a
In the following, we write jo = (j1 — 1)n + po and j) = (j1 — 1)n + p{, and further let
W = i1 —ido| +4(n+ i — ") +4(" —do) + 4(t" — jo) + 4(t" — j35) — (8 + 3(p1 + m(P, dl)) + 2p2).

Observe that by Claims 5.13, 5.14, 5.18 and 5.21, the weight of the union of P, P’ P, P’ Q and
Q' is at least
(n—1)M> +4n(n+1) + W

and so, by Claims 5.8, 5.9, 5.10 and 5.11, the weight of F is at least
IM® + M* + (n — 1)M3 + M? + (4n+ 1)(n+ 1) + po — py + W. (2)

Claim 5.23. The following hold.
(1) i1 = 19 and (il,jl) €S.
(2) W = =12 and py = pj.

Proof. Since the weight of F is at most M, it follows from Equation (2) that
M} =2M° + M*+ (n — 1)M3 + M? + (4n + 1)(n + 1) — 12
> 2M° + M* + (n — 1)M3 + M? 4 (4n + 1)(n + 1) + po — py + W.
Thus, by definition of W,

Po — Py + i1 —do| +4(n +ig — ") + 4" —io) + 4t — jo) + 4" = 5)
< =4+ 3(p1 +m(P,dl)) + 2p2 (3)
<4

as p1,p2 € {0,1} by definition and m(D,dl) € {0,1} by Observation 5.19. Now suppose to
the contrary that pj > po or, equivalently, that j), > jo. Then since ¢’ > ¢t > t" > jj by
Observations 5.16 and 5.22, pj — po = jj — jo < t' — jo and so,

Po — p6 + 4(t/ — ]0) + |i1 — i0| + 4(n + 19 — 7;”) + 4(2, — io) + 4(t” — ]6)
> 3(75’ — ]0) + ”L'l — io’ + 4(TL + 19 — i”) + 4(1, — ’L'o) + 4(75” — j(,))

But n+iy > 4", 7' > ig and ¢’ > ¢” > j{ > jo by Observations 5.15, 5.16, 5.17 and 5.22, hence
3(t/ - jo) + |i1 — i0| + 4(7”L + 19 — i”) + 4(i/ — io) + 4(15” — ]6) > 3.

It then follows from Equation (3) and the above that py = m(P,df) = ps = 1 and ' = jo + 1;
however, by Observation 5.20, if p; = 1 then ¢’ > ¢ + 1 and so, by Observation 5.16, jj <t <
t' — 1 = jo, a contradiction. Thus, pyp > p; and so,

po — Py + i1 — do] +4(n + i — i) +4(i" —io) + 4t — jo) + 4" — j)) >0 (4)
by Observations 5.15, 5.16, 5.17 and 5.22. Now suppose for a contradiction that p; = 0. Then
by Equation (3),

po — 1o + lin — ol +4(n + iz — ") + 4(i' —io) + 4(t' — jo) +4(t" — jp) <1

and so, by Observations 5.15, 5.16, 5.17 and 5.22, we must have n+ iy = i", t' = jo, t" = jj and
io = i'. But then, by Observations 5.12 and 5.16, pg = n + 1 — ig which implies that P contains
no left shortcut edge as t' = jg; thus, by Equation (3),

po — Py + i1 — do| + 4(n +dg — i) + 4(¢" — i) + 4(t' — jo) + 4(t" — jo) < -2,
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as m(P,dl) = 0, a contradiction to Equation (4). Hence, p; = 1 and so, m(D,dl) =1 as well.
Now by Observation 5.20, t' > jo + 1 and so, by Equation (3),

4 <At —jo) < po—ph+ i1 —do| +4(n +ig — ")+ 4" —ig) + 4t — jo) + 4" — j)) < 2+ 2po.

Therefore, po = 1 and t' — 1 = jo = j{ =t", i1 = iop = ¢’ and n + iy = i by Observations 5.15,
5.16, 5.17 and 5.22; in particular, W = —12. Now since p; = 1, (i/,j1) € S by definition and
so, t' = jin + 2 — i’ by construction; and since ps = 1, (i — n,j1) € S by definition and so,
t" = jin+1—(i" —n) by construction. Ast' —1 =1t", ¢ =iy and is = i — n, we conclude that
i1 = 19 and (il,jl) €8S. 1

It now follows from Claims 5.11 and 5.23(1) that E represents the pair (i1,71) € S; and by
combining Equation (2) with Claim 5.23(2), we conclude that the weight of E is at least M}
and thus exactly M* which completes the proof. O

Up Main Gadget. Given an integer n > 0, the up main gadget uMGg represents a set
S C [n] x [n]® and is constructed as follows. It is an edge-weighted planar digraph consisting of
a 2n x n? grid, where the vertex lying at the intersection of column i and row j is denoted by
z;j;, and 6n additional vertices £1,...,0n, 0, ... 0 "1, o Tn, Ty Thu b, ooty D1y by
The adjacencies and edge weights are defined as follows.

e Source edges: for every i € [n], there is an edge (b;, p441). Together these edges are
called source edges. The weight of each such edge is set to M?.

o Top sink edges: for every i € [n], there is an edge (w;,.2,t;). Together these edges are
called top sink edges. The weight of each such edge is set to M?.

o Left sink edges: for every j € [n], there is an edge (5;-,6]-) whose weight is set to Mj.
Together these edges are called left sink edges.

e Right sink edges: for every j € [n], there is an edge (r;-, r;) whose weight is set to M2 — Mj.
Together these edges are called right sink edges.

o Left internal sink edges: for every j € [n| and every (j — 1)n+ 1 < p < jn, there is an
edge (wlyp,ﬁz-’) whose weight is set to p — (j — 1)n. For every fixed j € [n], these edges
together are called the j** left internal sink edges.

e Right internal sink edges: for every j € [n] and every (j — 1)n+ 1 < p < jn, there is an
edge (w2n,p, 7}) Whose weight is set to n+1— (p— (j — 1)n). For every fixed j € [n], these
edges together are called the j* right internal sink edges.

o Left bridge edges: for every j € [n], and every (j — 1)n + 1 < p < jn, there is an edge
(Tp41p, Tnp)- For every fixed j € [n], these edges together are called the j* right bridge
edges. The weight of each j* left bridge edge is set to M*.

e Upward bridge edges: for every j € {pn | p € [n — 1]} and every i € [2n], there is an edge
(zij,2i+1). For every fixed j € {pn | p € [n—1]}, these edges together are called the j*
upward bridge edges. The weight of each j** downward bridge edge is set to M3.

e Up edges: for every i € [2n], every j € [n] and every (j — 1)n+ 1 < p < jn — 1, there is
an edge (z;p, Tip+1). Together these edges are called up edges. The weight of each such
edge is set to 4.

o Left edges: for every j € [n], every (j—1)n+1<p<jn—1andevery 2 <gq<jn+1—p,
there is an edge (x4,p, 4—1,); and for every j € [n], every (j —1)n+1<p <jn—1 and
every 2 < ¢ < n, there is an edge (xi,p,xi_l,p. Together these edges are called left edges.
The weight of each such edge is set to 4.

e Right edges: for every j € [n], every (j—1)n+2 < p < jnand every jn+1—p < g <n-—1,
there is an edge (Zyn1q,p, Tntq+1,p). Together these edges are called right edges. The weight
of each such edge is set to 4.

"Recall that, by assumption, 1 < x,y < n holds for every (z,y) € S.
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e Shortcut edges: for every s = (i,7) € S, we introduce two shortcut edges e,

Set p = jn + 1 then
— subdivide the edge (; ,—i, Zipt+1—i) by adding a vertex y; ; and the edge (z;p—i, ¥i ;)
(of weight 3) with the edge (yi,j, Zipt+1—i) (of weight 1);
— subdivide the edge (n+ip—1—i, Tntip—i) by adding a vertex z; ; and the edge
(Tnip—1—i, 2i,j) (of weight 3) with the edge (2; ;, Tntip—i) (of weight 1).
The introduced edges are called down subdivided edges. Then
— el = (Yi,j, xi—1,p—i) and its weight set to 2;
— e} = (2ij, Tnyit1,p—i) and its weight set to 2.
The edges ¢!, are called left shortcut edges and the edges e are called right shortcut edges.
This concludes the construction of the up main gadget uM Gg (see Figure 15 for an illustration
of the up main gadget uMGg with n = 4 representing S = {(2,2),(2,3),(3,2)}). We call the
vertices {1, ..., ¢, the left vertices, the vertices r1,...,r, the right vertices, the vertices t1,...,t,
the top vertices and the vertices by, ..., b, the bottom vertices.

e’ as follows.

A set E C E(uMGg) satisfies the connectedness property if the following hold in E:

e a bottom vertex can reach a top vertex;

e a bottom vertex can reach a left vertex;

e a bottom vertex can reach a right vertex.
A set E C E(uMGg) satisfying the connectedness property represents a pair (i,j) € [n] x [n]
if the only source edge in E is the one incident to b;, the only top sink edge in E is the one
incident to t;, the only left sink edge in F is the one incident to ¢; and the only right sink edge
in £ is the one incident to r; (see Figure 15 for a set of edges representing (2,2)). Symmetrical
to Lemma 5.7, we have the following.

Lemma 5.24. For any n > 0 and any S C [n] x [n], the up main gadget uMGg satisfies the
following properties.
(1) For every (i,j) € S, there exists a set E; j; C E(uMGyg) of weight M representing (i, ).
(2) If there exists a set E C E(uMGg) of weight at most M) satisfying the connectedness
property then E has weight exactly M) and represents a pair (i,j) € S.

Reduction. Given an instance (k,n,{S;; | i, € [k]}) of GRID TILING, we construct an
equivalent instance (G, T, D) of (edge-weighted) PLANAR A;-STEINER NETWORK where G is
defined as follows (see Figure 16).

e We introduce a total of k? (down/up) main gadgets and k(k + 1) connector gadgets.

e For every set S;; of the GRID TILING instance such that 7 is odd, we introduce an up
main gadget uMG; ; representing S; ;. The up main gadget uMG; ; is surrounded by
two connector gadgets: CG; ; lying to its left and C'Gj4q ; lying to its right. We identify
each right vertex of C'G; ; with the left vertex of uMG;; of the same index, and each
left vertex of CG;11,; with the right vertex of uMG; ; of the same index. Furthermore,
for every j € [k — 1], uMG; ; lies above uM G} j4+1 and we identify each bottom vertex of
uMG; j with the top vertex of uMG; j41 of the same index.

e For every set S; ; of the GRID TILING instance such that 7 is even, we introduce a down
main gadget dM G| ; representing S; ;. The down main gadget dMG; ; is surrounded by
two connector gadgets: C'G; ; lying to its left and CGj41,; lying to its right. We identify
each right vertex of CG;; with the left vertex of dMG;; of the same index, and each
left vertex of C'G;11,; with the right vertex of dMG; ; of the same index. Furthermore,
for every j € [k — 1], dMG; ; lies above dMG; j;1 and we identify each bottom vertex of
dMG; ; with the top vertex of dMGj; j41 of the same index.

e We introduce k terminals ¢1,...,t; and add the following edges of weight 0: for every odd
i € [k], we add an edge from each top vertex of uMG;; to t; and for every even i € [k],
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Figure 15: The up main gadget uMGg with n = 4 representing S = {(2,2),(2,3),(3,2)} (the
red edges are the shortcut edges). A set of edges representing (2,2) is highlighted.

74



CG13 [ [ CGos ‘ | CGs 3 [ | CGy3
< 'LLMGLQ dMGZQ 'U;MG:J,’Q >

CGip [ 1 CGao ‘ | CG3o [ 1 CGyo
D R — D — R — «— R —

<iz D |uMGL| D |dMGaa| D |uMGsa| Z;>
— R —— —  —— — R ——

CGl,l CG4,1

T2

Figure 16: An illustration of the reduction from GRID TILING to PLANAR A;-STEINER NET-
WORK with k& = 3 (the black vertices are the terminals).

we add an edge from each bottom vertex of dM Gy, to t;.

e We introduce two vertices r; and ro and add the following edges of weight 0: there is an
edge from 7 to every terminal ¢; such that i € [k] is odd; for every even i € [k], there is an
edge from r; to every top vertex of dM G, 1; for every j € [k], there is an edge from r; to
every left vertex of CG j; and if k is odd then for every j € [k|, there is an edge from 4
to every right vertex of CGjy1 ;. Similarly, there is an edge from 72 to every terminal ;
such that 7 is even; for every odd i € [k], there is an edge from ry to every bottom vertex
of dMG, j; and if k is even then for every j € [k], there is an edge from r to every right
vertex of CGp41 5.

This concludes the construction of G. The set T of terminals consists of the union of the
two terminal vertices in each connector gadget and {ri,r2} U {t; | i € [k]} (note that |T| =
2k(k+1)+k+2). The demand graph D is the pure out-diamond on vertex set 7' where 1 and
ro are the two vertices of in-degree 0. In the following, we let

W= kM + k(k+1)C:.
Lemma 5.25. The GRID TILING instance (k,n,{S;; | i,j € [k]}) has a solution if and only if

the (edge-weighted) PLANAR A;-STEINER NETWORK instance (G, T, D) has a solution of weight
at most W.

75



Proof. Assume first that the instance (k,n,{S;; | i,j € [k]}) of GRID TILING has a solution,
that is, for every i,j € [k], there is an entry (z;;,v: ;) € Si; such that

o forevery i € [k], i1 =xi2 = ... =2, = a; and

o forevery j € [kl, y1; =%2,=...=Yrj = B

We construct a solution E for the PLANAR A;-STEINER NETWORK instance (G, T, D) of weight
at most W} as follows. Include in

e for every odd i € [k], the edge (r1,t;) of weight 0 and for every even i € [k], the edge
(ro,t;) of weight O;

e for every even i € [k], the edge from r; to the top vertex of index «a; in dMG; 1 of weight
0 and for every odd i € [k], the edge from ry to the bottom vertex of index «; in dMG
of weight 0;

e for every j € [k], the edge from 7 to the left vertex of index ; in CG1 ; of weight 0;

o if k is odd then for every j € [k], the edge from 71 to the right vertex of index f; in
CGly1,; of weight 0 and if k is even then for every j € [k], the edge from 75 to the right
vertex of 3; in CGj4q,j of weight 0;

e for every j € [k] and every i € [k], the set EZC] C E(CG; ;) of weight C}: representing 3;
whose existence is guaranteed by Lemma 5.2(1);

e for every j € [k] and every odd i € [k], the set E% C E(uMG; ;) of weight M representing
(cv, Bj) whose existence is guaranteed by Lemma 5.24(1); and

e for every j € [k] and every even i € [k], the set E% C E(dMG, ;) of weight M represent-
ing (o, Bj) whose existence is guaranteed by Lemma 5.7(1).

It is not difficult to see that the weight of E is k2M* + k(k + 1)C = W and that by the
connectedness of the sets Eg ; and EM for every i,j € [k] and p € [k + 1], 1 and 72 can reach
every terminal in 7'\ {r1,r2} in E.

Conversely, assume that the PLANAR A;1-STEINER NETWORK instance (G, T, D) has a so-
lution E of weight at most W,5. We contend that for every i € [k + 1] and every j € [k],
E N E(CG;;) satisfies the connectedness property. Indeed, if this is not the case for some
i € [k+1] and j € [k], say no left vertex of V(CG; ;) can reach the terminal p € V(CG; ;) in
E (the other cases are symmetric) then either i is even in which case ry cannot reach p in E,
or i is odd in which case r; cannot reach p in E, a contradiction in both cases. Similarly, the
restriction of E to any (down/up) main gadget satisfies the connectedness property: indeed, if
for some j € [k] and for some even i € [k] (we argue similarly if 4 is odd), E N E(dMG, ;) does
not satisfy the connectedness property, then either no top vertex of dMG; j can reach a bottom
vertex of dMG;; in E in which case rp cannot reach ¢; in E; or no top vertex of dMG; ; can
reach a left (or right) vertex of dMG; ; in E in which case rp (or r1) cannot reach the terminal
vertices of C'G; ; in E, a contradiction in both cases.

Next, we argue that the weight of the restriction of E to any connector gadget is C}; and
that the weight of the restriction of E to any (down/up) main gadget is M. To this end, let ¢
and C' be the number of connector gadgets whose weight in E is at most C}; and greater than
C}, respectively. Then ¢+ C = k(k + 1) and by Lemma 5.2(2), any connector gadget whose
weight in E is at most C}; has in fact a weight of exactly C in E. Similarly, let m and M
be the number of (down/up) main gadgets whose weight in F is at most M;* and greater than
M respectively. Then m + M = k% and by Lemmas 5.7 and 5.24, any (down/up) main gadget
whose weight in F is at most M;" has in fact a weight of exactly M in E. Now by definition of
Wy,

Wy = k*M;; + k(k+1)C;;
> mM; 4+ M(M +1) 4 ¢C + C(C: 4+ 1)
=k*M} + M + k(k+1)C: +C
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which implies that M = C = 0. Thus, every connector gadget has weight C} in E and every
(down/up) main gadget has weight M in E. From Lemmas 5.2(2), 5.7(2) and 5.24(2), it then
follows that

e for every j € [k] and every i € [k + 1], the restriction of E to the connector gadget CG; ;

represents an integer 5;‘,3' € [n];

e for every j € [k| and every even i € [k], the restriction of E to the down main gadget

dMG, ; represents a pair (a; j, (i ;) € [n] x [n]; and

e for every j € [k] and every odd i € [k], the restriction of E to the up main gadget uMG; ;

represents a pair (o, 8i;) € [n] % [n].

Let us show that for every i,j € [k] the entries (o, 5 ;) € S;; form a solution to the GRID
TILING instance (k,n,{S;; | i,j € [k]}) which if true, would conclude the proof. To this end, we
first prove that for every 4,5 € [k], 8; ; = Bi ;. Consider an even i € [k]. Then by Lemma 5.7(2),
the only left sink edge in £ incident to a left vertex of dM G ; is the one incident to the left
vertex of index f3; j; and by Lemma 5.2(2), the only right source edge in E incident to a right
vertex of CG; ; is the one incident to the right vertex of index j3; ;. Thus, if 3 ; # 5 ; then 7
cannot reach the terminal vertices of CG; ; in E, a contradiction. We conclude similarly if 4 is
odd.

Second, we show that for every i,j € [k], f8£+1,j = B;j. Consider an even i € [k]. Then by
Lemma 5.7(2), the only right sink edge in E incident to a right vertex of dMG; ; is the one
incident to the right vertex of index f; j; and by Lemma 5.2(2), the only left source edge in F
incident to a left vertex of CGj41; is the one incident to the left vertex of index ngj. Thus,
if ﬁ;yj # B;,j then rp cannot reach the terminal vertices of CGj41,; in E, a contradiction. We
conclude similarly if ¢ is odd.

It follows from the above that for every i € [k — 1] and every j € [k], Biy1,; = Bz{ﬂ,j = Bijs
we next show that for every ¢ € [k] and every j € [k — 1], a;; = a5 j+1. Consider an even
i € [k]. Then by Lemma 5.7(2), the only bottom sink edge in E incident to a bottom vertex of
dMG; ; is the one incident to the bottom vertex of index «; ;; and by Lemma 5.7(2), the only
source edge in E incident to a top vertex of dMGj; ;41 is the one incident to the top vertex of
index o j4+1. Thus, if o ;j # @; j41 then 71 cannot reach the terminal ¢; in E, a contradiction.
We conclude similarly if 4 is odd. Therefore, the entries (o ;, 5 ;) € Si; form a solution to the
GRID TILING instance (k,n,{S;; | 4,7 € [k]}) as claimed. O

Let us finally explain how to get rid of the edge-weights (we use the same trick as in [8]).
We replace every edge (z,y) of weight w in the instance (G, T, D) of (edge-weighted) PLANAR
C1-STEINER NETWORK constructed above, with a directed path from x to y of length w-n + 1
where n = |V(G)|. We let G’ be the resulting graph. Then similarly to [8, Theorem A.1],
we can show that the instance (G, T, D) of edge-weighted PLANAR C;-STEINER NETWORK has
a solution of weight at most W if and only if the instance (G’,T, D) of PLANAR C;-STEINER
NETWORK has a solution of size at most Wn + n.

5.3 Hard patterns

The aim of this section is to prove that for every ¢ € [8104], PLANAR Cy-STEINER NETWORK
is W([1]-hard parameterized by the number k of terminals and does not admit a f(k) - n°®*)
algorithm for any computable function f, unless ETH fails. For each ¢ € [8104], we give a
reduction which transforms an instance of k x k-GRID TILING (see Section 5.2 for a definition of
this problem) into an instance of (edge-weighted)® PLANAR Cp-STEINER NETWORK with O(k)
terminals. The constructed instances in each case are very similar and are based on a construc-
tion developed in the proof of [8, Theorem 1.4], which we describe below as the main gadget.

SWe then use the same trick as in Section 5.2 to get rid of the edge-weights.
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We then show how to built upon this construction to handle the hard matching patterns (see
Section 5.3.1) and the hard biclique patterns (see Section 5.3.2).

Main Gadget. As mentioned above, we use the same construction as in the proof of [8,
Theorem 1.4]. More precisely, given an integer n > 0 and a subset S C [n] x [n]7, we first
construct an edge-weighted planar digraph G(S) as follows. The graph G(S) consists of an
n x n grid where the horizontal edges are oriented towards the right and the vertical edges are
oriented towards the bottom, that is, denoting by x;; the vertex lying at the intersection of
column ¢ and row j, there is an edge

o (iy1,,xi;) (of weight 2) for every i € [n — 1] and j € [n], and

o (z;j,xi;+1) (of weight 2) for every i € [n] and j € [n — 1].
Then for every (i,j) € S, we subdivide the edge (xi—1;,2;;), by adding a vertex y; ; and the
edges (xi—1,5,¥i;) and (yij,xi ;) (both of weight 1), and further add the edge (z;;—1,vi;) (of
weight 1). This concludes the construction of G(S). In the following, we call the vertices
11,212, -.,T1,n the left vertices, the vertices x, 1,Tn2 ..., Zn, the right vertices, the vertices
1,0, T2, - -+, Tn,pn the top vertices and the vertices x1,1,2,1,. .., 2,1 the bottom vertices.

Now given a collection S = {S;; | i,j € [k]} of k* subsets of [n] x [n], the main gadget
MG(S) for S is constructed as follows.

e For every set S;; € S, we introduce a copy of the graph G(S; ;) as constructed above.
For every i € [n] and j € [n — 1], the graph G(S; j+1) lies below the G(S; ;); we add an
edge (of weight 2) from each top vertex of G(S; j+1) to the bottom vertex of G(S; ;) of
the same index. Similarly, for every i € [n — 1] and j € [n], the graph G(S; ;) lies to the
left of the graph G(S;4+1,;); we add an edge (of weight 2) from each right vertex of G(.S; ;)
to the left vertex of G(Sj41,5) of the same index.

e We introduce 4k additional vertices a1,...,ag,b1,...,bk,C1,...,CE,d1,...,d; and the fol-
lowing edges (we fix A = 5n?).

— For every j € [k] and every i € [n], there is an edge from a; to the left vertex of
G(S1;) of index ¢ of weight A(n + 1 —1).
— For every j € [k] and every i € [n], there is an edge from the right vertex of G(Sy ;)
of index i to b; of weight Ai.
— For every j € [k] and every ¢ € [n], there is an edge from ¢; to the top vertex of
G(S;1) of index i of weight A(n + 1 —1).
— For every j € [k] and every ¢ € [n], there is an edge from the bottom vertex of G(S;,)
of index i to d; of weight Ai.
This concludes the construction of the main gadget MG(S) for S (see Figure 17 for an il-
lustration of the main gadget MG(S) with n = 4 for S = {S;; | i,j € [3]} where S1; =
{(2,2),(2,3),(3,3)} and S; ; = 0 for every (i,7) # (1,1)). We now set I = {a;,b;,ci,d; | i € [k]
and let M be the induced matching {(a;, b;), (¢;,d;) | © € [k]}. We further set

B* = 2k(A(n+1) +2(k + 1) 4 2k(n — 1)).

Lemma 5.26 ( [8]). The k x k-GRID TILING instance (k,n,S) has a solution if and only if
the (edge-weighted) PLANAR M-STEINER NETWORK instance (MG(S),I, M) has a solution of
weight at most B* — k2.

5.3.1 Hard matching patterns

The aim of this section is to prove hardness for the hard matching patterns. We restate here
the definition of these graphs for the reader’s convenience.

"Recall that, by assumption, 1 < x,y < n holds for every (z,y) € S.
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Figure 17: The main gadget MG(S) with n = 4 for S = {S;; | i,j € [3]} where S;; =

WA
dq

WA
da

{(2,2),(2,3),(3,3)} and S; j = 0 for every (i,7) # (1,1).
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Definition 5.27 (¢-hard matching pattern). A t-hard matching pattern is an (acyclic) digraph
G constructed the following way. We start with disjoint vertex sets A = {a1,...,a}, B =
{b1,...,b}, C ={c1,...,c¢} and D = {dy,...,d;} and introduce the edges (a;, b;) and (¢;, d;)
for every i € [t]. Furthermore, we introduce into G' any combination of the following items:

1. either the directed path a; — as — ... = ax = di — do — ... — d;, or any of the
directed paths a1 — a2 — ... > a; and dy — do — ... — dy;

either the directed path ¢; = co — ... = ¢ = by = bs — ... — b, or any of the directed
paths by - by — ... > band ¢; = co — ... = ¢y

an S-source for exactly one S € {A,B,C,D,AUC,BUD,BUC, AU D};

an S-sink for exactly one S € {A,B,C,D,AUC,BUD,BUC,AUd};

a vertex r4p such that N~ (rap) = A and N (rap) = D;

a vertex rop such that N~ (reg) =Y and N*(rgp) = B.

N

S O W

In particular, there are 5-5-9-9-2-2 types of t-hard matching patterns: we let Cs,...,Cs104 be
the 8100 classes that each contain all the t-hard matching patterns of a specific type for every ¢.

Formally, we aim to prove the following.

Lemma 5.27. For every ¢ € [5,8104], PLANAR Cy-STEINER NETWORK is W|[1]|-hard parameter-

ized by the number k of terminals and does not admit a f(k) -n°®) algorithm for any computable
function f, unless ETH fails.

To prove the lemma, we use the construction described above and further add vertices and
edges so as to take into account the specific combination of the items in Definition 1.4 for each
fixed ¢ € [5,8104].

Reduction. Consider ¢ € [7,2031]. Given an instance (k,n,S = {S;; | i,j € [k]}) of k x k-
GRrID TILING, we construct an equivalent instance (G(S),T, D) of (edge-weighted) PLANAR
Co-STEINER NETWORK as follows. Let M G(S) be the main gadget for S as constructed above.
Then T contains {a;, b;, ¢;,d; | i € [k]} (and possibly, as described below, some additional vertices
depending on the class Cl) where {(a;,b;) | ¢ € [k]} and {(¢;,d;) | i € [k]} are the two perfect
matchings contained in D. The graph G(S) is then obtained from MG(S) by introducing the
directed paths

al — ...~ ag,d, — ... >dg,c1 — ... > cgand by — ... = by

where the weight of each newly added edge is set to 0. Furthermore, if the patterns in the class
Cy contain
e a source (that is, a vertex of item 3 in Definition 1.4) then we add a vertex s to G(S) and
T, and the edges (s,a;) and (s,c;), both of weight 0;
e a sink (that is, a vertex of item 4 in Definition 1.4) then we add a vertex t to G(S) and
T, and the edges (bg,t) and (dj,t), both of weight 0;
e the vertex of item 5 in Definition 1.4, then we add a vertex rap to G(S) and 7', and the
edges (ag,rap) and (rap,d1), both of weight 0;
e the vertex of item 6 in Definition 1.4, then we add a vertex rop to G(S) and T', and the
edges (¢, rop) and (rop, b1), both of weight 0.
This concludes the construction of G(S). We let D be the corresponding k-hard matching
pattern of C; on vertex set T'. Lemma, 5.27 then follows from Lemma 5.26 and the lemma below.

Lemma 5.28. The (edge-weighted) PLANAR Cy-STEINER NETWORK instance (G(S),T, D) has
a solution of weight at most B* — k% if and only if the (edge-weighted) PLANAR M-STEINER
NETWORK instance (MG(S), I, M) has a solution of weight at most B* — k2.
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Proof. 1If E is a solution of (MG(S), I, M) of weight at most B* — k? then it is easy to see that
EU(E(G(S))\ E(MG(S))) is a solution of (G(S),T, D) of weight at most B* — k2. Conversely,
if E is a solution of (G(S),T, D) of weight at most B* — k? then the restriction of E to MG(S)
is readily seen to be a solution of (MG(S), I, M) of weight at most B* — k2. O

5.3.2 Hard biclique patterns

The aim of this section is to prove hardness for the hard biclique patterns. We restate here the
definition of these graphs for the reader’s convenience.

Definition 5.29 (¢t-hard biclique pattern). A t-hard biclique pattern is an (acyclic) digraph D
constructed the following way. We start with two disjoint sets A and B with |A| = |B| =t and
introduce every edge from A to B. Furthermore, we introduce into D any combination of the
following items (see Figure 1):

1. an A-source;
2. a B-sink.

In particular, there are 2 - 2 types of t-hard biclique patterns: we let Cy,...,C4 be the 4 classes
that each contain all the t-hard biclique patterns of a specific type for every t.

Formally, we aim to prove the following.

Lemma 5.29. For every ¢ € [4], PLANAR C;~-STEINER NETWORK is W|[1]-hard parameterized

by the number k of terminals and does not admit a f(k) - n°®) algorithm for any computable
function f, unless ETH fails.

We only formally prove the statement for the class of all hard biclique patterns containing
no further vertices as it will become clear from the proof that to handle the classes of all hard
biclique patterns containing

e the sink vertex, it suffices to add a vertex ¢ and an edge (t;,t) for each i € [2k + 1] in the

construction below; or

e the source vertex, it suffices to add a vertex s and an edge (s, s;) for each i € [2k 4 1] in

the construction below.
In the following, we assume that the class of all hard biclique patterns with no further vertices
is Cl.

Reduction. Given an instance (k,n,S = {S;; | 4,5 € [k]}) of k x k-GRID TILING, we con-
struct an equivalent instance (G(S),T, D) of (edge-weighted) PLANAR C;-STEINER NETWORK
as follows. We start by constructing an auxiliary planar digraph H consisting of 2(2k + 1)
distinguished vertices s1, ..., Sog41, 1, - -, tag+1, and 2(2k + 1) edge-disjoint directed paths P ;
with ¢ € [2k 4+ 1] and j € {4,7 + 1} (where indices are taken modulo 2k + 1 henceforth), defined
as follows.
e For every i € 2k+1], Pi; = siu% ... u?k_lti is a directed path from s; to t; of length 2k.
e For every i € [2k + 1], P; ;41 is the directed path siuilflu?f2 .. .ug_j ..
to t;4+1 of length 2k.
(For k = 3, the graph H can be obtained from the graph depicted in Figure 18 by ignoring the
blue vertices and contracting every grey box into a single vertex.) Note that by construction,
the following holds.

. u?f_;lt”l from s;

Observation 5.30. For everyi € [2k+1]|, there is a unique path from s; to t; (t;11, respectively)
in H, namely P;; (P; i1, respectively).

The graph G(S) is then obtained from H as follows (see Figure 18).
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Figure 18: An illustration of the reduction from k x k-GRID TILING to PLANAR C;-STEINER
NETWORK with & = 3 (the red vertices are the terminals and the dashed blue square together
with the grey boxes represent the main gadget).

e We subdivide the edge (sg1, u1 ) by adding the vertex a; and the edges (Sk+1,a1) and
(a1,ut™); and for every 2 < i < k, we subdivide the edge (ukJrl i Uk o_;) by adding the
vertex apio_; and the edges (uk+1 i» Oky2—i) and (apq2—i,up,_;).

e We subdivide the edge (u3, ,,t2) by adding the vertex by and the edges (u2, ,,bx) and
(b, t2); and for every 3 < i < k+ 1, we subdivide the edge (“2k+1 i» Uspyo_;) by adding
the vertex byyo_; and the edges (u2,€+1 i brea—i) and (bryo—i, Uy o ;)

e We subdivide the edge (sg42,u¥*!) by adding the vertex ¢; and the edges (sgyo,c1) and
(c1,ul™1); and for every k + 3 § i < 2k + 1, we subdivide the edge (u fﬁ? 2,ufj,€172) by
adding the vertex ¢;_r_1 and the edges (u f+k o) Cik— 1) and (cZ b1, U f+kl 9)-

e For every k+2 < i < 2k + 1, we subdivide the edge (u? U7 o, U;_j_o) by adding the vertex
d;_k—1 and the edges (u i_k_Q,dl,k,l) and (d;j—k—1,u Z_,@_2)

e For every 1 <1i,j <k, we replace the vertex ufiiﬂ with a copy of the graph G(S; k+1—;)
and add the necessary edges so that the subgraph of G induced by {a;, b;,¢c;,d; | 1 <i <
k}UU <; j<i V(G(Si,;)) is isomorphic to M G(S) (and has the same edge-weight function).

The weight of each edge outside the copy of the main gadget M G(S) is set to 0. This concludes
the construction of G(S). We set T' = {s;,t; | i € [2k + 1]} and let the demand graph D be
the corresponding ({s; | @ € [2k + 1]}, {t; | ¢ € [2k + 1]})-biclique. Lemma 5.29 for ¢ = 1 then
follows from Lemma 5.26 and the lemma below.

Lemma 5.31. The (edge-weighted) PLANAR C;-STEINER NETWORK instance (G(S),T, D) has
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a solution of weight at most B* — k% if and only if the (edge-weighted) PLANAR M-STEINER
NETWORK instance (MG(S),I, M) has a solution of weight at most B* — k2.

Proof. If E is a solution of (MG(S), I, M) of weight at most B* — k? then it is not difficult to
see that £ U (E(G(S))\ E(MG(S))) is a solution of (G(S),T, D) of weight at most B* — k2.
Conversely, let E be a solution of (G(S), T, D) of weight at most B* — k2. Since for every 2 <
t < k41, there is a unique path in H from s; to ¢;, namely P; ;, and for every k+2 < ¢ < 2k 41,
there is a unique path in H from s; to t;41, namely P;;,1, the restriction E’ of E to MG(S) is
a solution of (MG(S),I,M); and since every edge in E(G(S)) \ E(MG(S)) has weight 0, the
weight of E’ is that of E, that is, F’ has weight at most B* — k2. O
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