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Abstract

Given a graph G and aset 7 = {(s;,1;) : 1 <i <k} of k pairs, the VERTEX-DISJOINT PATHS (resp.
EDGE-DISJOINT PATHS) problems asks to determine whether there exist pairwise vertex-disjoint
(resp. edge-disjoint) paths P;, P, ..., P in G such that P; connects s; to ¢; for each 1 <i < k. Unlike
their undirected counterparts which are FPT (parameterized by k) from Graph Minor theory, both the
edge-disjoint and vertex-disjoint versions in directed graphs were shown by Fortune et al. (TCS ’80)
to be NP-hard for k = 2. This strong hardness for DISJTOINT PATHS on general directed graphs led to
the study of parameterized complexity on special graph classes, e.g., when the underlying undirected
graph is planar. For VERTEX-DISJOINT PATHS on planar directed graphs, Schrijver (SICOMP
*94) designed an n®®) time algorithm which was later improved upon by Cygan et al. (FOCS *13)

who designed an FPT algorithm running in 22°10(1) (ime. To the best of our knowledge, the
parameterized complexity of EDGE-DISJOINT PATHS on planar! directed graphs is unknown.

We resolve this gap by showing that EDGE-DISJOINT PATHS is W[1]-hard parameterized
by the number k of terminal pairs, even when the input graph is a planar directed acyclic graph
(DAG). This answers a question of Slivkins (ESA ’03, SIDMA ’10). Moreover, under the Exponential
Time Hypothesis (ETH), we show that there is no f(k) - n°®) algorithm for EDGE-DISJOINT PATHS
on planar DAGs, where k is the number of terminal pairs, n is the number of vertices and f is
any computable function. Our hardness holds even if both the maximum in-degree and maximum
out-degree of the graph are at most 2.

We now place our result in the context of previously known algorithms and hardness for EDGE-

Di1SJOINT PATHS on special classes of directed graphs:

« Implications for EDGE-DISJOINT PATHS on DAGs: Our result shows that the n°%) al-
gorithm of Fortune et al. (TCS ’80) for EDGE-DISJOINT PATHS on DAGs is asymptotically
tight, even if we add an extra restriction of planarity. The previous best lower bound (also under
ETH) for EDGE-DISIOINT PATHS on DAGs was f(k) - n°/1°2K) by Amiri et al. (MFCS °16,
IPL ’19) which improved upon the f (k) -n°VK) Jower bound implicit in Slivkins (ESA ’03,
SIDMA ’10).

e Implications for EDGE-DISJOINT PATHS on planar directed graphs: As a special case of
our result, we obtain that EDGE-DISJOINT PATHS on planar directed graphs is W[1]-hard
parameterized by the number k of terminal pairs. This answers a question of Cygan et al.
(FOCS ’13) and Schrijver (pp. 417-444, Building Bridges II, *19), and completes the landscape
(see Table 2) of the parameterized complexity status of edge and vertex versions of the DISJOINT
PATHS problem on planar directed and planar undirected graphs.

1 Introduction

The DISJOINT PATHS problem is one of the most fundamental problems in graph theory: given a graph
and a set of k terminal pairs, the question is to determine whether there exists a collection of k pairwise

*A preliminary version of this paper appeared in CIAC 2021.
A directed graph is planar if its underlying undirected graph is planar.



disjoint paths where each path connects one of the given terminal pairs. There are four natural variants of
this problem depending on whether we consider undirected or directed graphs and the edge-disjoint or
vertex-disjoint requirement. In undirected graphs, the edge-disjoint version is reducible to the vertex-
disjoint version in polynomial time by considering the line graph. In directed graphs, the edge-disjoint
version and vertex-disjoint version are known to be equivalent in terms of designing exact algorithms.
Besides its theoretical importance, the DISTOINT PATHS problem has found applications in VLSI design,
routing, etc. The interested reader is referred to the surveys [20] and [42, Chapter 9] for more details.
The case when the number of terminal pairs k are bounded is of special interest: given a graph with n
vertices and k terminal pairs the goal is to try to design either FPT algorithms, i.e., algorithms whose
running time is f(k) -n°0) for some computable function £, or XP algorithms, i.e., algorithms whose
running time is n8®) for some computable function g. We now discuss some of the known results on
exact® algorithms for different variants of the DISJOINT PATHS problem before stating our result.

Prior work on exact algorithms for DISJOINT PATHS on undirected graphs:

The NP-hardness for EDGE-DISJOINT PATHS and VERTEX-DISJOINT PATHS on undirected graphs was
shown by Even et al. [16]. Solving the VERTEX-DISJOINT PATHS problem on undirected graphs is
an important subroutine in checking whether a fixed graph H is a minor of a graph G. Hence, a core
algorithmic result of the seminal work of Robertson and Seymour was their FPT algorithm [40] for
VERTEX-DISJOINT PATHS (and hence also EDGE-DISJOINT PATHS) on general undirected graphs which
runs in O(g(k) - n?) time for some function g. The cubic dependence on the input size was improved
to quadratic by Kawarabayashi et al. [28] who designed an algorithm running in O(h(k) - n?) time for
some function 4. Both the functions g and & are quite large (at least quintuple exponential as per [2]).
This naturally led to the search for faster FPT algorithms on planar graphs: Adler et al. [2] designed

an algorithm for VERTEX-DISJOINT PATHS on planar graphs which runs in 22()(k2) -n°0) time. Very
recently, this was improved to an single-exponential time FPT algorithm which runs in 20¢") . 200 time
by Lokshtanov et al. [32].

There are two more variants of the DISJOINT PATHS problem: the half-integral version where each
vertex/edge can belong to at most two paths, and the parity version where the length of each path
is required to respect a given parity (even or odd) condition. FPT algorithms are known for each of
the following versions of VERTEX-DISJOINT PATHS on general undirected graphs: the half-integral
version [24, 31], the half-integral version with parity [25] and finally just the parity version (without
half-integral) [27].

Prior work on exact algorithms for DISJOINT PATHS on directed graphs:

Unlike undirected graphs where both EDGE-DISJOINT PATHS and VERTEX-DISJOINT PATHS are FPT
parameterized by k, the DISJOINT PATHS problem becomes significantly harder for directed graphs:
Fortune et al. [19] showed that both EDGE-DISJOINT PATHS and VERTEX-DISJOINT PATHS on general
directed graphs are NP-hard even for kK = 2. For general directed graphs, Giannopoulou et al. [21] recently
designed an XP algorithm for the half-integral version of DISJTOINT PATHS: here the goal is to either find
a set of k paths Pj,P,,..., P such that P, is an s; ~> t; path for each i € [k] and each vertex in the graph
appears in at most two of the paths, or conclude that the given instance has no solution with pairwise
disjoint paths. This algorithm improves upon an older XP algorithm of Kawarabayashi et al. [26] for the
quarter-integral case in general digraphs.
The DISJOINT PATHS problem has also been extensively studied on special subclasses of digraphs:
* DISJOINT PATHS on DAGs: It is easy to show that VERTEX-DISJOINT PATHS and EDGE-
DISJOINT PATHS are equivalent on the class of directed acyclic graphs (DAGs). Fortune et al. [19]

2This paper focuses on exact algorithms for the DISJOINT PATHS problem so we do not discuss here the results regarding
(in)approximability.



designed an nok) algorithm for EDGE-DISJOINT PATHS on DAGs. Slivkins [44] showed W[1]-
hardness for EDGE-DISJOINT PATHS on DAGs and a f/(k) -n°V® Jower bound (for any computable
function f) under the Exponential Time Hypothesis [22, 23] (ETH) follows from that reduction.
Amiri et al. [3]® improved the lower bound to f(k) -n°(k/10gk) thus showing that the algorithm of
Fortune et al. [19] is almost-tight.

* DISJOINT PATHS on directed planar graphs: Schrijver [41] designed an n°%) algorithm for
VERTEX-DISJOINT PATHS on directed planar graphs. This was improved upon by Cygan et al. [12]

who designed an FPT algorithm running in 227 100) ime. As pointed out by Cygan et al. [12],
their FPT algorithm for VERTEX-DISJOINT PATHS on directed planar graphs does not work for
the EDGE-DISJOINT PATHS problem. The status of parameterized complexity (parameterized by
k) of EDGE-DISJOINT PATHS on directed planar graphs remained an open question. Table 1 gives
a summary of known results for exact algorithms for DISTOINT PATHS on (subclasses of) directed

graphs.
] Graph class Problem type Algorithm \ Lower Bound ‘
General graphs | Vertex-disjoint = edge-disjoint 777 NP-hard for k =2
F k) -neV0) [44)
DAGs Vertex-disjoint = edge-disjoint n%® [19] f(k) - notk/1ogk) [3]
f(k) -n°® [this paper]
o)
Vertex-disjoint o 411 2777
Planar graphs 2276 00 [12]
Edge-disjoint 2777 f (k) -n°®) [this paper]
2
Vertex-disjoint 2270 0D 112 2777
Planar DAG
anar LaLs Edge-disjoint nO® [19] | £(k)-n°® [this paper]

Table 1: The landscape of parameterized complexity results for DISTOINT PATHS on directed graphs. All lower
bounds are under the Exponential Time Hypothesis (ETH). To the best of our knowledge, the entries marked with
7?77? have no known non-trivial results.

Our result:

We resolve this open question by showing a slightly stronger result: the EDGE-DISJOINT PATHS problem
is W[1]-hard parameterized by k when the input graph is a planar DAG whose max in-degree and max
out-degree are both at most 2. First we define the EDGE-DISJOINT PATHS problem formally below, and
then state our result:

EDGE-DISJOINT PATHS

Input: A directed graph G = (V,E), and aset T C V x V of k terminal pairs given by {(s;,;) : 1 <
i <k}.

Question: Do there exist k pairwise edge-disjoint paths P, P», ..., P, such that P; is an s; ~» t; path
foreach 1 <i<k?

Parameter: k

Theorem 1.1. The EDGE-DISJOINT PATHS problem on planar DAGs is W[ 1 ]-hard parameterized by the
number k of terminal pairs. Moreover, under ETH, the EDGE-DISJOINT PATHS problem on planar DAGs
cannot be solved f (k) -n°®) time where f is any computable function, n is the number of vertices and k
is the number of terminal pairs. The hardness holds even if both the maximum in-degree and maximum
out-degree of the graph are at most 2.

3We note that [3] considers a more general version than DISJOINT PATHS which allows congestion



Recall that the Exponential Time Hypothesis (ETH) states that n-variable m-clause 3-SAT cannot be
solved in 2°® . (n 4+ m)°) time [22, 23]. Prior to our result, only the NP-completeness of EDGE-
DISJOINT PATHS on planar DAGs was known [45]. The reduction used in Theorem 1.1 is heavily
inspired by some known reductions: in particular, the planar DAG structure (Figure 2) is from [6, 7]
and the splitting operation (Figure 3 and Definition 2.4) is from [4, 5]. We view the simplicity of our
reduction as evidence of success of the (now) established methodology of showing W[1]-hardness (and
ETH-based hardness) for planar graph problems using GRID-TILING and its variants.

Placing Theorem 1.1 in the context of prior work:

Theorem 1.1 answers a question of Slivkins [44] regarding the parameterized complexity of EDGE-
D1SJOINT PATHS on planar DAGs. As a special case of Theorem 1.1, one obtains that EDGE-DISJOINT
PATHS on planar directed graphs is W[1]-hard parameterized by the number k of terminal pairs: this
answers a question of Cygan et al. [12] and Schrijver [43]. The W[1]-hardness result of Theorem 1.1
completes the landscape (see Table 2) of parameterized complexity of edge-disjoint and vertex-disjoint
versions of the DISJOINT PATHS problem on planar directed and planar undirected graphs. Theorem 1.1
also shows that the n°® algorithm of Fortune et al. [19] for EDGE-DISJOINT PATHS on DAGS is
asymptotically optimal, even if we add an extra restriction of planarity to the mix. Theorem 1.1 adds
another problem (EDGE-DI1SJOINT PATHS on DAGS) to the relatively small list of problems for which it
is provably known that the planar version has the same asymptotic complexity as the problem on general
graphs: the only such other problems we are aware of are [5, 7, 38]. This is in contrast to the fact that for
several problems [1, 14, 17, 18, 29, 30, 33, 34, 36, 38, 39]. the planar version is easier by (roughly) a
square root factor in the exponent as compared to general graphs, and there are lower bounds indicating
that this improvement is essentially the best possible [35].

Graph class \ Problem type | Parameterized Complexity parameterized by k ‘

Vertex-disjoint
Edge-disjoint
Vertex-disjoint FPT [12]

Edge-disjoint W{1]-hard [this paper]

Planar undirected FPT [2, 28, 32, 40]

Planar directed

Table 2: The landscape of parameterized complexity results for the four different versions (edge-disjoint vs
vertex-disjoint & directed vs undirected) of DISJOINT PATHS on planar graphs.

Organization of the paper:

In Section 2.1 we describe the construction of the instance (G2, 7 ) of EDGE-DISJOINT PATHS. The two
directions of the reduction are shown in Section 2.2 and Section 2.3 respectively. Finally, Section 2.4
contains the proof of Theorem 1.1. We conclude with some open questions in Section 3.

Notation:

All graphs considered in this paper are directed and do not have self-loops or multiple edges. We
use (mostly) standard graph theory notation [15]. The set {1,2,3,...,M} is denoted by [M] for each
M € N. A directed edge (resp. path) from s to ¢ is denoted by s — ¢ (resp. s ~~ t). We use the non-
standard notation (to avoid having to consider different cases in our proofs): s ~» s does not represent
a self-loop but rather is to be viewed as “just staying put” at the vertex s. If A,B C V(G) then we
say that there is an A ~» B path if and only if there exists two vertices a € A,b € B such that there
is an a ~» b path. For A C V(G) we define N} (A) = {x ¢ A : 3y € A such that (y,x) € E(G)} and
Ng(A)={x¢ A :3yeAsuchthat (x,y) € E(G)}. For A C V(G) we define G[A] to be the graph
induced on the vertex set A, i.e., G[A] := (A,E4) where E4 := E(G)N (A X A).



2 W[1]-hardness of EDGE-DISJOINT PATHS on Planar DAGs

To obtain W[1]-hardness for EDGE-DISJOINT PATHS on planar DAGs, we reduce from the GRID-TILING-
< problem [37] which is defined below:

GRID-TILING-<
Input: Integers k,N, and a collection S of k* sets given by {S., C [N] x [N] : 1 <x,y <k}.
Question: For each 1 < x,y < k does there exist a pair ¥, , € S, such that

* if %y =(a,b) and Yy1y = (d',0’) then b < b, and

o if oy =(a,b) and ¥ 11 = (d',b') thena < d’

(1,1) (1,5) (1,1)

(1,3) (5,2) (4,5)
Sis (4,2) S, (3,5) Sys (3,3)

(2,1) (1,3) (4,4)
51,2 (411) Sz,z (412) S3,2 (312)

(3,1) (1,1) (4,3)

(1,2) (2,3) (3,5)
S (3,3) Son Sz

Figure 1: An instance of GRID-TILING-< with k = 3, N = 5 and a solution highlighted in red. Note that in a
solution, the second coordinates in a row are non-decreasing as we go from left to right and the first coordinates in
a column are non-decreasing as we go from bottom to top.

Figure 1 gives an illustration of an instance of GRID-TILING-< along with a solution. It is known [13,
Theorem 14.30] that GRID-TILING-< is W[1]-hard parameterized by k, and under the Exponential Time
Hypothesis (ETH) has no f(k) - N°%) algorithm for any computable function f. We will exploit this
result by reducing an instance (k,N,S) of GRID-TILING-< in poly(N,k) time to an instance (G, 7 ) of
EDGE-DISJOINT PATHS such that G, is a planar DAG, number of vertices in G is |V (G,)| = O(N*k?)
and number of terminal pairs is | 7| = 2k.

Remark 2.1. Our definition of GRID-TILING-< above is slightly different than the one given in [13,
Theorem 14.30]: there the constraints are first coordinate of ¥, , is < first coordinate of ¥, and second
coordinate of ¥, is < second coordinate of ¥, 1. By rotating the axis by 90°, i.e., swapping the indices,
our version of GRID-TILING-< is equivalent to that from [13, Theorem 14.30].

2.1 Construction of the instance (G,,7 ) of EDGE-DISJOINT PATHS

Consider an instance (N, k,S) of GRID-TILING-<. We now build an instance (G2, 7 ) of EDGE-DISJOINT
PATHS as follows: first in Section 2.1.1 we describe the construction of an intermediate graph G
(Figure 2). The splitting operation is defined in Section 2.1.2, and the graph G, is obtained from G; by
splitting each (black) grid vertex.

2.1.1 Construction of the graph G,

Given integers k and NV, we build a directed graph G| as follows (refer to Figure 2):

1. Origin: The origin is marked at the bottom left corner of Figure 2. This is defined just so we can
view the naming of the vertices as per the usual X — Y coordinate system: increasing horizontally
towards the right, and vertically towards the top.

2. Grid (black) vertices and edges: For each 1 <1, j < k we introduce a (directed) N x N grid G; ;
where the column numbers increase from 1 to N as we go from left to right, and the row numbers
increase from 1 to N as we go from bottom to top. For each 1 < g,¢ < N the unique vertex which
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Figure 2: The graph G| constructed for the input k = 3 and N = 5 via the construction described in Section 2.1.1.
The final graph G, for the EDGE-DISJOINT PATHS instance is obtained from Gj by the splitting operation
(Definition 2.4) as described in Section 2.1.2.



is the intersection of the ¢ column and /™ row of G; ,j 18 denoted by w ! The vertex set and edge
set of Gl j is deﬁned formally as:

={wli1<q <N}

y E<Gw') = (Um,f)eulew Wiy = wi ) U (Uumew N W — W
All vertices and edges of G; ; are shown n Frgure 2 using black color. Note that each horizontal
edge of the grid G; ; is oriented to the right, and each vertical edge is oriented towards the top. We
will later (Definition 2.4) modify the grid G; ; to represent the set S; ;.

For each 1 <, j < k we define the set of boundary vertices of the grid G; ; as follows:

q+1 l

Left(Gi)) = {w}| : £€[N]}: Right(Gy;):={w. : € [N]}

1
Top(G ;) := {WZN (€ [N]} ; Bottom(G; ) := {wfj1 : L€ [N} W

3. Arranging the £ different N x N grids {G; ;}1<; j<x into a large k x k grid: We place the grids
G, j into a big k x k grid of grids left to right according to growing i and from bottom to top
according to growing j (see the naming of the sets in Figure 1 in blue color). In particular,the grid
G1,1 is at bottom left corner of the construction, the grid Gy at the top right corner, and so on.

4. Blue vertices and red edges for horizontal connections: For each (i, j) € [k— 1] x [k] we add a
set of vertices H; H” = {h‘“” € [N]} shown in Figure 2 using blue color. We also add the
following three sets of edges (shown in Figure 2 using red color)

o a directed path of N — 1 edges given by Path(H ’“ Iy = {hl+1 J(0) = h;;l’j(€+ 1) : Le
N —1]}

* adirected perfect matching from Right(G; ;) to Hf;l’j given by
Matching(G,J,Hl+1 j) {W —>hlJrl QRS [N]}

* adirected perfect matching from H, ’H’J to Lef t(G,Jr 1,j) given by

Ma‘cch1ng(H+ I Gip )= {h’H] l+1 ;i LEN ]}

5. Blue vertices and red edges for vertical connectrons For each (i, j) € [k] x [k — 1] we add a set
of vertices V' CAREE = {vi’ 277(0) : £ € [N]} shown in Figure 2 using blue color. We also add the
following three sets of edges (shown in Figure 2 using red color)

o a directed path of N — 1 edges given by Path(V, ’JH = {vl AN ”H(ﬁ—i— 1) : le
N —1]} -
» adirected perfect matching from Top(Gl oV 1 given by

Matching(Gi;, Vi) o= {wi Y = Vit (o)« te N}

* adirected perfect matching from V;; & H to Bottom(G; j+1) given by

J+1 i l l,1
Match1ng( caaNe? 1) = {V gt (0) = w; iy 2 LE [N]}
6. Green (terminal) vertlces and magenta edges: For each i € [k] we add the following four sets of

(terminal) vertices (shown in Figure 2 using color)

A={a; i€k} ; B:={b:iclk]}

C:={ci:i€lk]} ; D:={di:iclkl} .

For each i € [k] we add the edges (shown in Figure 2 using magenta color)
Source(A) := {a; — W 1 : L€ [N]} ; Sink(B) := {wlN —b; : L€[N]} 3)

For each j € [k] we add the edges (shown in Figure 2 using magenta color)
Source(C) := {c; — w}f : N1} ; Sink(D) := {WNJ —d; : L€[N]} 4)

This completes the construction of the graph G, (see Figure 2).
Claim 2.2. G is a planar DAG

Proof. Figure 2 gives a planar embedding of G;. It is easy to verify from the construction of G described
at the start of Section 2.1.1 (see also Figure 2) that G is a DAG. O



north(wf{"f’) north(wZ‘j[')

°
q.¢ T. a0 q.¢
west(w; ;) wi east(w; ;)
P N ) N a8
— > °
east(w?’f)
I ‘
®
south(w‘-”ﬁ)

LJ

Figure 3: The splitting operation for the vertex W;’f when (q,¢) ¢ S; j. The idea behind this splitting is if we want
edge-disjoint paths then we can go either left-to-right or bottom-to-top but not in both directions. On the other
hand, if (¢,¢) € S; j then the picture on the right-hand side (after the splitting operation) would look exactly like
that on the left-hand side.

2.1.2 Obtaining the graph G, from G, via the splitting operation

Observe (see Figure 2) that every (black) grid vertex in G has in-degree two and out-degree two.
Moreover, the two in-neighbors and two out-neighbors do not appear alternately. For each (black) grid
vertex z € G we set up the notation:

Definition 2.3. (four neighbors of each grid vertex in G;) For each (black) grid vertex z € G| we
define the following four vertices
* west(z) is the vertex to the left of z (as seen by the reader) which has an edge incoming into z
* south(z) is the vertex below z (as seen by the reader) which has an edge incoming into z
* east(z) is the vertex to the right of z (as seen by the reader) which has an edge outgoing from z
* north(z) is the vertex above z (as seen by the reader) which has an edge outgoing from z

We now define the splitting operation which allows us to obtain the graph G, from the graph G
constructed in Section 2.1.1.

Definition 2.4. (splitting operation) For each i, j € [k] and each ¢,/ € [N]

o If (¢,€) ¢ S; j, then we split the vertex W?f into two distinct vertices Wl-y’ﬁL

the edge wZ’ﬁLB — w?,fTR (denoted by the dotted edge in Figure 3). The 4 edges (see Definition 2.3)

incident on w?’f are now changed as follows (see Figure 3):

Replace the edge west(wa) — wqu by the edge west(wa) —w!

q,t
g and Wi TR and add

i
JLB
Replace the ed th(w?)) — wi! by the ed th(w!)) — wi'
eplace the edge south(w;;) — w;; by the edge south(w;;) — W; 1z
Replace the edge WZ‘f — east(wZ}{Z) by the edge W%TR — east(wz’f)
Replace the edge wZ’f — north(wa) by the edge wf{’fiTR — north(wzf)

* Otherwise, if (¢,£) € S; j then the vertex Wil’f is not split, and we define wz’fLB = wiq’f = W?_"]-(‘TR.

Note that the four edges (Definition 2.3) incident on wZ‘f are unchanged.

Remark 2.5. To avoid case distinctions in the forthcoming proof of correctness of the reduction, we will
use the following non-standard notation: the edge s ~> s does not represent a self-loop but rather is to be
viewed as “just staying put” at the vertex s. Note that this does not affect edge-disjointness.

We are now ready to define the graph G, and the set 7 of terminal pairs:

Definition 2.6. The graph G is obtained by applying the splitting operation ( Definition 2.4) to each
(black) grid vertex of Gy, i.e., the set of vertices given by U, <; <,V (Gi ;). The set of terminal pairs is

T .= {(a,‘,b,') RS [k]}U{(Cj,dj) 1j€e [k]}



Note that in G, we have

» All vertices in G, except A UC have out-degree at most 2

» All vertices in G, except BU D have in-degree at most 2
We will later show (see last paragraph in the proof of Theorem 1.1) how to edit G, such that each vertex
has both in-degree and out-degree at most 2. The next claim shows that G5 is also both planar and acyclic
(like Gy).

Claim 2.7. G, is a planar DAG

Proof. In Claim 2.2, we have shown that G is a planar DAG. By Definition 2.6, G, is obtained from G
by applying the splitting operation (Definition 2.4) on every (black) grid vertex, i.e., every vertex from
the set Uy <; j<x V(Gi )

By Definition 2.3, every vertex of G that is split has exactly two in-neighbors and two out-neighbors
in G;. Hence, it is easy to see (Figure 3) that the splitting operation (Definition 2.4) does not destroy
planarity when we construct G, from Gj. Since G is a DAG, replacing each split (black) grid vertex w
in G by wi g followed by wrg in the topological order of G gives a topological order for G,. Hence, G
is a planar DAG. O

We now set up notation for the grids in G;:

Definition 2.8. For each i, j € [k|, we define Gi?lit to be the graph obtained by applying the splitting
operation (Deﬁnition 2.4) to each vertex of G; ;. For each i, j € [k] and each ¢,/ € [N] we define

split(w;;) = {WthB7 ijR

2.2 Solution for EDGE-DISJOINT PATHS = Solution for GRID-TILING-<

In this section, we show that if the instance (G2,7 ) of EDGE-DISJOINT PATHS has a solution then the
instance (k,N,S) of GRID-TILING-< also has a solution.

Suppose that the instance (G2, 7 ) of EDGE-DISJOINT PATHS has a solution, i.e., there is a collection
of 2k pairwise edge-disjoint paths {Pl,Pz, eos Py, 01,09, .., Qk} in G; such that

P;is an a; ~ b; path V i € [k] 5)
Qjisancj~»djpathV j € [k]
To streamline the arguments of this section, we define the following subsets of vertices of G;:

Definition 2.9. (horizontal & vertical levels)
For each j € [k], we define the following set of vertices:

k—1

HORIZONTAL(j) = {c;,d;} U (UV G ) (Ulejll)

i=1

For each i € [k], we define the following set of vertices:

k-1
VERTICAL(i) = {a;,b;} U ( U V(GEH) ) U ( U \gf;!*‘)
j=1

From Definition 2.9, it is easy to verify that VERTICAL (i) N VERTICAL(i') = @ = HORIZONTAL (i) N
HORIZONTAL(?) for every 1 <i#1i <k.

Definition 2.10. (boundary vertices in G,) For each 1 <, j < k we define the set of boundary vertices

of the grid Gl-sf;-lit in the graph G, as follows:

Left(GPMY) = {w] 5 N1} : Right(G2H0) = {w] 1+ L€ [N]}

Top(G Spht ' {wijR } ; BOttom(Giﬁht) = {Wf-f}-,LB s L€ [N]}

(6)



Lemma 2.11. For each i € [k] the path P; satisfies the following two structural properties:
* every edge of the path P, has both end-points in VERTICAL()

* P, contains an Bottom(GiIJ’.ht) ~ Top(GsPht) path for each j € [k].

Proof. For this proof, define Héjj :={c;} and H,fjlj :={d;} for each j € [k].

Fix any i* € [k]. Note that P+ is an a; ~> b; path and hence starts and ends at a vertex in
VERTICAL(i*). We now prove the first part of lemma by showing two claims which state that P
cannot contain any vertex of N(J;r2 (VERTICAL(i*)) and Ng, (VERTICAL(i*)) respectively.

Claim 2.12. P does not contain any vertex of Ngz (VERTICAL(i*)).

Proof. The structure of G, implies that
. k i+1,j
« N, (VERTIQAL(z)) =1 H; ;" foreachi ¢ [k]
. N ( ’;:IH;7JJT1’J) C VERTICAL(l +1) foreach0 <i<k—1
J Ngz ( ];:1 H,fjl"’) = () since each vertex of D is a sink in G,
Hence, if P contains a vertex from N, (VERTICAL(i*)) then it cannot ever return back to VERTICAL(i*)
which contradicts the fact that the last vertex of P is b;» € VERTICAL(i*). O

Claim 2.13. P does not contain any vertex of N, (VERTICAL(i*)).

Proof. The structure of G, implies that
_ N .
* Ng, (VERTICAL(i)) = j—1H;, ; foreachi € []
— (1 k pgitli : .
. NGZ( jleiJ. ) C VERTICAL(i) foreach 1 <i<k
. N(;z ( Ulj'zl H(} ]J ) = ( since each vertex of C is a source in G
Hence, if P+ contains a vertex from Ng (VERTICAL(i*)) then P cannot have started at a vertex of
VERTICAL(i*) which contradicts the fact that the first vertex of P is a;+ € VERTICAL(i*). O

This concludes the proof of the first part of the lemma. We now show the second part of the lemma.
We define V 0 :={a;+} and Vl ’kH = {bi- }. The structure of G, implies that

+ split\ _ v, 0%, j+1 - splity .
NGZ[VERTICAL( ] (Gi*’j ) = Vi*,j and NG;[VERTICAL( ] (Gi*,j ) = VI.,"ji1 for each j € [k]
AVES A split )
N&;[VERTICAL( )] (Vii‘,jj ) = BOttom(G *p —H) foreach0<j<k—1
- Ly split
NGZ[VERTICAL( ) (Vi*,j ) TOP(G J ) foreach1 < j<k

These three relations, combined with the first part of the lemma which states that P, lies within
G,|VERTICAL(i*)], implies that P+ contains an Bottom(Gls}fjht) s Top(G[s}j}lt) path for each j € [k].

This concludes the proof of Lemma 2.11. U
The proof of the next lemma is very similar to that of Lemma 2.11, and we skip repeating the details.

Lemma 2.14. For each j € [] the path Q; satisfies the following two structural properties:
* every edge of the path Q; has both end-points in HORIZONTAL( j)
* (Q; contains an Left(GSpht) nght(GSpht) path for each i € [k]

Lemma 2.15. For any (i, j) € [k] x [k], let P’, Q' be any Bottom(GSf]’ht) ~ Top(GsPht) Left(GsPht) ~
nght(GSPht) paths in G, respectively. If P’ and Q' are edge-disjoint then there exists (i, d) € S; j such
that the vertex w' }SLB =w! ]5 = Wf }?TR = belongs to both P’ and Q'

Proof. Let P” Q" be the paths obtained from P’, Q' by contracting all the dotted edges on P', Q' respect-
ively. By the construction of G, (Definition 2.6) and the splitting operation (Definition 2.4), it follows that
P",Q" are Bottom(G; ;) ~ Top(G; ;),Left(G; j) ~ Right(G; ;) paths in G; respectively. Hence, there
exist x1,x, € [N] such that P is a w)”]1 — wfsz path and y1,y2 € [N] such that Q" is a w; ’“ — wNy2

path. We now show that P and Q" must intersect in G

Claim 2.16. P" and Q" have a common vertex in G|
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Proof. For each x € [N] such that x; <x< x2 deﬁne P'(x)={ye[N J:wii € P"}. For each x € [N] such
that x; < x < x, define Q" (x) = {y € | w; j €Q'}. We will prove the claim by showing that there
exists x*,y* € [N] such that y* € (P"(x ) ﬁ Q’ '(x*)). By the orientation of the edges in G; j, it follows that

max P”’(z) = min P”(z+1) and max Q"(z) =min Q"(z+1) Vx <z<x

.
If 1 <u<z<N then maxP"(u) < min P"(z) and max Q"(u) < minQ"(z) @

By definition of 0", we have y; € Q”(1) and hence y > y; > 1 for each y € Q" (x;). If (P"(x;)N
Q" (x1)) # 0 then we are done. Otherwise, we have that min Q" (x;) > max P”(x;) since 1 € P”(x;). Now
if (P"(x;+1)NQ"(x;+1)) # 0 then we are done. Otherwise, we have min Q" (x; 4+ 1) > max P (x; +1)
since min Q" (x; + 1) = max Q" (x;). Continuing this way, we must find an x* € N such that x; <x* <x,
and (P"(x*)NQ"(x*)) # 0: this is because N € P”(x;) and hence min Q" (x,) < N = max P"(x,). Since
(P"(x*)NQ"(x*)) #0let y* € (P"(x*)NQ"(x*)), i.e., the vertex wf*]y belongs to both P’ and Q. [J

By Claim 2.16, the paths P”, Q" have a common vertex in Gj. Let this vertex be wi' P % Viewing the
paths P”, Q" in G,, i.e., “un-contracting” the dotted edges (Definition 2.4), it follows that both P’ and Q'

share the dotted edge W“ OLB _, wfl STR Since P’ and Q' are given to be edge-disjoint, this implies that
the edge w!' 16 LB, wf’ STR cannot exist in Gy, i.e., (4, 8) € S; ; and the vertex w}' J’éLB quS = wa ]’.?TR
belongs to both P’ and Q’ (recall Definition 2.4). This concludes the proof of Lemma 2.15. O

Lemma 2.17. The instance (k,N,S) of GRID-TILING-< has a solution.

Proof. Fix any (i, j) € [k] x [k]. By Lemma 2.11, P, contains an Bottom(Gsﬁlit) Top(GSPht) path

say P ;. By Lemma 2.14, Q; contains an Left(Gslj’ht) ~ nght(GsPht) path say Q; ;. Since P,
and Q; are edge-disjoint (Equation 5), it follows that the paths F; ; and Q;,; are also edge-disjoint.
Applying Lemma 2.15 to the paths P, j and Q; ; we get that there exists (U; j, 8 ;) € [N] x [N] such that

1, 761 1, 75l 1, (N
(Ui j, 6 ;) € S; j and the vertex w” ’LB’ = wfijf I = Wl# ’TR’ belongs to P; ; (and hence also to F;) and Q; ;

(and hence also to Q).
We now claim that the values { (1; ;, 6; ;) : (i, j) € [k] x [k] } form a solution for the instance (k,N,S) of

GRID-TILING-<. In the last paragraph, we have already shown that (y; ;, §; ;) € S; ; for each (i J) € [k] x
[k]. For each (i, j) € [k— 1] x [k] both the vertices W/ ’Léé’ = wfl " ’Ti’ and wfi*l"" ’fgl’j = Wﬁ’:ll H T’gl 7 belong
to the path Q; which is contained in G, [HORIZONTAL( )] (Lemma 2.14). Hence, by the orientation

of the edges in Gy, it follows that §; ; < ;41 j. Similarly, it can be shown that p; ; < u; j1 for each
(i,)) € [k] x [k—1]. O

2.3 Solution for GRID-TILING-< = Solution for EDGE-DISJOINT PATHS

In this section, we show that if the instance (k,N,S) of GRID-TILING-< has a solution then the instance
(G2, T) of EDGE-DISJOINT PATHS also has a solution.

Suppose that the instance (k,N,S) of GRID-TILING-< has a solution given by the pairs {(a;,;, ;. ;) :
i, j € [k]}. Hence, we have

(04,7,Bi;) €S foreach (i, j) € [K]
@;;j < o jy1 foreach (i,)) € [k] x [k—1] (8)
Bij < Bit1,; foreach (i,j) € [k—1] x [k]

Definition 2.18. (row-paths and column- paths in G,) For each (z ]) [k] % [k] and ¢ € [N] we define
. RowPathg(GS};ht) to be the w; J[LB s WL g Path in G2 [G}Y SPLI®] consisting of the following edges

(in order): for each r € [N 1]
4 rl 4 r+1,0
- WthB —>wl]TR andwt]TR_>wt}LB

followed finally by the edge w; JZLB — WfVJZTR
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. ColumnPathg(GsI]’ht) to be the Wf" jl LB ™ wf’j.vTR path in G, consisting of the following edges (in

order): for each r € [N — 1]
) T - £7r+1
thB_>VVt]TRa'ndvvtj"[‘R_> i,j,LB

followed finally by the edge Wl LB — wf;VTR

Using the special types of paths from Definition 2.18, we can now show the following lemma:
Lemma 2.19. The instance (G2,7T ) of EDGE-DISJIOINT PATHS has a solution.

Proof. We build a collection of 2k paths P := {Rl,Rz, o, R, T, Tk} and show that it forms a
solution for the instance (G2, 7T ) of EDGE-DISJIOINT PATHS. First, we describe this collection of paths
below:

- Description of the set of paths {R|,R,,...,R;} :
For each i € [k], we build the path R; as follows:

i1l
» Start with the edge a; — Wy}

:/71 alj+l!

* For each j € [k — 1] use the w; B W s path obtained by concatenating
i1 ijs
— the w; J’LB ~ ;XJJTR path ColumnPathg, (GSpht) from Definition 2.18
alj+171 Qi j+1 1

tH—l( lj+(

N O j,
- thewlewaijo’LB pathwleR—>v O j) —> e -V
which exists since Equation 8 implies o j < ¢ j41.

O‘lj+1)—>w,j+1LB

4> 1 iy 1 i kN
* Now, we have reached the vertex w;, k"LB Use the w, kkLB ~ :xkkTR path
N
ColumnPathg,, (Gl.siht) from Definition 2.18 to reach the vertex w; k"

* Finally, use the edge wa,’(’}R — b; to reach b;.

- Description of the set of paths {7},75,...,T;} :
For each j € [k], we build the path T as follows:

* Start with the edge ¢; — w, f‘L’B

* For each i € [k— 1] use the w; Jﬁ s~ wllfl’*J' {5 path obtained by concatenating
- the w; ’]ﬁ g~ W, ]ﬁT’ﬁ path RowPathg, (GSPht) from Definition 2.18
— the Wtk Wil path Wi g — W5 (B ) = e b (B ) = wil
which exists since Equation 8 implies [3, j < Bit1.j-

* Now, we have reached the vertex w, "’ LB s Use the w,” LB "L’B W A %ﬁ path

spllt) N, Bx ]

RowPathg, | (G, from Definition 2.18 to reach the vertex w; ’;

* Finally, use the edge Wit N r — djtoreach d;.

By Definition 2.9, it follows that every edge of the path R; has both endpoints in VERTICAL(i)
for every i € [k]. Since VERTICAL(i) N VERTICAL(i") = 0 for every 1 <i# i’ # k, it follows that the
collection of paths {R|,R»,...,Ry} are pairwise edge-disjoint.

By Definition 2.9, it follows that every edge of the path 7} has both endpoints in HORIZONTAL( ) for
every j € [k]. Since HORIZONTAL(j) NHORIZONTAL(j") = 0 for every 1 < j # j' # k, it follows that
the collection of paths {7}, 73,...,T;} are pairwise edge-disjoint.

Fix any (i, j) € [k] x [k]. We now conclude the proof of this lemma by showing that R; and 7 are
edge-disjoint. By the construction of G, (Figure 2 and Figure 3) and definitions of the paths R; and 7,

it follows that the only common edge between R; and T; could be wa} /]’g" — wf’;’f[li” By Equation 8§,
we have that (¢ ;, B;, J) € S; ;. Hence, by the splitting operation (Definition 2.4), we have that wa’ JL%’ =

O‘:pﬁ:/ i j,Bi j @ j.Bi; o j,Bi,j
Wi =W, "R i.e., the only possible common edge w; JIB = WiiTR between R; and Tj is not an

edge in G;. Hence, R; and 7; are edge-disjoint. O
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2.4 Proof of Theorem 1.1

Finally we are ready to prove our main theorem (Theorem 1.1) which is restated below:

Theorem 1.1. The EDGE-DISJOINT PATHS problem on planar DAGs is W[ 1 ]-hard parameterized by the
number k of terminal pairs. Moreover, under ETH, the EDGE-DISJOINT PATHS problem on planar DAGs
cannot be solved f (k) -n°®) time where f is any computable function, n is the number of vertices and k
is the number of terminal pairs. The hardness holds even if both the maximum in-degree and maximum
out-degree of the graph are at most 2.

Proof. Given an instance (k,N,S) of GRID-TILING-<, we use the construction from Section 2.1 to build
an instance (G, 7T ) of EDGE-DISJOINT PATHS such that G, is a planar DAG (Claim 2.7). It is easy to
see that n = |V (G,)| = O(N?k?) and G, can be constructed in poly (N, k) time.

It is known [13, Theorem 14.30] that GRID-TILING-< is W[1]-hard parameterized by k, and under
ETH cannot be solved in f(k) - N° () time for any computable function f. Combining the two directions
from Section 2.2 and Section 2.3, we get a parameterized reduction from GRID-TILING-< to an instance
of EDGE-DISJOINT PATHS which is a planar DAG and has |7 | = 2k terminal pairs. Hence, it follows
that EDGE-DISJOINT PATHS on planar DAGs is W[1]-hard parameterized by number k of terminal pairs,
and under ETH cannot be solved in f(k) -n°®) time for any computable function f.

Finally we show how to edit G, without affecting the correctness of the reduction, so that both the
max out-degree and max in-degree are at most 2. We present the argument for reducing the out-degree:
the argument for reducing the in-degree is analogous. Note that the only vertices in G, with out-degree
> 2 are AUC. For each ¢; € C we replace the directed star whose edges are from c; to each vertex of
Left(G, ;) with a directed binary tree whose root is ¢;, leaves are the set of vertices Left(Gj ;) and each
edge is directed away from the root. It is easy to see that in this directed binary tree the set of paths
from c; to the different leaves (i.e.,vertices of Left (G ;)) are pairwise edge-disjoint, and we have only
increased the number of vertices by O(k) while maintaining both planarity and (directed) acyclicity. We
do a similar transformation for each a; € A. It is easy to see that this editing adds O(k?) new vertices and
takes poly (k) time, and therefore it is still true that n = |V (G,)| = O(N*k?) and G can be constructed in
poly(N, k) time. O

3 Conclusion & Open Questions

In this paper we have shown that EDGE-DISJOINT PATHS on planar DAGs is W[1]-hard parameterized
by k, and has no f (k) -nok) algorithm under the Exponential Time Hypothesis (ETH) for any computable
function f. The hardness holds even if both the maximum in-degree and maximum out-degree of the
graph are at most 2. Our result answers a question of Slivkins [44] regarding the parameterized complexity
of EDGE-DISJOINT PATHS on planar DAGS, and a question of Cygan et al. [12] and Schrijver [43]
regarding the parameterized complexity of EDGE-DISJOINT PATHS on planar directed graphs.

We now propose some open questions related to the complexity of the DISJOINT PATHS problem:

* What is the correct parameterized complexity of EDGE-DISJOINT PATHS on planar graphs para-
meterized by k? Can we design an XP algorithm, or is the problem NP-hard even for k = O(1) like
the general version? Note that to prove the latter result, one would need to have directed cycles
involved in the reduction since there is n®*) algorithm of Fortune et al. [19] for EDGE-DISJOINT
PATHS on DAGs.

» Is the half-integral version* of EDGE-DISJOINT PATHS FPT on directed planar graphs or DAGs? It
is easy to see that our W[1]-hardness reduction does not work for this problem.

* Given our W[1]-hardness result, can we obtain FPT (in)approximability results for the EDGE-
D1SJOINT PATHS problem on planar DAGs? To the best of our knowledge, there are no known
(non-trivial) FPT (in)approximability results for any variants of the DISJOINT PATHS problem.
This question might be worth considering even for those versions of the DISJTOINT PATHS problem

4Each edge can belong to at most two of the paths

13



which are known to be FPT since the running times are astronomical (except maybe [32]). Some
of the recent work [8, 9, 10, 11] on polynomial time (in)approximability of the DISTOINT PATHS
problem might be relevant.
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