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Abstract
We give algorithms with running time 20Wklogh) . O for the following problems.
Given an n-vertex unit disk graph G and an integer k, decide whether G contains

— a path on exactly/at least k vertices,

— acycle on exactly k vertices,

— acycle on at least k vertices,

— a feedback vertex set of size at most k, and
— aset of k pairwise vertex-disjoint cycles.

For the first three problems, no subexponential time parameterized algorithms were
previously known. For the remaining two problems, our algorithms significantly
outperform the previously best known parameterized algorithms that run in time
206 P logh) . ,OM) Oy algorithms are based on a new kind of tree decompositions
of unit disk graphs where the separators can have size up to kM and there exists a
solution that crosses every separator at most O(+/k) times. The running times of our
algorithms are optimal up to the log k factor in the exponent, assuming the exponential
time hypothesis.
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1 Introduction

Unit disk graphs are the intersection graphs of unit circles in the plane. That is, given
n-unit circles in the plane, we have a graph G where each vertex corresponds to
a circle such that there is an edge between two vertices when the corresponding
circles intersect. Unit disk graphs form one of the most well studied graph classes in
computational geometry because of their use in modelling optimal facility location [41]
and broadcast networks such as wireless, ad hoc and sensor networks [25,34,43].
These applications have led to an extensive study of NP-complete problems on unit
disk graphs in the realms of computational complexity and approximation algorithms.
We refer the reader to [11,19,30] and the citations therein for these studies. However,
these problems remain hitherto unexplored in the light of parameterized complexity
with exceptions that are few and far between [1,9,23,33,39].

In this paper we consider the following basic problems about finding, hitting and
packing cycles on unit disk graphs from the viewpoint of parameterized algorithms.
For a given graph G and integer &,

EXACTk-CYCLE asks whether G contains a cycle on exactly k vertices,

— LONGEST CYCLE asks whether G contains a cycle on at least k vertices,
FEEDBACK VERTEX SET asks whether G contains a vertex set S of size k such
that the graph G \ S is acyclic, and

CYCLE PACKING asks whether G contains a set of k pairwise vertex-disjoint cycles.

Along the way, we also study LONGEST PATH (decide whether G contains a path on
exactly/at least k vertices) and SUBGRAPH ISOMORPHISM (SI). In SI, given connected
graphs G and H on n and k vertices, respectively, the goal is to decide whether there
exists a subgraph in G that is isomorphic to H. Throughout the paper we assume that a
unit disk graph is given by a set of n points in the Euclidean plane and there is a graph
where vertices correspond to these points and there is an edge between two vertices if
and only if the Euclidean distance between the two points is at most 2.

In parameterized complexity each of these problems serves as a testbed for develop-
ment of fundamental algorithmic techniques such as color-coding [2], the polynomial
method [4,35,36,42], matroid based techniques [21] for LONGEST PATH and LONGEST
CYCLE, and kernelization techniques for FEEDBACK VERTEX SET [40]. We refer to
[13] for an extensive overview of the literature on parameterized algorithms for these
problems. For example, the fastest known algorithms solving LONGEST PATH are the
1.66% - n©M time randomized algorithm of Bjorklund et al. [4], and the 2.597% - nOm
time deterministic algorithm of Zehavi [44]. Moreover, unless the exponential time
hypothesis (ETH) of Impagliazzo et al. [31] fails, none of the problems above can be
solved in time 2°®) . O [31],

While all these problems remain NP-complete on planar graphs, substantially
faster—subexponential—parameterized algorithms are known on planar graphs.
In particular, by combining the bidimensionality theory of Demaine et al. [14]
with efficient algorithms on graphs of bounded treewidth [18], LONGEST PATH,
LONGEST CYCLE, FEEDBACK VERTEX SET and CYCLE PACKING are solvable in
time 2000 . ,OM o planar graphs. The parameterized subexponential “tractabil-
ity” of such problems can be extended to graphs excluding some fixed graph
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as a minor [16]. The bidimensionality arguments cannot be applied to EXACTk-
CYCLE and this was one of the motivations for developing the new pattern-covering
technique, which is used to give a randomized algorithm for EXACTk-CYCLE run-
ning in time 20Wklog? k) ., O) o planar and apex-minor-free graphs [20]. The
bidimensionality theory was also used to design (efficient) polynomial time approx-
imation scheme ((E)PTAS) [15,22] and polynomial kernelization [24] on planar
graphs.

It would be interesting to find generic properties of problems, similar to the theory
of bidimensionality for planar-graph problems, that could guarantee the existence of
subexponential parameterized algorithms or (E)PTAS on geometric classes of graphs,
such as unit disk graphs. The theory of (E)PTAS on geometric classes of graphs is
extremely well developed and several methods have been devised for this purpose.
This includes methods such as shifting techniques, geometric sampling and bidimen-
sionality theory [12,23,26-28,30,38]. However, we are still very far from a satisfactory
understanding of the “subexponential” phenomena for problems on geometric graphs.
We know that some problems such as INDEPENDENT SET and DOMINATING SET,
which are solvable in time 200 . ;O o planar graphs, are W[1]-hard on unit disk
graphs and thus the existence of an algorithm of running time f (k) - nOW jg highly
unlikely for any function f [37]. The existence of a vertex-linear kernel for some
problems on unit disk graphs such as VERTEX COVER [10] or CONNECTED VER-
TEX COVER [33] combined with an appropriate separation theorem [1,9,39] yields a
parameterized subexponential algorithm. A subset of the authors of this paper used a
different approach based on bidimensionality theory to obtain subexponential algo-
rithms of running time 20K logh) ;O on ynit disk graphs for FEEDBACK VERTEX
SET and CYCLE PACKING in [23]. No parameterized subexponential algorithms on
unit disk graphs for LONGEST PATH, LONGEST CYCLE, and EXACTk-CYCLE were
known prior to our work.

Our results. We design subexponential parameterized algorithms, with running time
20Wklogh) . ,OM)  for EXACTk-CYCLE, LONGEST CYCLE, LONGEST PATH, FEED-

BACK VERTEX SET and CYCLE PACKING on unit disk graphs and unit square graphs.
It is also possible to show by known NP-hardness reductions for problems on unit disk
graphs [11] that an algorithm of running time 20/ O for any of our problems on
unit disk graphs would imply that ETH fails. Hence our algorithms are asymptotically
almost tight. Along the way we also design Turing kernels (in fact, many-to-one) for
EXACTk-CYCLE, LONGEST CYCLE, LONGEST PATH and SI. That is, we give a polyno-
mial time algorithm that given an instance of EXACT k-CYCLE or LONGEST CYCLE or
LONGEST PATH or SI, produces polynomially many reduced instances of size polyno-
mial in k such that the input instance is a YES-instance if and only if one of the reduced
instances is a YES-instance. As a byproduct of this we obtain a 20%10gk) . ,OM) ime
algorithm for SI when G is a unit disk graph and H is an arbitrary connected graph. It
is noteworthy to remark that a simple disjoint union trick implies that EXACT k- CYCLE,
LONGEST CYCLE, LONGEST PATH, and SI do not admit a polynomial kernel on unit
disk graphs [7]. Finally, we remark that we do not use Turing kernels to design our
subexponential time algorithms except for EXACT k-CYCLE. The subexponential time
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parameterized algorithm for EXACT k-CYCLE also uses a “double layering” of Baker’s
technique [3].

All our subexponential time algorithms have the following theme in common. If
an input n-vertex unit disk graph G contains a clique of size poly(k) (such a clique
can be found in polynomial time), then we have a trivial YES-instance or NO-instance,
depending on the problem. Otherwise, we show that the unit disk graph G in a YES-
instance of the problem admits, sometimes after a polynomial time preprocessing,
a specific type of (w, A, t)-decomposition, where the meaning of w, A and 7 is as
follows. The vertex set of G is partitioned into cliques Cy, ..., Cq4, each of size at
most w = k9. We also require that after contracting each of the cliques C; to a
single vertex, the maximum vertex degree A of the obtained graph G is O(1), while
the treewidth T of G is O(+/k). Moreover, the corresponding tree decomposition of
G can be constructed efficiently. We use the tree decomposition of G to construct a
tree decomposition of G by “uncontracting” each of the contracted cliques C;. While
the width of the obtained tree decomposition of G can be of order w - T = ko(l), we
show that each of our parameterized problems can be solved in time f(A) - w/(®)7,
Here we use dynamic programming over the constructed tree decomposition of G,
however there is a twist from the usual way of designing such algorithms. This part
of the algorithm is problem-specific—in order to obtain the claimed running time, we
have to establish a very specific property for each of the problems. Roughly speaking,
the desired property of a problem is that it always admits an optimal solution such
that for every pair of adjacent bags X, Y of the tree decomposition of G, the number
of edges of this solution “crossing” a cut between X and Y is O(+v/k). We remark that
the above decomposition is only given in the introduction to present our ideas for all
the algorithms in a unified way and the term (w, A, t)-decomposition is not defined
in the technical sections.

2 Preliminaries

For a positive integer ¢, we use [¢] as a shorthand for {1, 2, ..., t}. Given a function
f: A — Bandasubset A’ C A, let f|4 denote the restriction of the function f
to the domain A’. For a function f: A — B and B’ € B, f~!'(B’) denotes the set
{ac€ A : f(a) e B'}.Fort,t' e N,aset[t] x [t'],i € [t]and j € [¢'] we use (%, })
and (i, *) to denote the sets {(i’, j) : i’ € [t]} and {(i, j') : j' € [¢']}, respectively.
For a set U, we use 2V to denote the power set of U.

Graph Theory. We use standard notation and terminology from the book of Diestel [17]
for graph-related terms which are not explicitly defined here. Given a graph G, V (G)
and E(G) denote its vertex-set and edge-set, respectively. When the graph G is clear
from context, we denote n = |V(G)| and m = |E(G)|. Given U C V(G), we let
G[U] denote the subgraph of G induced by U, and we let G \ U denote the graph
G[V(G) \ U]. For an edge subset E, we use V(E) to denote the set of endpoints
of edges in E and G[E] to denote the graph (V(E), E). For X,Y < V(G), we
use E(X) and E(X, Y) to denote the edge sets {{u,v} € E(G) : u,v € X} and
{{u,v} € E(G) : u € X,v € Y}, respectively. Moreover, we let N(U) denote
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the open neighborhood of G. In case U = {v}, we denote N(v) = N(U). Given
an edge e = {u,v} € E(G), we use G/e to denote the graph obtained from G
by contracting the edge e. In other words, G /e denotes the graph on the vertex-set
(V(G) \ {u, v}) U {x{4y,v)}, where xy, ) is a new vertex, and the edge-set E(G/e) =
E(GLV(G) \ {u, v}D) U {{xu,0}, w} | w € N({u, v})}. A graph H is called a minor of
G, if H can be obtained from G by a sequence of edge deletions, edge contractions
and vertex deletions. In a graph G, a sequence of vertices [ujus . .. u¢] is called a path
inG,ifforanyi, j € [£],i # j,u; #ujand {u,, u,1} € E(G) forallr € [£ —1].
We also call the path P = [ujuy...u¢] as uj-ue path. The internal vertices of a
path P = [ujus ... ug] are {us, u3, ..., ug—1}. A sequence of vertices [ujus . ..ug]is
called acyclein G, if u; = ug, [ujus ... ug—1]is a path and {uy_1, us} € E(G). For
a path or a cycle Q, we use V (Q) to denote the set of vertices in Q. Given k € N, we
let Kj denote the complete graph on k vertices. For a set X, we use K[X] to denote
the complete graph on X.

Givena, b € N,ana x b grid is a graph on a - b vertices, v; ; for (i, j) € [a] x [b],
such that for all i € [a — 1] and j € [b], it holds that v; ; and v;y,; are neighbors,
and for all i € [a] and j € [b — 1], it holds that v; ; and v; j11 are neighbors.
By slightly abusing the notation, for any two positive real numbers a and b, we use
the term a x b grid to denote a |a] x |b] grid. For ease of presentation, for any
function f: D — [a] x [b] (wherea, b € N),i € [a],and j € [b], we use f_l(i, ),
F (%, j),and f~1(i, ) todenote the sets £~1((i, j)), f'((*, j)),and fF~1((, %)),
respectively.

A path decomposition is defined as follows.

Definition 2.1 A path decomposition of a graph G is a sequence P = (X1, Xo, ...,
X¢), where each X; C V(G) is called a bag, that satisfies the following conditions:

- Uie[l] X; = V(G).

— For every edge {u, v} € E(G) there exists i € [£] such that {u, v} C X;.

— For every vertex v € V(G), if v € X; N X for some i < j, then v € X, for all
refi,...,j}

The width of P is max;cp¢) |X;| — 1.

The pathwidth of G is the minimum width of a path decomposition of G, and it
is denoted by pw(G). A tree decomposition is a structure more general than a path
decomposition, which is defined as follows.

Definition 2.2 A tree decomposition of a graph G is a pair 7 = (T, B), where T is a
tree and B is a function from V (T') to 2V(9)| that satisfies the following conditions:

- Uer(T) B(x) = V(G).

— For every edge {u, v} € E(G) there exists x € V(T) such that {u, v} C B(x).

— For every vertex v € V(G), if v € B(x) N B(y) for some x,y € V(T), then
v € B(z) for all z on the unique path between x and y in T'.

The width of T is max,cy(r) |B(x)| — 1. Each B(x) is called a bag. Moreover, we let
y (x) denote the union of the bags of x and its descendants.
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In other words, a path decomposition is a tree decomposition where T is a path,
but it will be convenient for us to think of a path decomposition as a sequence using
the syntax in Definition 2.1. The treewidth of G is the minimum width of a tree
decomposition of G, and it is denoted by rw(G).

Proposition 2.3 [8] Given a graph G and an integer k, in time 200) ., we can either
decide that tw(G) > k or output a tree decomposition of G of width 5k.

A nice tree decomposition is a tree decomposition of a form that simplifies the
design of dynamic programming (DP) algorithms. Formally,

Definition 2.4 A tree decomposition 7 = (7', ) of a graph G is nice if for the root r
of T, it holds that 8(r) = ¥, and each node v € V(T) is of one of the following types:

— Leaf: visaleafin T and 8(v) = 0.

— Forget: v has exactly one child u, and there exists a vertex w € B(u) such that
B) = Bu) \ {w}.

— Introduce: v has exactly one child u, and there exists a vertex w € B(v) such that
B\ {w} = Bu).

— Join: v has exactly two children, ¥ and w, and 8(v) = B(u) = B(w).

Proposition 2.5 [5] Given a graph G and a tree decomposition T of G, a nice tree
decomposition T' of the same width as T can be computed in linear time.

Geometric Graphs. Given a set of geometric objects O, the intersection graph of O
is a graph G with vertex set V(G) = O and edge set E(G) = {{u,v} : u,v € O,
unv # @}

Let P = {p1 = (x1,y1), p2 = (x2,¥2), ..., pn = (xn, Yn)} be a set of points in
the Euclidean plane. In the unit disk graph model, for every i € [n], we let d; denote
the disk of radius 1 whose centre is p;. Accordingly, we denote D = {d1, d>, ..., d,}.
Then, the unit disk graph of D is the intersection graph of D. Alternatively, the unit
disk graph of D is the geometric graph of G such that E(G) = {{p; = (x;, yi), pj =

(xj,y))} | pi.pj € D,i # ], \/(x,- —)c]-)2 + (i — yj)2 < 2}. In the unit square
graph model, for every i € [n], we let s5; denote the axis-parallel unit square whose
centre is p;. Accordingly, we denote S = {s1, 52, ..., s, }. Then, the unit square graph
of S is the intersection graph of §. Alternatively, the unit square graph of S is the
geometric graph G such that E(G) = {{pi = (x;,yi), p; = (xj,y)} | pi.pj €
S,i# Jolxi — x| <1, |y —yjl < 1L

3 Clique-Grid Graphs

In this section, we introduce a family of “grid-like” graphs, called clique-grid graphs,
that is tailored to fit our techniques. Given a unit disk/square graph G, we extract the
properties of G that we would like to exploit, and show that they can be captured by
an appropriate clique-grid graph. Let us begin by giving the definition of a clique-grid
graph. Roughly speaking, a graph G is a clique-grid graph if each of its vertices can be
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embedded into a single cell of a grid (where multiple vertices can be embedded into
the same cell), ensuring that the subgraph induced by each cell is a clique, and that
each cell can interact (via edges incident to its vertices) only with cells at “distance”
at most 2. Formally,

Definition 3.1 (Clique-grid graphs) A graph G is a clique-grid graph if there exists a
function f: V(G) — [t] x [t'], for some 7, t' € N, such that the following conditions
are satisfied:

1. Forall (i, j) € [t] x [t], it holds that f‘l(i, J) is aclique.
2. For all {u, v} € E(G), it holds that if f(u«) = (i, j) and f(v) = (i, j’) then

i—i'l<2 and |j—j|<2

Such a function f is a representation of G.

We note that a notion similar to clique-grid graph was also used by Ito and
Kadoshita [32]. For the sake of clarity, we say that a pair (i, j) € [t] x [t'] is a
cell. Moreover, whenever we discuss a clique-grid graph, we assume that we also have
the representation. Next, we show that a unit disk graph is a clique-grid graph.

Lemma 3.2 Let D be a set of points in the Euclidean plane, and let G be the unit disk
graph of D. Then, a representation f of G can be computed in polynomial time.

Proof The proof is by creating a grid F containing all the points in D with horizontal
and vertical lines where two consecutive horizontal/vertical lines are at a distance /2.
Here each square in F is of dimension /2 x +/2. We say that a point is in a square if it
is inside the square or it is on the boundary of the square which is the left vertical line
or the bottom horizontal line of the square. Then we define a function f which maps
the points in the square to the square it belongs to. Then we prove that f is indeed a
representation for G.

More formally, denote xpyin = min{x; | p; = (x;, ¥;) € D}, xmax = max{x; | p; =
(xi, yi1) € D}, ymin = min{y; | pi = (x;, ;) € D} and ymax = max{y; | p; =
(xi, yi) € D}. Withoutloss of generality assume that xppi, = 0and ypin = 0 (otherwise
we shift the origin to the point (Xmin, Ymin))- Let f = [Ymax/ V2] +1and ¢ =
fxmax/«/z] + 1. Now we define f: V(G) — [t] x [t'] as follows. For all p; =
(xi, yi) € V(G), define a; = |x;/~/2+ 1], b; = |yi/~/2+ 1] and f(p:) = (a;, by).

First, let us verify that Condition 1 in Definition 3.1 is satisfied. To this end, let p; =
(x;, yi) and p; = (x;, y;) be two distinct vertices in V (G) such that f(p;) = f(p;).
Then, |x;/v/2+ 1] = |x;/~/2+ 1] and |y;/+/2+ 1] = |y;/~/2+1]. Thus, we have

that |x; —x;| < v2Zand |y; —y;| < +/2. In particular, \/(xi —x )2+ (i — y)? <2,
which implies that (p;, p;) € E(G).

Next, let us verify that Condition 2 in Definition 3.1 is satisfied. To this end, let
{pi = (xi,¥i), pj = (xj,¥))} € E(G). Recall that f(p;) and f(p;) are denoted by
(ai, b;) and (aj, bj), respectively. Thus, to prove that f(p;) € {(a’,b') | |a; —a'| <
2,1b; — b'| < 2}, it should be shown that |a; — aj| < 2 and |b; — bj| < 2. By
substituting a;, a;, b; and b}, it should be shown that
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Xi Xj
%)=
)= LA =

V2 V2

We focus on the proof of the first item, as the proof of the second item is symmet-

ric. Without loss of generality, suppose that x; < x;. Then, it remains to show that
Lxi/~/2] — |xj/~/2] < 2.Since G is the unit disk graph of D and {p;, p;} € E(G),

it holds that \/(xl- —xj)2+ (yi —yj)*> < 2. In particular, x; — x; < 2. Denote
X = xj/v/2. Then, |x;/v/2] = |xj/v/2] < [ X + V2] - [X] < 2. O

< 2,and

Similarly, we can show the following.

Lemma 3.3 Let S be a set of points in the Euclidean plane, and let G be the unit square
graph of S. Then, a representation f of G can be computed in polynomial time.

Proof (Sketch) Like the case of Lemma 3.2, the proof'is by creating a grid F containing
all the points in D. But here the grid is formed by horizontal and vertical lines where
two consecutive horizontal/vertical lines are at a distance 1. Here each square in F' is
of dimension 1 x 1. Again, we say that a point is in a square if it is inside the square or it
is on the boundary of the square which is the left vertical line or the bottom horizontal
line of the square. Then the required function f maps the points in the square to the
square it belongs to. O

Consequently, we have the following.

Corollary3.4 Let (G, O, H, k) ((G, O,k)) be an instance of SI (resp. LONGEST
CYCLE) on unit disk/square graphs. Then, in polynomial time, one can output
a representation f such that (G, f, H,k) (resp. (G, f,k)) is an instance of
SI (resp. LONGEST CYCLE) on clique-grid graphs that is equivalent to (G, O, H, k)
(resp. (G, O, k)).

We conclude this section by introducing the definition of an ¢-NCTD, which is
useful for doing our dynamic programming algorithms.

Definition 3.5 A tree decomposition 7 = (T, B) of a clique-grid graph G with rep-
resentation f is a nice £-clique tree decomposition, or simply an £-NCTD, if for the
root r of T, it holds that 8(r) = ¥, and for each node v € V(T), it holds that

— Thereexistatmost £ cells, (i1, ji), ..., (i¢, je),suchthat (v) = Ule f_l(i,, Ji)s
and
— The node v is of one of the following types:

— Leaf: visaleafin T and 8(v) = 0.
Forget: v has exactly one child u, and there exists a cell (i, j) € [t] x [t'] such

that £=1(i, j) € B(u) and B(v) = Bw) \ f~1(, ).

— Introduce: v has exactly one child u, and there exists a cell (i, j) € [¢] x [¢]

such that £~1(i, j) € B(v) and B(v) \ £, j) = B(u).

Join: v has exactly two children, u and w, and B(v) = B(u) = S(w).
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A nice {-clique path decomposition, or simply an £-NCPD, is an £-NCTD where T
is a path. In this context, for convenience, we use the notation referring to a sequence
presented in Sect. 2.

4 The Cell Graph of a Clique-Grid Graph

In this section, we introduce two compact representations of clique-grid graphs. By
examining these representations, we are able to infer information on the structure of
clique-grid graphs that are also unit disk/square graphs.

Definition 4.1 (Backbone) Given a clique-grid graph G with representation f: V(G)
— [#] x ['], an induced subgraph H of G is a backbone for (G, f) if for every two
distinct cells L, L' € [¢] x [¢'] for which there exist u € f~'(L) and v € f~'(L")
such that {u, v} € E(G), there also exist u’ € f~'(L) and v’ € f~!(L’) such that
{u',v'} € E(H).If no induced subgraph of H is a backbone for (G, f), then H is a
minimal backbone for (G, f).

First, we bound the maximum degree of a minimal backbone.

Lemma 4.2 Let G beaclique-grid graph with representation f, and let H be a minimal
backbone for (G, f). Then, forall (i, j) € [t]1x[t'], itholds that | f ~' (i, )NV (H)| <
24. Furthermore, the maximum degree of H is at most 599.

Proof By Condition 2 in Definition 3.1, we have that for all cells (i, j) € [¢] x [¢'],
it holds that | f~1G, j) N V(H)| < [{(i',j") € [1] x ['I\{G. D} = i =i <
2and |j — j'| < 2}| < 24. Thus, forall (i, j) € [r] x [¢'], the degree in H of a vertex
in f~1(i, j) N V(H) is bounded by

'( U r'@inn V(H)) \ (v}

(@', j)elt]x[r]

li—i'|<2

lj—j'1<2
NG jH el x 1 li —i'l <2and |j — j'| <2}|-24— 1
=25-24 —1=599. O

Note that it is easy to compute a minimal backbone. The most naive computation
simply initializes H = G; then, for every vertex v € V(G), it checks if the graph
H \ {v} has the same backbone as H, in which case it updates H to H \ {v}. Thus, we
have the following.

Observation 4.3 Given a clique-grid graph G with representation f, a minimal back-
bone H for (G, f) can be computed in polynomial time.

To analyze the treewidth of a backbone, we need the following.'

! The paper [23] does not consider unit square graphs, but the arguments it presents for unit disk graphs
can be adapted to handle unit square graphs as well.
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Proposition 4.4 [23] Any unit disk/square graph with maximum degree A contains a
10’0% X 10’0% grid as a minor, where tw is the treewidth of the graph.

Thus, we have the following.

Lemma 4.5 Given a clique-grid graph G that is a unit disk/square graph, a represen-
tation [ of G and an integer £ € N, in time 200 . yOW one can either correctly
conclude that G contains an af x af grid as a minor, or obtain a minimal backbone H
for (G, f) with a nice tree decomposition T of width at most 5¢, where o = m()-IW'
Proof By Lemma 4.2, Observation 4.3 and Proposition 4.4, in polynomial time, one
can compute a minimal backbone of H such that H either contains a ¢ x «of grid
as a minor or has treewidth at most £. Since H is a subgraph of G, it holds that if H
contains an a x b grid as a minor, then G also contains an a x b grid as a minor. Thus,
by Propositions 2.5 and 2.3, we conclude the proof of the lemma. O

Next, we define a more compact representation of a clique-grid graph.

Definition 4.6 (Cell graph) Given a clique-grid graph G with representation f: V(G)
— [r] x [t'], the cell graph of G, denoted by cell(G), is the graph on the vertex-
set {v;j i €[t],j € [(t'l, f~'G, j) # @} and edge-set {{v; j,vir 1} : (G, J) #
(', j),3ue f71G, j)Iv e f71G, j/) suchthat {u, v} € E(G)).

By Definitions 4.1 and 4.6, we directly conclude the following.

Observation 4.7 For a clique-grid graph G, a representation f of G and a backbone
H for (G, f), it holds that cell(G) is a minor of H.

Since for any graph G and a minor H of G, it holds that rw(H) < tw(G), we have
the following.

Observation 4.8 For a clique-grid graph G, a representation f of G and a backbone
H for (G, f), it holds that tw(cell(G)) < tw(H).

Overall, from Lemma 4.5 and Observation 4.8, we directly have the following.

Lemma 4.9 Given a clique-grid graph G that is a unit disk/square graph, a represen-
tation f of G and an integer £ € N, in time 2°© . nOW) | one can either correctly
conclude that G contains an ol x af grid as a minor, or compute a nice tree decom-

o . _ 1
position of cell(G) of width at most 5¢, where o = 1005953

Note that a nice tree decomposition of cell(G) of width 5¢ corresponds to a 5¢-
NCTD of G. In other words, Lemma 4.9 implies the following.

Corollary 4.10 Given a clique-grid graph G that is a unit disk/square graph, a repre-
sentation f of G and an integer £ € N, in time 200 . nOW one can either correctly
conclude that G contains an ol x ol grid as a minor, or compute a 5¢-NCTD of G,

_ 1
where a = 1005953
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5 Turing Kernels

For the sake of uniformity, throughout this section, we denote an instance (G, O, k)
((G, f,k)) of LONGEST CYCLE on unit disk/square graphs (resp. clique-grid graphs)
alsoby (G, O, H, k) (resp. (G, f, H, k)) where H is the empty graph. Our objective
is to show that both ST and LONGEST CYCLE on unit disk/square graphs admit a Turing
kernel [13, Chap. 9]. More precisely, we prove the following.

Theorem 5.1 Let (G, O, H, k) be an instance of SI(LONGEST CYCLE) on unit
disk/square graphs. Then, in polynomial time, one can output a set T of instances
of SI (resp. LONGEST CYCLE) on unit disk/square graphs such that (G, O, H, k) is
a YES-instance if and only if at least one instance in 1 is a YES-instance, and for all
(G 0, H,k) € T, it holds that |V(G)| = O3, |E(G)| = O(k*), H = H and
k =k

To prove Theorem 5.1, we first need two definitions.

Definition 5.2 Let G be a clique-grid graph with representation f: V(G) — [t]1x ['],
H' be a subgraph of G, and £ € N. We say that H' is {-stretched if there exist cells
(@i, j), (i, j") € [t] x [¢'] such that the following conditions are satisfied:

— Ttholds that |i —i'| > 2€or|j — j'| > 2¢£ (or both).
— Itholds that V(H") N f~1(i, j) # @and V(H') N f1G', j') # 0.

For a clique-grid graph G with representation f: V(G) — [r] x [t'] and a subgraph
G’ of G we denote inin(G') = min{i € [1] : (Ujern 7 D) N vG) # v},
imax(G") = max{i € [1] : (Uje /TG 0) N V(G # B}, jmin(G) =
min{;j € [/'] 1 (Ui f7G. ) N V(G # 0} and jmax(G") = max{j € [1'] :
(Uie[t] 71a, j)) NV(G) # VJ} We proceed by proving two claims concerning
solutions to LONGEST CYCLE and SI on clique-grid graphs.

Lemma5.3 Let I = (G, f: V(G) — [t] x [t'], H, k) be an instance of S on clique-
grid graphs. Then, for any subgraph H' of G that is isomorphic to H, it holds that H'
is not 2k-stretched.

Proof Let H' be a subgraph of G that is isomorphic to H. To prove that H' is not 2k-
stretched, we need to prove that imax (H') —imin(H") < 2k and jmax (H) — jmin(H') <
2k. We only prove that imax (H") — imin(H') < 2k, as the proof that jyax(H') —
Jmin(H') < 2k is symmetric.

Leti; < i» < --- < iy for the appropriate £ be the set of indices i € [f] such
that (Uje[[,] F7YG, ) N V(H') # 0. Note that i| = imin(H') and ip = imax(H').
We claim that for all r € [¢£ — 1], it holds that i,;; — i, < 2. Suppose, by way
of contradiction, that there exists » € [£ — 1] such that i, | — i, > 2. Recall that
H is a connected graph, and therefore H' is also a connected graph. Thus, there
exists an edge {u v} € E(H') € E(G) and indices i < i, and i’ > i,4| such
that u € U/e[t LG, j)and v € Uje[t’] £, j). However, this contradicts the
fact that f is a representation of G. Also, since |V (H')| < k and H’ is connected,
imax(H') — imin(H') < 2k. ]
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Definition5.4 Let I = (G, f: V(G) — [t] x [t'], k) be an instance of LONGEST
CYCLE on clique-grid graphs. We say that [ is a stretched instance if G has a cycle C
that is £-stretched for some ¢ > 2k.

Lemmab5.5 LetI = (G, f: V(G) — [t]x[t'], k) be an instance of LONGEST CYCLE
on clique-grid graphs. Then, it can be determined in polynomial time whether I is a
stretched instance, in which case it is also a YES-instance.

Proof 1t is well known that for any given graph and pair of vertices in this graph,
one can determine (in polynomial time) whether the given graph has a cycle that
contains both given vertices by checking whether they are in the same biconnected
component of the graph (see, e.g., [29]). Thus, by considering every pair (u, v) of
vertices in V(G) such that |i —i’| > 2k or |j — j’| > 2k (or both) where f(u) = (i, j)
and f(v) = (i’, j'), we can determine (in polynomial time) whether [ is a stretched
instance.

Now, suppose that [ is a stretched instance. Then, G has a cycle C that is £-
stretched for some £ > 2k. Note that I’ = (G, f, C, |V (C)|) is a YES-instance of SI
on clique-grid graphs. Thus, by Lemma 5.3, it holds that C is not 2|V (C)|-stretched.
Therefore, £ < 2|V (C)|, and since ¢ > 2k, we conclude that k < |V (C)|. Thus, I is
a YES-instance. O

Next, we prove Theorem 5.1. Our method is inspired by Baker’s technique [3].

Proof of Theorem 5.1 First, by Corollary 3.4, we obtain (in polynomial time) an
instance (G, f, H, k) of SI (LONGEST CYCLE) on clique-grid graphs that is equiv-
alent to (G, O, H, k). Now in polynomial time, we output a set Z’ of instances of
SI (resp. LONGEST CYCLE) on clique-grid graphs such that (G, f, H, k) (and hence
(G, O, H, k)) is a YEs-instance if and only if at least one instance in 7’ is a YES-
instance, and for all (6 , f, H , 7<\) € 7, it holds that G is either an induced subgraph of
Gor K 1,7 < 2k = Ok), | f (i, j)| <k forany cell (i, j) € [[] x [['l, H=H
and k = k.

Towards constructing such a set Z’, suppose that there exists a cell (i, j) € [¢] x [¢']
such that | f~1(i, j)| > k, then by Definition 3.1, G[f~'(i, j)]is a clique on at least
k vertices. In particular, the pattern H is a subgraph of G[f~'(i, j)], and therefore
it is also a subgraph of G. Thus, in this case, we conclude the proof by setting Z’ to
be the set that contains only one instance, (Ky, f: V(Kr) — [1] x [1], H, k). From
now on, suppose that for all cells (i, j) € [¢] x [¢'], it holds that L=V, )] < k.

Second, in case the input instance [ is of LONGEST CYCLE, we use the computation
given by Lemma 5.5 to determine whether I is a stretched instance. If the answer
is positive, then by Lemma 5.5, it holds that 7 is a YES-instance. In this case, we
again conclude the proof by setting Z’ to be the set that contains only one instance,
(Ky, f: V(Kx) — [1] x [1], H, k). From now on, also suppose that if the input
instance [ is of LONGEST CYCLE, then it is not stretched.

Now, our algorithm to construct Z* works as follows. For every (p, q) € [t] x [t'],
it computes
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Gpg= G[ U f‘l(i,j):|.
p<i<min{p+2k,t+1}
q<j<min{g+2k,t’+1}

Let fpq : V(Gp,g) — [2k] x [2k] be such that f), ;(v) == (@ —p+1,j—qg+ D),
where (i, j) = f(v). Thus, since f is arepresentation of G, it holds that f, , is arep-
resentation of G, . Finally, our algorithm outputs 7/ = {1, , = (G .4, fp.q. H. k) :
(p,q) € [t] x [t']}.

Next, we show that (G, f, H, k) is a YES-instance if and only if at least one instance
in 7' is a YEs-instance. Since for all (G, 4, fp.q. H. k) € T', it holds that G, , is
an induced subgraph of G, we have that if (G, f, H, k) is a NO-instance, then every
instance in Z’ is NO-instance as well. Next, suppose that (G, f, H, k) isa YES-instance.
Let us consider two cases.

- (G, f, H, k)isaninstance of SI. Then, let H' be a subgraph of G that is isomorphic
to H. By Lemma 5.3, it holds that both imax (H') — imin (H') < 2k and jmax (H') —
Jmin(H") < 2k. Therefore, H' is a subgraph of G, ,, where p = imin(H’) and
q = Jjmin(H’). This implies that 1 p.q 15 @ YES-instance.

- (G, f, H, k) is an instance of LONGEST CYCLE. Then, let C be a subgraph of G
that is a cycle on at least k vertices. Since (G, f, H, k) is not stretched, it holds
that both imax (C) — imin(C) < 2k and jimax(C) — jmin(C) < 2k. Therefore, C is
a subgraph G, ;, where p = inin(C) and ¢ = jmin(C). This implies that 1, ; is
a YES-instance.

To conclude our proof, it is sufficient to show that for any instance (6 , f, H , 75) S
7', we can compute (in polynomial time) an equivalent instance (G, O’, H', k") of SI
(LONGEST CYCLE) on unit disk/square graphs such that |0’ = O(k"), H = H and
k' =k.To this end, fix some instance (G f H, k) € 7'. Let us first handle the simple
case where G is equal to K. Here, we conclude the proof by defining p; = (0, i /k)
fori € [k], and then setting O" = {p] : i € [k]}.

Now, suppose that G is an induced subgraph of G. Then, we have that
V(G) C O, and the unit disk/square graph of V(G) is exactly G Thus, we define
(G, 0/ H',K) = (G, V(G), H,%). It remains to show that |V(G)| = O(*3) and
|E@G)| = (’)(k4)-

By Definition 3.1, it holds that

VG I= Y Il
(i, )eMx[7"]

Thus, since 77 = O®k) and | f1G, j)| < k for (i, j) € [7] x [7'], we have that
[V(G)| = O%k3).

Now, denoteX ={((G, ), @, )i, i eltl,j,j elt'lli—i|<2,0j—j<
2}. Since 7,7 = O(k), we have that | X| = O(k?). By Definition 3.1, it also holds that

EGI< > DN DL

(@), j"))eXx
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Thus, since |X| = O(k?), and 771G, j)| < k for (i, j) € [f] x ['], we have that
|E(G)| = OK*). o

We obtain the following corollary.

Corollary 5.6 Let (G, O, H, k) be an instance of SI(LONGEST CYCLE) on unit
disk/square graphs. Then, in polynomial time, one can output a set T of instances
of SI (resp. LONGEST CYCLE) on clique-grid graphs such that (i) (G, O, H, k) is a
YES-instance if and only if at least one instance in Zi is a YES-instance, and (ii) for all
(G f V(G) — [f] x [t 1, H k) € 7, it holds that G is etther an induced subgraph
of G or K, |f ()| <kf0ranycellL e [1] x [], H=H k=kand7,7 <2k

The proof of Corollary 5.6 follows from the proof of Theorem 5.1, even though a
direct application of Corollary 3.4 on each output instance of Theorem 5.1 implies
Corollary 5.6 without explicit bound on ¢ and ¢’. Corollary 5.6 is used in Sects. 6 and 7.

6 Exact k-Cycle
In this section we prove the following theorem.

Theorem 6.1 EXACTk-CYCLE on unit disk/square graphs can be solved in 20Wklogh).
o) ,;
n time.

Because of Corollary 5.6, towards proving Theorem 6.1, we can assume that the
input to our algorithm is (G, f: V(G) — [¢] x [t'], k) where G is a clique-grid graph
with a representation f, | f~!(L)| < k forall L € [t] x [t'] and ¢, t' < 2k. Without
loss of generality we can assume that f is a function from V (G) to [2k] x [2k], because
[t]x [t'] C [2k] x [2k]. Since f~'(L) < k forall L € [r] x [¢'] the number of vertices
in the input graph is bounded by O (k?).

Given an instance (G, f: V(G) — [2k] x [2k], k), the algorithm applies a method
inspired by Baker’s technique [3] and obtains a family .% of 20Wklogh) jngtances of
EXACT k-CYCLE. The family .% has the following properties:

1. In each of these instances the input graph is an induced subgraph of G and has
size kKOO,

2. The input (G, f: V(G) — [2k] x [2k], k) is a YES-instance if and only if there
exists aninstance (H, f*: V(H) — [2k] x [2k], k) € .% whichis a YES-instance.

3. Moreover, for any instance (H, f*: V(H) — [2k] x [2k], k) € .%, H has a nice
7/k-clique path decomposition (7+/k-NCPD).

We will call the family % satisfying the above properties as good family. Let
(H, f*: V(H) — [2k] x [2k], k) be an instance of .#. Let P = (X1,..., Xy)
be a 7/k-NCPD of H. We first prove that if there is a cycle of length k in H, then
there is a cycle C of length k in H such that for any two distinct cells L and L’ of f,
the number of edges with one endpoint in L and other in L’ is at most 5. Let C be such
acycle in H. Then using the property of C we get the following important property:

@ Springer



Discrete & Computational Geometry (2019) 62:879-911 893

For any i € [¢], the number of edges of C with one endpoint in X; and other in
Ui <j<4 X is upper bounded by OWk).

The above mentioned property allows us to design a dynamic programming (DP)

algorithm over the 7+/k-NCPD, P, for EXACT k-CYCLE in time 20Wklogh) Now we
are ready to give formal details about the algorithm.

Lemma 6.2 Let (G, f: V(G) — [2k] x [2k], k) be an instance of EXACTk-CYCLE,
where G is a clique-grid graph with representation f, |f~'(L)| < k for all L €
[2k] x [2k]. Given (G, f: V(G) — [2k] x [2k], k), there is an algorithm running in
time 20WkK1ogh) 4t outputs a good family 7.

Proof Let C beacycle oflength k in G. First we define a column of the 2k x 2k grid. For
any j € [2k]thesetofcells {(i, j) : i € [2k]}iscalled acolumn. There are 2k columns
for the 2k x 2k grid. We partition them into k blocks of two consecutive columns and
label them from the set of labels [[+/k]]. That is, each pair of columns 2 — 1 and
2i, where i € [k] is labelled with ((i — 1) mod [v/k]) 4 1. Then by the pigeonhole
principle there is a label £ € {1,2, ..., [+v/k1} such that the number of vertices from
V (C) which are in columns labelled £ is at most Vk. As [V(G)| < kO(l), the number
of vertices of G in columns labelled £ is at most k9. We guess the vertices of V(C)
which are in the columns labelled ¢. The number of potential guesses is bounded by
kO(*/’;). Let Y be the set of guessed vertices of V (C) which are in the columns labelled
by £. Notice that |Y| < Vk. Then we delete all the vertices in columns labelled ¢,
except the vertices of Y. Let S be the set of deleted vertices. By the property 2 of
clique-grid graph, G \ (S UY) is a disjoint union of clique-grid graphs each of which
is represented by a function with at most 2([vk1 = 1) < 2k columns. That is, let

. 200—1) ,_1 . - min{(i-2[vk])+26-2,2k} ] ,
Gi=G[Uj= " /76 D] and Gigy = GIUTZ T s 55 7 6, )] for

alli € {1,..., [Vk]}.
By property 2 of clique-grid graph, G\ (SUY) =G W -.- U Gr/r+1

Claim1 G \ S has a nice 7+/k-clique path decomposition (7+/k-NCPD).

Proof First, foreachi € {1,..., f«/ﬁ + 1}, we define a path decomposition of G;
(in the next paragraph) such that each bag is a union of at most 6+/k many cells of f;.
AsG\SUY)=G1¥--- U Gr«/l?Hl’ and |Y| < Vk, by adding Y to each bag of all
path decompositions we can get a required nice 7+/k-clique path decomposition for
G\S.

Now, for each G,;, we define a path decomposition P; = (X; 1, X; 2, ..., Xi2k—2)
where X; ; = £ (G, 0 U £G4+ L% U £ + 2, %). We claim that P is
indeed a path decomposition of G;. Notice that U];;ll X = ffl(*, %) = V(G;).
By property 2 of clique-grid graph, we have that for each edge {u,v} € E(G),
there exists j € [2k — 2] such that {u,v} € X; ;. For each u € V(G), u is
contained in at most three bags and these bags are consecutive in the sequence
(Xi1, Xi2,..., Xi2—2). Hence P; is a path decomposition of G;. Since X; ; =
G0 U NG+ 1,9 U f7N( + 2, %), the number of columns in f; is at

@ Springer



894 Discrete & Computational Geometry (2019) 62:879-911

most 2+/k and each cell of f; is a cell of f, we have that each X i,j 1s a union of
6+/k many cells of f. Since G\ (SUY) = G| ¥ --- W G[\/EHI’ the sequence
P = X115 - X122, X215 -+, X2.2k—25 - - - » X[«/E]+l,l’ e, X(«/E]—H,Zk—Z) is
a path decomposition of G \ (S U Y). Moreover, each bag is a union of ver-
tices from at most 65/k cells of f. Also, since |Y| < \/l;, the sequence P =
(X11VY, ..., X1 x—2UY, ..., X(«/EHI,I’ e, Xrﬁ1+l,k—2UY) obtained by adding
Y to each bag of P’ we get a path decomposition of G \ S. Moreover, each bag in P is
a union of vertices from at most 7+/k cells of f. We can turn the path decomposition
P to a 7+/k-NCPD by an algorithm similar to the one mentioned in Proposition 2.5. 0

Our algorithm will construct a family .% as follows. For each ¢ € {1, ..., [vk1} and
for two subsets of vertices S and Y such that S U Y is a set of vertices in the columns
labelled ¢ and |Y| < vk, our algorithm will include an instance (G \ S, flvG)\s, k)
in .%. The number of choices of S and Y is bounded by 20Wklogh) and thus the size
of .# is bounded by 20Wklogh),

We claim that .% is indeed a good family. Suppose there is a cycle C of length & in
G. Then, by the pigeonhole principle there is £ € {1, ..., [+/k]} such that at most v/k
vertices from V (C) are in the columns labelled by £. Let S’ be the set of vertices in
the columns labelled by £. Let Y = S'NV(C)and S = §"\ Y. Notice that | Y| < v/k.
The instance (G \ S, flv(G)\s, k) in #, is a YES-instance. This completes the proof
of the lemma. O

Now we can assume that we are solving EXACTk-CYCLE on (H, f, k), where
(H, f,k) € # (here we rename the function f|y ) with f for ease of presentation).
In our algorithm we seek for a special kind of cycle which is defined as follows.

Definition 6.3 Let H be a clique-grid graph with representation f. A cycle C in H is
called a simplified cycle if for any two cells L and L’ of f, the number of edges of
E(C) with one endpoint in L and other in L’ is at most 5.

Now we prove that if there is a cycle of length k in H, then there is a simplified
cycle of length k in H. Towards that we first define some notations. For a path P =
[uqus . ..ugl], we use <f_’ to denote the path [usue—_1 ...u1]. For any two paths P} =
[t41...u;land P> = [u; ...u¢], we use P P, to denote the path [ujus ... ug].

Lemma 6.4 Let (H, f: V(H) — [2k] x [2k], k) be a YES-instance of EXACTk-
CYCLE. Then there is a simplified cycle of length k in H.

Proof Let C be a cycle of length k such that the number edges of E(C) whose
endpoints are in different cells is minimized. We claim that C is a simplified
cycle in H. Suppose not. Then there exist two cells L and L’ such that the
number of edges of E(C) with one endpoint in L and other in L’ is at least
6. Let C = Pilujvi]P2[urvy] P3[uzvi] P4lugva] Ps[usvs] Pglugve] where for each
{ur, v}, r € {1,...,6}, one endpoint is in the cell L and other is in the cell L', and
each subpath Py, ¢ € {1,...,6}, can be empty too. Since C is a cycle, at least 3
edges from {{u,,v,} : r € {1,...,6}} form a matching. Let {u,, v}, {tr), Vp,}
and {u,,, v,} be a matching of size 3, where {ri,rp,r3} C {I,...,6}. Then, by
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Fig. 1 Illustration of Lemma 6.4. Figure on the left is the cycle C = [uyv,]Q1[u,/v,/]Q2 and the one on
the right is the cycle C’ = [urur/](él [vrv,/102

the pigeonhole principle there exist r,r’ € {ry, rp, r3} such that either u,,u,, €
f_l (L)oru,,u, € f_1 (L"). Without loss of generality assume thatu,, u,, € f_l (L)
(otherwise we rename cell L with L’ and vice versa). Thatis, C = [u,v,101[u, v,102
such that u,, u,r € f~1(L) and v,, vr € f~1(L’). Then, since f~'(L) and f~' (L")
are cliques, C’ = [u,u,’] 51 [vrv,1]1Q5 isacycle of length k in H, such that the number
edges of E(C’) whose endpoints are in different cells is less than that of E(C), which
is a contradiction to our assumption. See Fig. 1 for an illustration of C and C’. This
completes the proof of the lemma. O

Next we design a DP algorithm that finds a simplified cycle of length k, if it exists.

Lemma6.5 Let (H, f: V(H) — [2k] x [2k], k) € F be an instance of EXACTk-

CYCLE and P be a T+/k-NCPD of H. Then, given (H, f: V(H) — [2k] x [2k], k)
and P, there is an algorithm A which runs in time 20Wklog b and outputs YES, if
there is simplified cycle of length k in H. Otherwise algorithm A will output NO.

Proof Algorithm A is a DP algorithm over the 74/k-NCPD P = (X1, ... X,) of H.
For any ¢ € [¢q], we define H; to be the induced subgraph H[Ui<£ Xi] of H. Define
C to be the set of all simplified cycles of length k in H. Let C € C. Since P is a
7+/k-NCPD and the fact that for any two distinct cells L and L’ of f, the number
of edges of C with one endpoint in L and other in L’ is at most 5 (because C is a
simplified cycle in H), we have that for any bag X, of P, the number of vertices of
V(C) N X¢ which has a neighbor in V(H) \ X; is bounded by O(v/k). This allows
us to keep only 20Wklogh) gates in the DP algorithm.

For a set Q of paths (of length O or more) and cycles, we define Q =
{{u, v} | thereisau — v path P in Q}. Fix any £ € [¢] and define C; to be the set
of connected components when we restrict C to Hy. That is, each element in Cy is
a path (maybe of length 0) or C itself (in that case C; = {C}). We also use C; to
denote the subgraph of C restricted to Hy. See Fig. 2 for an illustration. Notice that
Ureg, F is the set of vertices of degree 0 or 1 in H¢(C) and Jpcg, F S X¢. Since

X is a union of vertices from at most 74/k many cells of f, C is a simplified cycle,
and by property 2 of the clique-grid graph, we have that the cardinality of |, <, F
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Fig.2 Illustration of cycle C intersecting X,. The figure in the right side represents C,. Here the set c ¢ 1s
{{v1, ve}, {v2, va}, {vs}}

is at most5-24 - 7\/% = 840\/E. In our DP algorithm we will have a state indexed by
o, 6@, |E(C¢)|) of Boolean value, which will be set to 1. Formally, for any ¢ € [¢],
k" € [k] and a family Z of vertex-disjoint sets of size at most 2 of X, with the prop-
erty that the cardinality of |,z Z is at most 840+/k, we will have a DP table entry
AL, Z, k']. For each £ € [¢], we maintain the following correctness invariants.

Correctness Invariants:

(i) Forevery C € C, A[¢, C¢, |E(Cp)|] = 1,

(ii) for any family Z of vertex-disjoint sets of size at most 2 of X, with
0< |UZeZ Z| < 840k, k' € [k],and A[¢, Z, k'] = 1, there is a set O
of | Z| vertex-disjoint paths in H, where the endpoints of each path are
specified by a setin Z and |E(Q)| = k’, and

(iii) if A[£, @, k] = 1, then there is a cycle of length k in Hy.

The correctness of the algorithm will follow from the correctness invariants for £ =
q. In what follows we explain how to compute A[{, Z, k'] for every £ € [gq], k' € [k]
and family Z of vertex-disjoint sets of size at most 2 of X, with |U 72 Z| < 840k,
the running time to compute it from the previously computed DP table entries, and
prove the correctness invariants. While proving the correctness invariants for £, we
assume that the correctness invariants hold for £ — 1. When £ = 1, X| = ¢ and the
DP table entries are defined as follows:

1 ifk =0,
0 otherwise.

AlL 8, k'] ={ (1)

Since H| = (4, ), the correctness invariants follow. The values A[1, *, %] can be
computed in O(1) time. Now we move to the case where £ > 1.
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Case1: Xy is aforget bag. Fix a family Z of vertex-disjoint sets of size at most 2 of
X, such that |U2ez Z| is at most 840+/k and k' € [k].

AL, Z, k1= Al — 1, Z,K]. 2)

Clearly A[¢, Z, k'] can be computed in O(1) time using the previously computed DP
table entries. In this case the correctness invariants follow from the fact that Hy = Hy_
and Xy C Xy_1.

Case2: Xy isanintroduce bag. Thatis Xy = X;_1 U f_l(L) for some cell L. Fix a
family Z of vertex-disjoint sets of size at most 2 of X, such that |U 7eZ2 Z| is at most
840\/E and k" € [k]. Define Qg (r) to be the family of sets of vertex-disjoint paths in

H[X;\ X¢—1] = H[f_l(L)] as follows. Each set of paths O € Q,(r) has at most
120 endpoints and |E (Q)| =r. Any set Q that satisfies the above propertles will be
in Qg (r). Recall that Q = {{u, v} | there is a u — v path in Q}. Define Qg(r) {Q
Q€ Qu(n)}.

Claim 2 |@( (r)| = kD and @z (r) can be enumerated in time k9.

Proof We know that H[ f~'(L)] is a complete graph. For any family W of vertex-
disjoint sets of size at most 2 of f~!(L), one can easily get |VV| paths with endpoints
being the one specified by the sets in W, where each path is of length O or 1. To get |[W)|
vertex-disjoint paths with endpoints being the one specified by the sets in WV with total
number of edges r, there should be enough vertices in f~1(L) \ (UWEW W). That
is, when one of the following conditions holds: (i) either {(W e W : |W| =2}| =,
or (i)l <|{WeW : W =2} <rand |{WeW : W =2} +|f L)\
Uwew WI = r. Moreover, since the number of vertices in the union of endpoints
of paths in a set Q € Qu(r) is at most 120 and |V (H)| = k°M | we can enumerate
Q( (r) in time k om, O

For any family ) of sets of size at most 2 in X, we say that ) forms a family
of paths (respectively, a cycle) in K[X,], if the graph (UYey Y, {eec):le| = 2})
forms a family of paths (respectively, a cycle). Now we move to the computation of
AL, Z, k']. Consider the case when Z # (.

If Z € Oy(k'), then we set A€, Z, k'] = 1. 3)

Otherwise,
Ale, Z, k'l = max{A[E — 1,2,k : Z' #¥and there exist r € N, Q € Oy(r),

E C E(U 0, U z) such that |E'|<120, k' = k""+r+|E'|,
Qe@ Ze?

Z'U QU E’ forms a set R of paths in K[X/], andﬁ:Z}. 4)
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Now consider the case when Z = (/.
If Al —1,0,k'] =1, then we set A[¢, 3, k'] = 1. 5)

Otherwise

Ale, 0, k'] = maX{A[ﬁ — 1,2,k : thereexistr € N, Q € Oy(r),

E C <UQ U >suchthatk’=k”+r+|E’|,

QeQ ZeZ

|E'| <120, and 2’ U QU E’ forms a cycle in K[Xg]}. 6)

Notice that in the above computation [(4) and (6)] the number of potential choices
for Z’ is bounded by 20Wklogh), By Claim 2 we know that the cardinality of @( (r)
is at most k<) and it can be enumerated in time k°™. Since | X¢| = kO the
number of choices for E’ in the above computation is bounded by kM This implies
that we can compute A[€, Z, k'] using previously computed DP table entries in time
2(9(«/% log k) )

Before proving the correctness invariants, we state the following simple claim.
Claim 3 For any ¢ € [¢q], A[¢, 4,0] = 1.

Proof When ¢ = 1, the claim follows from (1). For £ = 2, ..., g, the claim follows
from (2) or (5). O

Now we prove the correctness invariants. Let C € C. We partition the set of edges
E(Cp)into E\WE,WE where E; = E(Cy)NE(Hy_1),Ey = E(Co)NE(Xy\ X¢_1)
and E' = E(Co)NE(X¢_1, X¢\ X¢_1). We have two cases based on whether ag =0
or not.

Suppose 6@ # . 1f Cyisasubgraphof H[X,\ X,—1], then 6g € @gﬂE(C()D.ThCII
by (3), we have that A[¢, 6@ |E(Cp)|]l = 1. So now we have that Cy is not a subgraph
of H[X¢\X¢—1]. Thisimplies thateither E1 # Jor E’ # @. Ineither case, we have that
Ci_ # (. Since X,_1 is a union of vertices from 7+/k cells, C € C and by property 2
of clique-grid graphs, we have that |E(X,—1, V(H)\ X¢—1)| < 5-24- 7k = 840/k.
This implies that ‘U DeCy, D‘ < 840+/k. By statement (ii) of the correctness invariant
for £ — 1, we have that (a) A[£—1, 65_1, |E(C¢—1)|] = 1. Consider the graph H[E>].
The graph H[E>] is a collection Q of paths in H[X, \ X¢—1] = K[f’] (L)]. Since
C € C, the number of edges of C with one endpoint in £~ (L) and other in X,_; is
at most 5 - 24 = 120. This implies that (b) |E’| < 120 and (¢) @ € @g(r), where
r = |E(Q)|. By facts (a), (b) and (c), using (4), we get A[¢, 6@, |[E(Cp)|] = 1.

Now consider the case when 6@ = (. In this case either E(C) N E(Hy) =
or E(C) € E(Hy). If E(C) N E(Hy) = @, then |E(Cy)] = 0 and hence
Alt, Cy, |[E(Cp)|] = Al£,9,0] = 1, by Claim 3. Now we have C; = # and
E(C) € E(Hy). This implies that |E(C¢)| = k. If E(Cy) = E(C¢—1), then
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Al —1, 6[, k] = Al — 1,0, k] = 1, by statement (i) of the correctness invariants
for £ — 1. Then, by (5), A[¢, @, k] = 1. So, now we assume that E(C¢) # E(C¢—1).
This implies that either E; # @ or E' # @. Since |f~'(L)| < k, C; = {C} and
E(Cy) # E(Cy—1),wehave that @_1 # (). The graph H[E»]isacollection Q of paths
in H[X¢ \ X¢—1] = K[f~'(L)]. As like before, we can bound (d) |Upeg, , P| <
840k, (¢) |E'| < 120 and (g) Q € @g(r), where r = |E(Q)|. By (d) and statement
(ii) of the correctness invariants for £ — 1, we get (h) A[£ — 1, @_1, |E(Ce—1)|] = 1.
By facts (&), (e) and (d), using (6), we get A[{, @, |[E(Cp)|] = A[¢, D, k] = 1. This
completes the proof of statement (i).

Now we need to prove statement (ii) of the correctness invariants. Let Z be a
family of vertex-disjoint sets of size at most 2 of X, with 0 < | U zezZ | < 840+/k and
k" € [k]. Notice that Z # @. Suppose in the above computation we set A[¢, Z, k'] = 1.
Either A[¢, Z, k'] is set to 1 because of (3) or because of (4). If A[¢, Z, k'] is set to
1 because of (3), then we know that Z € Q,(k’). By the definition of Qg (k’), we get
that there is a set R of vertex-disjoint paths in H[X, \ X¢—1], hence in H[X,] and
R=2Z. So, now we assume that A[¢, Z, k'] is set to 1 because of (4). This implies
that there exist k7, r € N, a family Z’ of vertex-disjoint sets of size at most 2 of
Xe—1.0 € Qu(r).and E' € E(Upea Q. Uyez Z) suchthat A[e — 1, 2/, k"] = 1,
|E"] <120,k = k" +r +|E'], 2" U Q U E' forms a set of paths R in K[X,] with
R = Z.Since A[£ — 1, Z', k"] = 1, by statement (ii) of the correctness invariants
for £ — 1, we have that there is a set ) of |Z’| vertex-disjoint paths in Hy_; where
the endpoints of each path are specified by a set in Z/ and |E(Y)| = k”. Let Q be
the set of paths in Q,(r) corresponding to the set Q Thus by replacing each edge
of Z/'in 2/ U Q U E’' by the corresponding path in ) and each edge of O by a
corresponding path in Q, we can get a set VV of vertex-disjoint paths in Hy, because
the internal vertices of paths in ) are disjoint from (X, \ X,—1) U J 7ez 2 El\nd the
internal vertices of paths in Q are disjoint from X,_; U(J,.z Z. Moreover, W = Z
and |[EOV)| = |[EQ)| + |E(Q)| + |E'| = k" +r + |E’| = k. This completes the
proof of statement (ii) in the correctness invariants.

Now we prove statement (iii) in the correctness invariants. Suppose we set
All,, k] = 1. Then either A[¢, @, k] is set to 1 because of (5) or because of (6).
If A[¢, ¥, k] is set to 1 because of (5), then we know that A[¢ — 1, @, k] = 1, then
by statement (iii) of the correctness invariants for £ — 1, we have that there is a cycle
of length k in Hy—1 and hence in Hy. Suppose A[£, @, k] is set to 1 because of (6).
Now the arguments for the proof is similar to that of the case for statement (ii), when
AlL, Z, k']is set to 1 because of (4). This completes the proof of statement (iii) in the
correctness invariants.

Algorithm A outputs YES if Alg, ¥, k] = 1 and a outputs NO otherwise. The
correctness of the algorithm follows from the correctness invariants. Now we analyse
the total running time. Notice that |V (H)| = k°M and number of DP table entries
is bounded by 20Wklogh) Each DP table entry can be computed in time 20Wklogh)
using the previously stored values in the DP table. Hence the total running time of the
algorithm is 20Wklogh) O

Lemmata 6.2, 6.4 and 6.5 imply the following lemma.
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Lemma 6.6 Let (G, f: V(G) — [2k] x [2k], k) be an instance of EXACTk-CYCLE,
where G is a clique-grid graph with representation f, |f~'(L)| < k for all L €
[2k] x [2k]. There is an algorithm which given (G, f: V(G) — [2k] x [2k], k), runs
in time 20(“/21°gk), and decides whether G has a cycle of length k or not.

Corollary 5.6 and Lemma 6.6 imply Theorem 6.1. We can design a similar algorithm
to solve LONGEST PATH in time 20(Vklogh),O(1),

7 Longest Cycle

In this section, we show that LONGEST CYCLE admits a subexponential-time param-
eterized algorithm. More precisely, we prove the following.

Theorem 7.1 LONGEST CYCLE on unit disk/square graphs can be solved in time
20(Wklogk) ., O(1)

To prove Theorem 7.1 we first apply Corollary 5.6 and then solve the problem on
each output instance (G f k) where f is a representation of G. We start with the
definition of contractible edges and state some simple results to prove Theorem 7.1.

Definition 7.2 Let G be a clique-grid graph with a representation f. A pair (u, v) of
distinct vertices u, v € V(G) is contractible if f(u) = f(v).

Note that if (u, v) is a contractible pair, then by Condition 1 in Definition 3.1, it
holds that {u#, v} € E(G). Now, given a contractible pair (u, v), denote ¢ = {u, v}, and
define the function f/.: V(G/e) — [t] x [t'] as follows. For all w € V(G) \ {v, u},
define f/.(w) = f(w). Moreover, define fe(x(u,»)) = f(u) (Recall that {x(, )} =
V(G/e) \ V(G)). By Definitions 3.1 and 4.6, we immediately have the following.

Observation7.3 G/e is a clique-grid graph and the function f, is a representation
of G /e. Furthermore, G and G /e have the same cell graph.

Now, we verify that in case there exists a cycle on at least 2k vertices, the operation
that contracts an edge also preserves the answer YES for LONGEST CYCLE.

Lemma7.4 Let (G, f, k) be an instance of LONGEST CYCLE on clique-grid graphs
such that G contains a cycle C on at least 2k vertices. Then, (G/e, f/e, k) is a YES-
instance.

Proof Denote ¢ = {u, v}. In case V(C) N {u, v} = @, then C is also a cycle in G /e,
and in case |V (C) N {u, v}| = 1, then by replacing the vertex in V(C) N {u, v} by
X{u,v} in C, we obtain a cycle of the same length as C in G /e. In both of these cases,
the proof is complete, and thus we next suppose that {u, v} C V(C).

Letusdenote C = vi —vy —v3—---— vy —v], where v; = u and v; = v for some
i € [£]\ {1}. Note that £ > 2k. Without loss of generality, assume thati —2 > ¢ — i
(else we replace each v;, except for vy, by vey2—j, and obtain a cycle where this

property holds). Now, note that C’ = xy,,p) — V2 — -+ — Vi—| — X{y,0} i a cycle in
G /e. Moreover, since i — 2 > £ — i, it holds that |V(C)| =i — 1 > % > k. Thus,
(G/e, fje, k) is a YES-instance. ]
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Before we present our algorithm, we need two additional propositions, handling
the extreme cases where we either discover that our input graph contains a large grid
or, after a series of operations that contracted edges in G, we ended up with a graph
isomorhpic to the cell graph of G. For the first case, we need the following result (see
also [13,16]).

Observation 7.5 Let (G, k) be an instance of LONGEST CYCLE on general graphs. If
G contains a [Vk] x [Vk] grid as a minor, then (G, k) is a YES-instance.

For the second case, we need the following result.

Observation 7.6 Let (G, f, k) be an instance of LONGEST CYCLE on clique-grid
graphs. Then, it can be determined in time 20@w(cell(G)) . yOW) \hether cell(G)
contains a cycle on at least k vertices, in which case (G, f, k) is a YES-instance.

Proof There is an algorithm for LONGEST CYCLE running in time 29¢w(@)., 0 (6],
Since cell(G) is a minor of G, the proof of the observation follows. O

We are now ready to present our algorithm. The proof of correctness and analysis
of running times are integrated in the description of the algorithm.

Proof of Theorem 7.1 Let (G, O, k) be an instance of LONGEST CYCLE on unit
disk/square graphs. By using Corollary 5.6, in polynomial time we get a set Z of
instances of LONGEST CYCLE on clique-grid graphs such that (G, O, k) is a YES-
instance if and only if at least one instance in 7 is a YES-instance, and for all
(G f k) € Z, it holds that G is either an induced subgraph of G or K, T < 2,
| F~1(L)| <k for any cell L € m [7]and k = k.

Now we fix an instance (G f k) € Z. In the rest of the proof we explain how
to solve the instance (G f k). Next, by using Lemma 4.9 with the parameter £ =
100-5993 - [k, we either correctly conclude that G contains a [Vk] x [Vk] gridasa
minor, or compute a tree decomposition of cell (G) of width at most 500-5993. |\/l?| =
O(Vk). In the first case, by Observation 7.5, we are done. In the latter case, by using
Observation 7.6, we determine in time 200 O \whether cell (G) contains a cycle
on at least k vertices, where if the answer is positive, then we are done. Thus, we next
suppose that cell (G) does not contain a cycle on at least k vertices.

Now, as long as there exists a contractible pair (u, v), we perform the following
operation. First, by using Lemma 6.6, we determine in time 20Wklogh) . O) whether
G contains a cycle whose number of vertices is between k and 2k. If the answer is
positive, then we are done (our final answer is YES). If the answer is negative, then
we contract the edge {u, v}. We know that (i) either G hasa cycle of length at least 2k
or it has no cycle of length at least k. That is, if G has a cycle C of length at least k,
then by statement (i), |V (C)| > 2k, and hence by Lemma 7.4, we obtain an instance
(after contracting {u, v}) that has a cycle of length at least k. If G has no cycle of
length at least k, then clearly the instance (after contracting {u, v}) has no cycle of
length at least k. Note that the loop described in this paragraph can have at most O(n?)
iterations, and therefore its total running time is bounded by 20Wklogh ., OM) Opce
there does not exist a contractible pair (u, v), as we have only modified the graph
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by contracting edges, one at a time, between contractible pairs, we are left with a
graph that is isomorphic to the cell graph of our original input graph. We have already
correctly concluded that this graph does not contain a cycle on at least k vertices. Thus,
at this point, we correctly conclude that (G f k) is a No-instance. O

8 Feedback Vertex Set

In this section, we show that FEEDBACK VERTEX SET admits a subexponential-time
parameterized algorithm. More precisely, we prove the following.

Theorem 8.1 FEEDBACK VERTEX SET on unit disk/square graphs can be solved in
time 20Wklogh) ., O),

First, we prove that there is a 20Wklogh) . O0) (ime algorithm which either con-
cludes that there is no feedback vertex set of size k or outputs an O(vk)-NCTD of
the input graph.

Lemma8.2 Let (G, O,k) be an instance of FEEDBACK VERTEX SET on unit
disk/square graphs. Then, in time 20(‘//;103' k) ~nO(1), one can either solve (G, O, k) or
obtain an equivalent instance (G, f, k) of FEEDBACK VERTEX SET on clique-grid
graphs together with an O(vk)-NCTD of G such that |f~"(L)| < k + 2 for any
cell L.

Proof First, by using Lemmata 3.2 or 3.3, we obtain a representation f of G. Notice
that if there is a cell L of f, such that | f~!(L)| > k + 3, then there is no feedback
vertex set of size at most k in G, because f~!(L)isa clique of size atleastk +3in G.
Now, by using Corollary 4.10 with £ = 200 - 599 - ([vk] + 1) = O(v/k), we either
correctly conclude that G contains a 2([+v/k] 4+ 1) x 2([+v/k] + 1) grid as a minor, or
compute an O(v/k)-NCTD of G. If there is a 2([vk] + 1) x 2([vk] + 1) grid as a
minor, then there are more than k vertex-disjoint cycles in G and hence (G, O, k) is
a No-instance. O

Because of Lemma 8.2, to prove Theorem 8.1, we can focus on FEEDBACK VERTEX
SET on clique-grid graphs, where the input also contains an O(+/k)-NCTD. That is,
the input of FEEDBACK VERTEX SET on clique-grid graphs is a tuple (G, f,k,7)
where G is a clique-grid graph with representation f, | f~'(L)| < k + 2 for all cells
Lof fand7T = (T, B) is an O(vk)-NCTD of G. The following observation follows
from the fact that 7 = (7', B) is an O(+/k)-NCTD and | f ~'(L)| < k + 2 for any cell
Lof f.

Observation 8.3 Forany v € V(T), |B(v)| = OK"?).

Notice that G has a feedback vertex set of size at most k if and only if there is a
vertex subset F € V (G) of cardinality at least |V (G)| — k such that G[F] is a forest.
Hence, instead of stating the problem as finding a k sized feedback vertex setin G, we
can state it as finding an induced subgraph H of G with maximum number of vertices
such that H is a forest.
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MaX INDUCED FOREST (MIF) Parameter: k£
Input: A clique-grid graph G with representation f and an integer k such that 7
is a ¢+/k-NCTD of G and for any cell L in f, |f~'(L)| < k + 2, where ¢ is a
constant.

Question: Is there subset W C V(G) such that G[W] is a forest and |W| >
[V(G)| —k?

Observation 8.4 Let (G, f, k, T) be an instance of MIF. Then (G, f,k,T) is a YES-
instance of MIF if and only if (G, f, k,T) is a YES-instance of FEEDBACK VERTEX
SET.

By Lemmas 8.2 and 8.4, to prove Theorem 8.1, it is sufficient that we prove the
following result (which is the focus of the rest of this section).

Lemma 8.5 MIF on clique-grid graphs can be solved in time 20Wklogh) . ,O)

Proof (Sketch) We explain a DP algorithm which given as input (G, f, k, 7) where
G is a clique-grid graph with representation f, 7 = (T, B) is a cv/k-NCTD, c is a
constant and | f~!(L)| < k + 2 for any cell L of f and outputs YES if there is an
induced forest with at least |V (G)| — k vertices and outputs NO otherwise. Here we
use the term solution for a vertex subset S € V(G) with the property that G[S] is a
forest. First notice that any solution S contains at most 2 vertices from f~!(L) for any
cell L of f. Now, the following claim follows from the fact that 7 is a c+/k-NCTD
and any solution contains at most 2 vertices from f (L) for any cell L.

Claim 4 For any v € V(T') and any solution S, [S N B(v)| < 2evk.

We first briefly explain what the table entries are in a standard DP algorithm for
our problem on graphs of bounded treewidth [13]. Then we explain that in fact many
of the entries we compute in the standard DP table is redundant in our case, because
of Observation 8.3 and Claim 4. That is, Observation 8.3 and Claim 4 show that
only 20Wklogh) |V(G)|O(1) many states in the DP table are relevant in our case.
Recall that for any v € V(T), y(v) denotes the union of the bags of v and its
descendants. The standard DP table for our problem will have an entry indexed by
(w,U,{U;,U,,...,U})wherev € V(T),U C B(v)and U1 WU - WU, = U.The
table entry Alv, U, {U1, U, ..., Ug}] stores the following information: the maximum
cardinality of a vertex subset W C G[y (v)] suchthat WNB(v) = U, G[W]is a forest
with a set of connected components C and for any C € C, either V(C) N B(v) = @ or
V(C) N B(v) = U; for some i € [£]. Notice that the total number of DP table entries
is bounded by 1w v (G)| 9D where tw is the width of the tree decomposition
T . One can easily show that the computation of the DP table at a node can be done in
time polynomial in the size of the tables of its children.

By Observation 8.3 and Claim 4, we know that for any bag B(v) in 7, the
potential number of subsets of B(v) which can be part of any solution is at most
20Wklogh) Thig implies that we only need to compute the DP table entries for indices
(v, U,{Uy,Ua,...,Us}) where v € V(T), U C B(v) and |U| < 2c+/k. Thus, the
size of the DP table, and hence the time to compute it takes 20(*@ loghk) . ,OM) (ime.
This concludes the description. O
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9 Cycle Packing

In this section, we show that CYCLE PACKING admits a subexponential-time param-
eterized algorithm. More precisely, we prove the following.

Theorem 9.1 CYCLE PACKING on unit disk/square graphs can be solved in time
2(’)(\/1;10gk) . no(l)_

First, we prove that there is a 20Wklogh) . ,OW) (ime algorithm which either con-
cludes that there are k vertex-disjoint cycles or outputs an O (+/k)-NCTD of the input
graph.

Lemma9.2 Let (G, O, k) be an instance of CYCLE PACKING on unit disk/square
graphs. Then, in time ZO(ﬁlogk) . no(]), one can either solve (G, O, k) or obtain
an equivalent instance (G, f, k) of CYCLE PACKING on clique-grid graphs together
with an O(Nk)-NCTD of G such that | f ~'(L)| < 3k for all cells L of f.

Proof First, by using Lemmata 3.2 or 3.3, we obtain a representation f of G. If there
exists a cell L of f such that | f~'(L)| > 3k, then by Condition 1 in Definition 3.1,
G[f~'(L)] is a clique on at least 3k vertices and thus it contains k pairwise vertex-
disjoint cycles (triangles). Now, by using Corollary 4.10 with £ = 200-599% - [V/k] =
OVk), we either correctly conclude that G contains a 2[Vk] x 2[Vk] grid as a
minor, or compute an O(Vk)-NCTD of G. If G contains 2[+/k] x 2[vk] grid as a
minor, then G has k vertex-disjoint cycles. O

By Lemma 9.2 to prove Theorem 9.1, it is sufficient that we prove the following
result (which is the focus of the rest of this section).

Lemma 9.3 CYCLE PACKING on clique-grid graphs can be solved in time 20Wklogh)
nOm, assuming that the input includes an O(v/k)-NCTD of G, and that for every cell
L of f, it holds that | f~'(L)| < 3k.

Let (G, f: V(G) — [t] x [f'], k) denote the input instance of CYCLE PACKING,
and let 7 = (T, B) denote our O(+/k)-NCTD of G. For simplicity, from now on, let
L = [t] x [t']. Note that since 7 is an O(+/k)-NCTD, and since for every L € L, it
holds that | f~1(L)| < 3k, we also have the following.

Observation 9.4 For all v € V(T), it holds that |B(v)| = O(k').

We proceed by considering the “interaction” between cells in the context of the
manner in which cycles in a solution cross their boundaries. To be precise, by Definition
3.1, we first observe the following.

Observation 9.5 Let C be an induced cycle in G. Then, there does not exist a cell
L € L and two distinct vertices u,v € V(C) N f_l (L) such that {u, v} ¢ E(C). In
particular, for every cell L € L, exactly one of the following conditions holds:

1. V(C) € f7NL).

2. [vio)n f~iL)|=1.
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3. [V(C)N f~YL)| = 2 and the two vertices in V(C) N f~V(L) are neighbors in
C.

That is, any induced cycle C in G can have at most 2 vertices in a cell and if there
are two vertices in a cell, then they are adjacent in C. Hence the interaction of an
induced cycle from a cell to the rest of the cells is at most 2 (in other words the number
of edges of C with one endpoint in a cell L and other endpoint is not in L is at most 2).
Next, note that given a set C of pairwise vertex-disjoint cycles and a cycle C € C that
is not an induced cycle in G, by replacing C in C by an induced cycle in G[V (C)], we
obtain another set of pairwise vertex-disjoint cycles. Thus, we have the following.

Observation 9.6 If (G, f, k) is a YES-instance, then G contains a set C of k pairwise-
disjoint induced cycles.

Definition 9.7 Given two distinct cells L, L’ € L, we say that C crosses (L, L') if
there exist (not necessarily distinct) u, v € f ~I(L) and distinct w, r € f (L) such
that {u, w}, {v, r} € E(C). Moreover, we say that C crosses {L, L'} if it crosses at
least one of the pairs (L, L) and (L', L).

That is, when an induced cycle C crosses {L, L'}, then there are exactly two edges
from C which are across L and L’ (i.e., one endpoint is in L and other is in L'). If
C crosses {L, L'}, then by Observation 9.5, we know that for any “crossing edge” of
E(C) with one endpoint in L, the other must be in L’ and vice versa. If an induced
cycle C crosses {L, L'} fortwo distinctcells L, L’ € [t]x [¢], then at least 3 vertices of
Carein f~1(L)U f~1(L"). Now, because of Observation 9.5 if V(C) N f~1(L) # @
and there does not exist a cell L’ such that C crosses {L, L'}, then the cell L interacts
with two other cells. This case is captured in the following definition.

Definition 9.8 Given three distinct cells L1, Ly, L3 € L, we say that C crosses
(L1, Lo, L3) if there exist u € f~'(L1) (not necessarily distinct) v, w € =YLy
and r € f~1(L3) such that {u, v}, {w, r} € E(C). Moreover, we say that C crosses
{L1, Ly, L3} if it crosses at least one of the tuples in {(Lg, L,, L;): {s,r,t} =
{1,2,3}}.

If aninduced cycle C crosses {L, Lo, L3} for three distinct cells (L, L, L3) € L,
then at least one vertex of C isin f —-I(L,) for any r € [3]. Next, we use the definitions
above to capture the set of cycles which we would like to detect (if a solution exists).

Definition 9.9 A setC of pairwise vertex-disjoint induced cycles is simple if it satisfies
the following conditions:

— For every two distinct cells L, L’ € L, there exist at most two cycles in C that
cross {L, L'}.

— For every three distinct cells Ly, Ly, L3 € L, there exist at most two cycles in C
that cross {L1, Ly, L3}.

Given a cycle C (in G), denote cross(C) = {{u,v} € E(C) : f(u) # f(v)},
and given a set C of cycles, denote cross(C) = UCEC cross(C). If {u, v} € cross(C)
for some induced cycle C then either C crosses { f(u), f(v)} or there exists a cell
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L3 € L\ {f(u), f(v)} such that C crosses { f (1), f(v), L3}. Next, we show that we
can focus on deciding whether a simple set, rather than a general set, of k pairwise-
disjoint cycles exists.

Lemma9.10 If (G, f, k) is a YES-instance, then G contains a simple set of k pairwise-
disjoint induced cycles.

Proof Suppose that (G, f: V(G) — L, k) is a YES-instance. Next, let C denote a set
of k pairwise vertex-disjoint induced cycles that minimizes |cross(C)| among all such
sets of cycles (the existence of at least one such set of induced cycles is guaranteed by
Observation 9.6). We will show that C is simple. In what follows, we implicitly rely
on Condition 1 in Definition 3.1.

First, suppose that there exist two distinct cells L, L" € £ and three cycles in C that
cross {L, L'}. Let Cy, C, and C3 denote these three cycles. Notice that (a) for each
L* e {L,L'}andi € {1,2,3}, |V(C)) N f~Y(L*)| = 1 and (b) |(V(C1) U V(Cy) U
V(C3)) N (fHL) U f~I(L"))| = 9 (see Definition 9.7). Then, at least one of the
three following conditions is true.

1. [(V(C)) U V(C2) U V(C3) N f~(L)| = 3. In this case [(V(C;) U V(C3) U
V(C3)N f_l (L")| > 6 (see statement (b) above). Here we replace Cy, C; and C3
in C by some cycle on three vertices in G[(V (C1)UV (C2)UV (C3))N f~1(L)] and
two vertex-disjoint cycles, each on three vertices, in G[(V (C1)UV (C2)UV (C3))N
F~Y(L")]. We thus obtain a set of k pairwise vertex-disjoint induced cycles, C’,
such that |cross(C’)| < |cross(C)|, which is a contradiction to the choice of C.

2. [(V(CHUV(CrHUV(C3)) ﬂf’l (L")| = 3: This case is symmetric to the previous
one.

3. The above two cases do not occur. First we claim that there exist distinct s, ¢ €
{1,2,3} such that [(V(Cy) U V(C)) N f~1(L)| = 3 and [(V(Cy) U V(C))) N
f ’1(L’)| > 3. Consider the cycles Cy and C». If C| and C; are the two required
cycles, then |V(C;)) N f~Y(L1)| = 2and |V(C;)) N f~1(Ly)| = 1fori € {1,2},
where (L, Ly} = {L, L'}.If |V (C3) N f~1(L>)| = 2, then C; and Cj are the two
required cycles. Otherwise we have that | (V (C)UV (C2)UV(C3)N f~H(Ly)| =
3. This is a contradiction to our assumption. In this case, we replace C; and C;
in C by some cycle on three vertices in G[(V (Cy) U V(C;)) N f~1(L)] and some
cycle on three vertices in G[(V (Cs) U V(Cy)) N f’1 (L")]. We thus obtain a set of
k pairwise vertex-disjoint induced cycles, C’, such that |cross(C")| < |cross(C)|,
which is a contradiction to the choice of C.

Second, suppose that there exist three distinct cells L, L, L3 € £ and three cycles
in C that cross {L{, L, L3}. Let C1, C> and C3 denote these three cycles. Then, it
holds that [(V (C1) U V(C2) UV(C)N f~H(L1)| =3, [(V(CI)UV(C)UV(C3)N
YLy = 3and |(V(CHUV(C)HUV(C3))N fF1(L3)| > 3. Wereplace Cy, C; and
C3 in C by some cycle on three vertices in G[(V (C1) UV (C2) UV (C3)) N f‘l (L],
some cycle on three vertices in G[(V(C1) U V(Ca) UV (C3)) N f_l(Lz)], and some
cycle on three vertices in G[(V(Cy) U V(C2) U V(C3)) N f_l(L3)]. This yields a
contradiction to the choice of C. m]

Now, we examine the information given by Lemma 9.10 to extract a form that
will be easier for us to exploit. To this end, we need the following. Given a set C of
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cycles and a cell L € £, denote cross(C, L) = (V (cross(C))) N f~1(L) (recall that
cross(C) = Jeeo cross(C) = {{u, v} € E(C) : f(u) # f(v) and C € C}).

Lemma9.11 If (G, f: V(G) — L, k) is a YES-instance, then G contains a set C
of k pairwise-disjoint induced cycles such that for every cell L € L, it holds that
|cross(C, L)| < 2304 = O(1).

Proof Suppose that (G, f, k) is a YES-instance. By Lemma 9.10, there exists a simple
set C of k pairwise-disjoint induced cycles. Let L € L be some cell. Given a cell
L' € £\ {L}, denote C(L") = {C € C : C crosses {L, L'}}. Moreover, given cells
Ly, L3 € L\ {L}, denote C(Ly, L3) = {C € C : C crosses {L, Ly, L3}}. Now, we
define two sets of indices:

_T={L' e L\{L}:C(L) £ 7).
- I' ={(L2,L3) € (C\{L}) x (L\{L}) : C(L2, L3) # ¥ and Ly # L3}.

Then, by Observation 9.5 and Lemma 9.10, it holds that

|cross(C, L)| <2

U C(L))

L'eZ

+ U ca, Ly)| | 40Z1+1T)).
(Lp,L3)eT’

Here, the first inequality follows from the fact that for any two cells L, L’ and any
induced cycle C, the number of edges of C with one endpoint in L and other in L’ is
at most 2 (by Observation 9.5). Note that foracell L = (i, j) € £, |{(i’, j)) = L' €
LA\A{G, D}: i —i'| <2,1j —j'| <2}| < 24. Thus, by Condition 2 in Definition
3.1, we have that |Z| < 24 and |Z'| < 24 - 23 = 552. Therefore, |cross(C, L)| <
4(24 + 552) = 2304. O

We are now ready to prove Lemma 9.3. Except for the arguments where we crucially
rely on Lemma 9.11 and the fact the we have an O(«/E)—NCTD and not some general
nice tree decomposition, the description of the DP is standard (see, e.g., [13]). Thus,
we only give a sketch of the proof.

Proof (Sketch) of Lemma 9.3 Let us first examine a standard DP table A to solve CYCLE
PACKING when the parameter is tw(G). Here, we have an entry A[v, Z, k'] for every
node v € V(T), multiset Z of subsets of sizes 1 or 2 of B(v) and nonnegative integer
k" < k. Moreover, each set of size 1 in Z has only one occurrence and its vertex does
not appear in any set of size 2 in Z, and every vertex in 8(v) appears in at most two
sets in Z. Each such entry stores either 0 or 1. The value is 1 if and only if there exist
a set S of k’ pairwise vertex-disjoint cycles in G[y (v)] and exists a set P of internally
pairwise vertex-disjoint paths in G[y (v)]— E (8 (v)) such that the following conditions
are satisfied:

~ Uces V)N Upep VP = 0.

— On the one hand, for every cycle C € S, it holds that |V (C) N B(v)| < 1 and if
[V(C) N B(v)| = 1 then there exists a set in Z that is equal to V(C) N B(v). On
the other hand, if Z contains a set of size 1, then there exists a cycle C € S such
that V(C) N B(v) equals this set.
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— On the one hand, for every path P € P, it holds that P contains at least three
vertices, both endpoints of P belong to a distinct occurrence of a set in Z (of size
2), and none of the internal vertices of P belongs to 8(v). On the other hand, for
every occurrence X of a set of size 2 in Z, there exists a distinct path P in P such
that the set containing the two endpoints of P is equal to X.

The intuitive meaning for Z is as follows. We expect a set C of k vertex-disjoint
cycles in G with the following property. Let P’ be the restriction of C on G[y (v)] —
E(B(v)). Let P be the graph obtained after deleting isolated vertices from P’. Then
‘P can be broken into (i) internally vertex-disjoint paths with endpoints in S(v) and
internal vertices in y (v) \ B(v), and (ii) k" vertex-disjoint cycles containing at most one
vertex from S (v) for each cycle. Then Z will contain one set for each such path/cycle
(intersecting B(v)) with the elements in the set being the vertices in the intersection
of the path/cycle with 8 (v). R

The entry A[v, Z, k'] can be computed by examining all the entries Afu, Z ,75]
where u is a child of v in T (recall that v can have at most two children). At the end of
the computation of .4, we conclude that the input instance is a YES-instance if and only
if A[r, @, k] contains 1 where r is the root of 7. By Observation 9.4, we deduce that
A contains 20%1025) .y entries, where each entry can be computed in time 20 logh),

Now we explain that in our case it is enough to compute subexponentially many
entries unlike the standard DP. That is, we claim that for every v € V(T), it is
sufficient to compute only 20Wklogh) entries. More precisely, for every v € V(T),
it is sufficient to compute only entries A[v, Z, k'] such that | | Z| = O(Vk) (there
are only 20Wklogh) guch entries). Indeed, suppose that the input instance is a YES-
instance. Then, by Lemma 9.11, there exists a set C of k pairwise vertex-disjoint
induced cycles such that for every cell L € L, it holds that |cross(C, L)| = O(1).
Now, we sketch the main arguments that show that for every v € V(T'), we still have
an entry that “captures” C (as explained below) and we are able to compute it in time
20Wklog k) which would imply that eventually, we would still be able to deduce that
Alr, 9, k] contains 1. For this purpose, consider some v € V(7). First, we notice that
since for every cell L € L, it holds that |cross(C, L)|] = O(1), by Observation 9.5,
and since 7 is an O(+/k)-NCTD, we have that there exists a set U of at most O(v/k)
vertices in B(v) such that every cycle C € C satisfies at least one of the following
conditions:

V(C)NB) C U,

V(C) Cy)\ B),

V(C) S V(G)\ y(v),

V(C) € f~I(L) € B(v) \ U, for some cell L.

L=

Now, we let S denote the set of cycles in C such that all of their vertices, except
at most one that belongs to B(v), belong to y(v) \ B(v). Accordingly, we denote
k" = |S|. Moreover, let P denote the set of every subpath of a cycle in C (which is not
fully contained in a cell) whose endpoints belong to S(v) and whose set of internal
vertices is a subset of size at least 1 of y (v) \ B(v). Finally, we define Z as the multiset
{Bw)N O | O € SUP). Then, it holds that || JZ| = O(vk) and C witnesses
that A[v, Z, k'] should be 1. Overall, by the existence of the set U that is mentioned
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above, we conclude that the entry A[v, Z, k'] can be computed in time 20klogk),
This completes the proof sketch. O

10 Conclusion

In this paper, we gave subexponential algorithms of running time 20Vklogh) . , O(1)
for a number of parameterized problems about cycles in unit disk graphs. The first
natural question is whether the log k factor in the exponent can be shaved off. While
we were not able to do it, we do not exclude such a possibility. In particular, it would be
very interesting to build a theory for unit disk graphs, which is similar to the bidimen-
sionality theory for planar graphs. In this context, it will be useful to provide a general
characterization of parameterized problems admitting subexponential algorithms on
unit disk graphs.
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